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 2

Abstract (150 Words) 19 

 20 

During gastrulation epiblast cells exit pluripotency as they specify and spatially arrange 21 

the three germ layers of the embryo. Similarly, human pluripotent stem cells (PSCs) 22 

undergo spatially organized fate specification on micropatterned surfaces. Since in vivo 23 

validation is not possible for the human, we developed a mouse PSC micropattern 24 

system and, with direct comparisons to mouse embryos, reveal the robust specification 25 

of distinct regional identities. BMP, WNT, ACTIVIN and FGF directed mouse epiblast-like 26 

cells to undergo an epithelial-to-mesenchymal transition and radially pattern posterior 27 

mesoderm fates. Conversely, WNT, ACTIVIN and FGF patterned anterior identities, 28 

including definitive endoderm. By contrast, epiblast stem cells, a developmentally 29 

advanced state, only specified anterior identities, but without patterning. The mouse 30 

micropattern system offers a robust scalable method to generate regionalized cell types 31 

present in vivo, resolve how signals promote distinct identities and generate patterns, 32 

and compare mechanisms operating in vivo and in vitro and across species.  33 

 34 
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Introduction 39 

 40 

Gastrulation is the process of coordinated cell fate specification, spatial patterning and 41 

morphogenesis that establishes the blueprint of the adult organism. During gastrulation, 42 

the pluripotent epiblast (Epi) differentiates into the three definitive germ layers of the 43 

embryo; the ectoderm, mesoderm and endoderm. In the mouse, these events are 44 

initiated at approximately embryonic day (E) 6.25 by a convergence of signals, 45 

emanating from both extraembryonic and embryonic tissues, acting at the proximal, 46 

posterior of the embryo. The resulting BMP/Wnt/Nodal/FGF signaling hub drives 47 

posterior Epi cells to undergo an epithelial-to-mesenchymal transition (EMT) [1-3], 48 

establishing a dynamic territory referred to as the primitive streak (PS). The PS 49 

elongates and extends distally as gastrulation proceeds. Distinct cell types are specified 50 

depending on the time and position at which they undergo EMT and exit the PS [4, 5]. 51 

Emerging mesenchymal cells either move proximally and laterally, forming the 52 

extraembryonic mesoderm, or bilaterally in an anterior direction circumnavigating the 53 

space between the Epi and outer visceral endoderm (VE) layers, giving rise to the 54 

embryonic mesoderm and definitive endoderm (DE). Epi cells that maintain an epithelial 55 

state and do not ingress through the PS form the ectoderm. 56 

 57 

Pluripotent stem cells (PSCs) are the in vitro counterpart of the pluripotent Epi of the 58 

embryo. They can be expanded indefinitely and differentiated into derivatives of all germ 59 

layers [6]. Standard differentiation protocols generate cell fates in a spatially 60 

disorganized manner that is incomparable with in vivo gastrulation. However, it was 61 

recently it was shown that, when human embryonic stem cells (hESCs) were 62 

differentiated within geometrically uniform, circular micropatterns, they reproducibly 63 

patterned cell fates with radial symmetry [7-9]. Based on a limited number of markers, 64 
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hESC micropatterned colonies were suggested to give rise to a central ectoderm 65 

population followed by concentric circular territories of mesoderm, endoderm, and an 66 

outer trophectoderm layer [7]. These findings revealed the capacity of the BMP, Wnt and 67 

Nodal signaling pathways to collectively organize cell fates. The scalability and 68 

reproducibility of this assay coupled with the ease of genetically modifying PSCs, the 69 

ability to manipulate culture conditions and the simplicity of imaging make this a robust 70 

and attractive system to disentangle the cellular behaviors and signaling interactions that 71 

pattern mammalian embryos. Even so, this human organotypic system raised many 72 

questions, largely due to the absence of a human in vivo standard for direct comparison 73 

and assignment of cell identities.  74 

 75 

Here we adapted the micropattern-based system to defined medium conditions to 76 

precisely dissect signaling requirements, and to mouse PSCs for which in vivo reference 77 

points are accessible to assign cell fates. We first converted mouse ESCs to epiblast-like 78 

cells (EpiLCs), the in vitro counterpart of the Epi of the early pre-gastrulation embryo 79 

[10]. Mouse EpiLCs seeded onto circular micropatterned surfaces formed a simple 80 

epithelial morphology in a flat-disc geometry. By all markers examined, these cells were 81 

identical to the Epi of the E5.5-E6.0 embryo. When exposed to gastrulation-promoting 82 

factors, micropatterned EpiLCs underwent an EMT and recapitulated organized germ 83 

layer differentiation of specific regions of the mouse gastrula. This demonstrated that the 84 

cup-shaped geometry of the rodent embryo is not requisite for the spatial patterning of 85 

mouse pluripotent cells. Furthermore, the capacity to undergo spatially organized germ 86 

layer differentiation under these conditions was specific to EpiLCs. Under the same 87 

conditions neither ESCs, corresponding the pre-implantation Epi, nor epiblast stem cells 88 

(EpiSCs), corresponding to the gastrulating Epi (Figure 1A), demonstrated robust cell 89 
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fate patterning. Hence, the mouse micropattern system offers a defined and quantitative 90 

tool to functionally assess the spectrum of described mouse pluripotent states [11].  91 

 92 

In vivo, we observed a proximal-to-distal gradient of BMP signaling activity – cells in the 93 

posterior (proximal) PS exhibited high signaling activity, while those in the anterior 94 

(distal) PS showed no activity. We hypothesized that by modulating the signals provided 95 

to mouse PSCs we could recapitulate the proximal-distal environments operative in vivo 96 

and generate distinct regional identities in vitro. Exposure of micropatterned EpiLCs to 97 

posterior signals, BMP, FGF, ACTIVIN (NODAL) and WNT, promoted an EMT and 98 

acquisition of posterior Epi, PS, embryonic and extraembryonic mesoderm identities. 99 

When BMP was removed, emulating the anterior PS environment (in which FGF, 100 

ACTIVIN and WNT are acting), anterior Epi, anterior PS and/or AxM and DE cell types 101 

were formed.  102 

 103 

Hence, we demonstrated for the first time that in vitro micropattern differentiation 104 

parallels events occurring during gastrulation in vivo in mammalian embryos, and that 105 

mouse PSCs residing in a flat-disc geometry can pattern cohorts of neighboring regional 106 

identities correlating with those established in the embryo. Utilizing the micropattern 107 

system to manipulate the BMP pathway in isolation allowed us to extend findings made 108 

in mouse mutants by addressing the anterior versus posterior requirements for this 109 

signaling pathway within the PS. We established a direct requirement for BMP4 in 110 

posterior mesoderm formation, and demonstrated that BMP signaling is not required for 111 

DE and anterior PS/AxM specification. Further quantitative analysis of the signaling 112 

dynamics, the role of secreted inhibitors and cell-cell interactions should reveal how 113 

pathways operate in a flat-disc-shaped geometry, resembling the majority of mammalian 114 
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embryos (including human), that can now be directly correlated to mouse, the most 115 

developed mammalian genetic model. 116 

 117 

 118 

Results 119 

 120 

Micropatterned EpiLCs correspond to the pre-gastrulation epiblast  121 

The pluripotent state is a continuum spanning from Epi cell specification in the pre-122 

implantation blastocyst (at approximately E3.5) to differentiation at gastrulation which 123 

initiates at E6.25 [11] (Figure 1A). Prior to the onset of gastrulation (E5.5-E6.0), the Epi 124 

is in a formative state of pluripotency whereby naïve pre-implantation markers, present 125 

in the blastocyst, have been downregulated but differentiation has not yet commenced 126 

(Figure 1B) [11, 12]. To establish an in vitro system to model mouse gastrulation, we 127 

reasoned that we should start with a PSC population comparable to the in vivo Epi at 128 

this time. Global transcriptional profiling identified EpiLCs as the closest in vitro 129 

counterpart of the formative Epi [10, 12-14]. We sought to determine whether this 130 

correlation held when EpiLCs were grown on micropatterned surfaces. EpiLCs were 131 

generated as described [10] and plated onto 1000 μm diameter micropatterns (Figure 132 

1C). Fibronectin and Laminin are basement membrane components present at the Epi-133 

VE interface of peri-gastrulation mouse embryos [15, 16]. While EpiLCs are generated 134 

on a Fibronectin substrate [10], we noted superior adhesion of cells to the micropatterns 135 

when coating them with Laminin.  136 

 137 

Like the pre-streak Epi, micropatterned EpiLCs expressed the pluripotency-associated 138 

markers POU5F1 (OCT4), SOX2, NANOG and OTX2, as well as the post-implantation 139 

Epi marker, POU3F1 (OCT6) (Figure 1B,D) [17-21]. Neither the Epi of the pre-gastrula 140 
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embryo nor EpiLCs expressed KLF4, a key regulator of naïve pluripotency (Figure 1B,D) 141 

[22]. The pre-streak Epi does not express lineage-associated markers such as GATA6, 142 

FOXA2, CDX2 or BRACHYURY and, these were also absent from EpiLC colonies 143 

(Figure 1B,D) except in rare cells that we interpret as having spontaneously 144 

differentiated.  145 

 146 

Micropatterned EpiLC colonies formed an epithelial monolayer (marked by CDH1, also 147 

referred to as E-CADHERIN) (Figure 1E - figure supplement 1A). Cell density within the 148 

epithelium increased by nearly a factor of four in 24 hours (Figure 1 - figure supplement 149 

1B). We noted that micropatterned EpiLCs exhibited a slightly lower cell density than the 150 

epithelium of the embryonic Epi at pre- and early gastrulation stages (Figure 1 – figure 151 

supplement 1B). However, in vivo development can also proceed when the Epi cell 152 

density is experimentally decreased [23].  153 

 154 

The uniform size and circular morphology of micropatterned colonies is amenable to the 155 

robust quantification of spatial patterning by measuring protein levels as a function of 156 

radial position from the colony center to the colony edge (Figure 1 – figure supplement 157 

1C) [7, 9]. Such quantification indicated that micropatterned EpiLC colonies were 158 

spatially homogeneous (Figure 1F), hence we started with a defined population 159 

correlating to the pre-gastrulation Epi at approximately E5.5-E6.0. 160 

 161 

EpiLCs exposed to FGF/ACTIVIN/Wnt signaling form a PS-like population  162 

At the onset of gastrulation (E6.25-E6.75), the anterior and posterior of the Epi can be 163 

distinguished by the expression of specific markers. SOX2 is elevated within the anterior 164 

Epi, while NANOG is restricted to the posterior Epi (Figure 2A-C – figure supplement 1A) 165 
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[19, 21, 24-26]. The PS emerges in the proximal posterior Epi and is marked by 166 

BRACHYURY expression (Figure 2A-C – figure supplement 1A) [27].  167 

 168 

When micropatterned EpiLC colonies were cultured with FGF2 and ACTIVIN A for 72 169 

hours, BRACHYURY was induced at the colony periphery (Figure 2 - figure supplement 170 

1B-D), reminiscent of PS formation. In the presence of a small molecule inhibitor of Wnt 171 

signaling, XAV939 [28], BRACHYURY expression was abolished and SOX2 was 172 

homogeneously expressed at high levels (Figure 2 - figure supplement 1B-D). BMP 173 

inhibition had no obvious effect on BRACHYURY (data not shown). Hence in 174 

micropatterned colonies, as in EpiSC cultures [29-33], BRACHYURY expression was 175 

dependent on endogenous Wnt signaling. This suggested that FGF and ACTIVIN 176 

support a SOX2-high anterior Epi-like state, while FGF and ACTIVIN combined with 177 

endogenous WNT trigger a reduction in SOX2 levels, as in the posterior Epi, and PS 178 

gene expression at the colony periphery (Figure 2 - figure supplement 1E, Table 1). The 179 

later germ layer markers GATA6, SOX17 and CDX2 (Figure 2 - figure supplement 1C) 180 

were not expressed under these conditions indicating that additional factors were 181 

required to stimulate further differentiation.  182 

 183 

Posteriorization of EpiLCs after 24 hours exposure to FGF/ACTIVIN/WNT/BMP  184 

In vivo, gastrulation is triggered by a combination of signals from both embryonic Epi 185 

cells and the extraembryonic tissues that lie adjacent to the proximal posterior Epi. The 186 

extraembryonic signals include WNT3 produced by the VE, and BMP4 produced by the 187 

extraembryonic ectoderm (ExE) [2, 34] (Figure 2D). For the mouse micropattern 188 

differentiation we utilized pluripotent EpiLCs, corresponding to the Epi cells of the 189 

embryo, and thus the system likely lacked the neighboring extraembryonic cell types and 190 

the signals that they provide. We therefore asked whether supplying these signals 191 
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exogenously could mirror the in vivo signaling environment and initiate gastrulation-like 192 

events in vitro.  193 

 194 

EpiLCs were plated overnight onto micropatterns in defined serum-free medium 195 

containing 12 ng/ml FGF2 and 20 ng/ml ACTIVIN A, supplemented the following day 196 

with 50 ng/ml BMP4 and 200 ng/ml WNT3A (Figure 2E). Under these conditions, EpiLCs 197 

underwent robust and reproducible organized germ layer specification (Figure 2F-H – 198 

figure supplement 2A-C).  199 

 200 

After 24 hours of differentiation, the EpiLC micropatterned colonies gave rise to two 201 

populations – a central population expressing the Epi markers POU5F1, SOX2 and 202 

NANOG, and an outer population expressing the PS marker BRACHYURY (Figure 203 

2F,G). From 0 to 24 hours, SOX2 levels were reduced approximately 2-fold within the 204 

central population (Figure 2F-H – figure supplement 2D). Conversely, there was no 205 

change in NANOG expression (Figure 2H – figure supplement 2D). Hence, a NANOG-206 

positive, SOX2-low state emerged as is present in the posterior Epi of the embryo [35] 207 

(Figure 2A-C – figure supplement 2D). Concomitantly, BRACHYURY was induced at the 208 

colony edge (Figure 2F-H). BRACHYURY and SOX2 expression was predominantly 209 

mutually exclusive but showed a degree of overlap (Figure 2 – figure supplement 2E), 210 

which was also observed in cells within the PS in vivo (Figure 2A) and may mark an Epi-211 

PS transition state. At this time, no later germ layer-associated markers (GATA6, 212 

SOX17, CDX2, FOXA2) were expressed (Figure 2F,H). Hence, the first 24 hours of 213 

micropattern differentiation with exogenous BMP and WNT generated populations 214 

resembling the posterior Epi and emerging PS of the mouse embryo at approximately 215 

E6.25-E6.75, as observed in the presence of FGF, ACTIVIN and endogenous WNT 216 

(Figure 2 – figure supplement 1B-D). 217 
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  218 

Identification of marker signatures to track germ layer differentiation 219 

As gastrulation proceeds, an increasingly complex array of populations are specified – 220 

the anterior and posterior Epi, the PS, the embryonic and extraembryonic mesoderm 221 

(arising from the posterior PS) and the DE and AxM (arising from the anterior PS) 222 

(Figure 3 – figure supplement 1A). To identify these cell states in vitro in the absence of 223 

the spatial and temporal context of the embryo, we sought to establish marker 224 

signatures of the cell types present in gastrula stage embryos. To do this, we performed 225 

immunostaining for a panel of factors on gastrulating wild-type mouse embryos, and 226 

supplemented our observations with published data (Supplemental Table 1 and 227 

Additional Data Resource). 228 

 229 

At E6.5-E7.5, the anterior Epi expresses high levels of SOX2 and OTX2 while the 230 

posterior Epi expresses low levels of SOX2 and high levels of NANOG (Figure 2A-C, 231 

Figure 3 – figure supplement 1B). In agreement with a recent spatial transcriptional 232 

analysis of gastrulating mouse embryos [36], our immunostaining data suggested that 233 

posterior Epi cells may also express low levels of OTX2 (Figure 3 – figure supplement 234 

1B). At E7.0-E7.5, a fraction of distal posterior Epi cells begin to express FOXA2 (Figure 235 

3A) [37], some of which also express OTX2 [36, 38].Then, by E7.75, CDX2 is expressed 236 

throughout the posterior Epi (Figure 3B) [39]. By E7.75-E8.0, SOX2 continues to be 237 

expressed at high levels in the anterior neurectoderm and at low levels in the posterior, 238 

while NANOG is no longer observed within the Epi (see Additional Data Resource) [25].  239 

 240 

Throughout gastrulation, BRACHYURY is expressed by cells within the PS (Figure 2A, 241 

3A,B – figure supplement 1C,F). The first cells to leave the posterior Epi and exit the PS 242 

at E6.5-E6.75 coexpress BRACHYURY and GATA6 (Figure 3 – figure supplement 1C). 243 
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Over time, these cells adopt distinct mesodermal and DE identities. Cells that exit the 244 

posterior PS and move proximally into the extraembryonic region generate the 245 

extraembryonic mesoderm. The extraembryonic mesoderm forms structures involved in 246 

the exchange of materials between the embryo and the mother, including the allantois 247 

and yolk sac. Additionally, the extraembryonic mesoderm is a source of hematopoietic 248 

progenitors and factors associated with early hematopoiesis, such as Sox17 and Hhex, 249 

are expressed within the allantois [40-43]. At E7.75-E8.0, the extraembryonic mesoderm 250 

can be subdivided into the allantois core domain (ACD) - expressing BRACHYURY, 251 

SOX17, CDX2, FOXF1, the allantois outer mesenchyme (AOM) - expressing SOX17, 252 

CDX2, GATA6, FOXF1 and the yolk sac mesoderm (YSM) - expressing GATA6 and 253 

FOXF1 (Figure 3C,D – figure supplement 1D) [39, 43-47]. The allantois is reported to 254 

express Gata6 at this time [48], although at the protein level GATA6 was not evident 255 

until slightly later stages. At E8.5, CDX2, SOX17 and GATA6 are expressed throughout 256 

the allantois (Additional Data Resource). Over time, cells of the ACD contribute to the 257 

AOM to support allantois elongation [49].  258 

 259 

Cells that originate from the posterior PS and move in an anterior direction around the 260 

embryo will form the embryonic mesoderm. At E7.5-E8.0, based on protein expression, 261 

we could distinguish two populations of embryonic mesoderm, which we refer to here as 262 

Mesoderm 1 and Mesoderm 2 (Figure 3C). Mesoderm 1 cells, which exited the PS 263 

earlier and were located more anteriorly, expressed GATA6 and OTX2 (Figure 3B-D – 264 

figure supplement 1B) [44, 48]. Mesoderm 2 cells, which left the PS later and so were 265 

more posterior, expressed BRACHYURY and FOXF1 (Figure 3B-D) [46]. To note, 266 

GATA6 and FOXF1 showed a degree of overlap within the region between Mesoderm 1 267 

and 2 (Figure 3D). 268 

 269 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/236562doi: bioRxiv preprint 

https://doi.org/10.1101/236562
http://creativecommons.org/licenses/by/4.0/


 12

Over time, the PS extends distally within the cup-shaped mouse embryo and cells that 270 

emanate from the anterior PS give rise to the DE and AxM. Although BRACHYURY is 271 

expressed along the length of the PS, at the anterior PS a fraction of cells coexpress 272 

BRACHYURY and FOXA2 while others express only FOXA2 (Figure 3A) [37]. Both DE 273 

and AxM cells express FOXA2, OTX2, Gsc and Hhex, although Gsc and Hhex may be 274 

present only transiently within the AxM (Figure 3A – figure supplement 1E) [40, 50-53]. 275 

Additionally, DE cells express SOX17 (Figure 3 – figure supplement 1E) and GATA6 [15, 276 

44]. AxM cells also express BRACHYURY (Figure 3 – figure supplement 1F) [27]. 277 

 278 

Utilizing these in vivo marker signatures (Figure 3 – supplemental table 1), we sought to 279 

assign identities to the cell populations arising at 48-72 hours of micropattern 280 

differentiation, and consequently map the in vitro differentiation to in vivo development. 281 

 282 

FGF/ACTIVIN/WNT/BMP triggers spatially organized posterior fate specification 283 

The first 24 hours of micropattern differentiation in the presence of FGF, ACTIVIN, BMP 284 

and WNT resulted in EpiLC posteriorization and the emergence of a PS-like population 285 

(Figure 2F,G). At 48 and 72 hours of micropattern differentiation, further spatially 286 

organized germ layer differentiation was observed. Three colony domains (central, mid 287 

and outer concentric circles) were evident based on marker expression (Figure 2 – figure 288 

supplement 2A-C) and the populations within these domains were largely conserved 289 

between time points.  290 

 291 

At both 48 and 72 hours, the colony center continued to express NANOG and low levels 292 

of POU5F1 and SOX2 as in the posterior Epi (Fig, 2F-H – figure supplement 2D). 293 

Additionally, at 72 hours, OTX2 and FOXA2 were observed within the colony center 294 

(Figure 3E – figure supplement 1G) analogous to the expression of these markers within 295 
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the mid to distal region of the posterior Epi at E7.0-E7.5 (Figure 3A) [38]. While OTX2 296 

and SOX2 are also highly expressed within the in vivo anterior Epi (Figure 3 – figure 297 

supplement 1B), the additional expression of the posterior-restricted marker NANOG, as 298 

well as FOXA2, within the colony center (Figure 2A – figure supplement 2D, Figure 299 

3A,E) suggested that these cells were more similar to posterior than anterior Epi. In vivo, 300 

CDX2 expression is induced within the posterior Epi at E7.5-E7.75 (Figure 3B) but was 301 

not observed within the center of micropatterned colonies (Figure 2F, 3F). Therefore, 302 

based on the expression of FOXA2 but not CDX2, the central population likely correlated 303 

to the posterior Epi later than E7.0, but prior to E7.75.   304 

 305 

At 24 hours, BRACHYURY marked a PS-like population at the colony periphery (Figure 306 

2F-H). However, at 48 and 72 hours BRACHYURY-positive cells were observed more 307 

centrally, within the mid micropattern domain (Figure 2F-H). This inwards shift of 308 

BRACHYURY suggested either a wave of gene expression propagating throughout the 309 

colony or an inward movement of BRACHYURY-expressing cells. In vivo, BRACHYURY 310 

is expressed by cells within the PS, but is additionally present in the first cells emanating 311 

from the PS – where it is coexpressed with GATA6, and in the extraembryonic 312 

mesoderm ACD – where it is coexpressed with CDX2 and SOX17. While we observed 313 

cells that coexpressed BRACHYURY and GATA6 or CDX2/SOX17 (discussed later), the 314 

majority of BRACHYURY-positive cells did not express these markers, and hence likely 315 

corresponded to PS (Figure 3 – figure supplement 1H,I).   316 

 317 

The outermost micropattern domain comprised several distinct cell populations with 318 

expression signatures reminiscent of embryonic and extraembryonic mesoderm. A small 319 

fraction of cells coexpressed GATA6 and BRACHYURY, as in the first cells leaving the 320 

PS (Figure 3 – figure supplement 1C,J,K). Additionally, we observed cells that 321 
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coexpressed GATA6 and OTX2, as in Mesoderm 1 (Figure 3B – figure supplement 322 

1B,G). While in vivo we could also discern a second population of embryonic mesoderm 323 

(Mesoderm 2) that expressed FOXF1 and BRACHYURY (Figure 3B-D), within the 324 

micropatterned colonies FOXF1 was restricted to the colony periphery in a spatially 325 

distinct domain from BRACHYURY (Figure 2H, 3H). Hence Mesoderm 2 was likely not 326 

generated under these in vitro differentiation conditions.  327 

 328 

Within the same outer colony domain, we identified populations resembling 329 

extraembryonic mesoderm cell types. CDX2 was expressed within the outer domain 330 

from 48 hours of differentiation (Figure 2F-H, 3F). At this time, almost all CDX2-positive 331 

cells coexpressed BRACHYURY and SOX17 (Figure 2F, 3F,G – figure supplement 1J). 332 

In vivo, coexpression of BRACHYURY, SOX17 and CDX2 is first observed within 333 

extraembryonic mesoderm cells of the ACD (Figure 3 – figure supplement 1D). While 334 

BRACHYURY, SOX17 and CDX2 are also all expressed within cells of the hindgut at 335 

later stages of development (E8.5) [54], this micropattern population did not express 336 

additional hindgut markers such as FOXA2 [55-57] (Figure 3E). Hence 337 

BRACHYURY/SOX17/CDX2-positive cells correlated most strongly to the 338 

extraembryonic mesoderm ACD.  339 

 340 

At 72 hours, the BRACHYURY/SOX17/CDX2 population was no longer observed. CDX2 341 

and SOX17 continued to be coexpressed (Figure 3F,G) but these cells now lacked 342 

BRACHYURY expression (Figure 2F, 3F,G – figure supplement 1J). At 72 hours, CDX2-343 

positive cells also expressed FOXF1, another marker found within the extraembryonic 344 

mesoderm (Figure 3D). Hence, SOX17/CDX2/FOXF1-positive cells likely corresponded 345 

to the AOM, suggesting a temporal progression of ACD cells to an AOM state, as in vivo. 346 

We also observed a rarer population of cells that coexpressed FOXF1 and GATA6 347 
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(Figure 3H, yellow arrowhead) as in the YSM or embryonic mesoderm positioned 348 

between Mesoderm 1 and 2 (Figure 3D). While both embryonic (GATA6) and 349 

extraembryonic (SOX17/CDX2/FOXF1) mesoderm-like populations were present within 350 

the outer micropattern domain, they tended to exist within discrete clusters (Figure 3G).  351 

 352 

During the micropattern differentiation, multiple DE-associated markers were expressed, 353 

namely FOXA2, SOX17, GATA6 and OTX2. In vivo these markers are coexpressed 354 

within DE cells (Figure 3 – figure supplement 1E) while in the micropattern differentiation 355 

FOXA2, SOX17 and GATA6 were expressed in a mostly mutually exclusive manner 356 

(Figure 3E – figure supplement 2A), hence they marked separate non-DE populations. 357 

Furthermore, BRACHYURY and FOXA2 were expressed within distinct micropattern 358 

domains (mid and central respectively) (Figure 2F,G, 3E) suggesting that AxM cells were 359 

not present. To further validate these conclusions, we assessed the expression of the 360 

DE and AxM markers Gsc and Hhex using a GscGFP/+ ; HhexRedStar/+ dual reporter ESC 361 

line [58]. After 72 hours of differentiation, HhexRedStar was observed at the outer colony 362 

edge but GscGFP was not expressed (Figure 3 – figure supplement 2B). The expression 363 

of HhexRedStar and SOX17, without FOXA2 and GscGFP expression, confirmed the 364 

absence of DE and AxM fates and likely indicated the presence of hematopoietic 365 

progenitors that arise from the allantois [40, 59] and  366 

 367 

Therefore, in vitro, a combination of BMP, WNT, ACTIVIN (NODAL), and FGF promoted 368 

the specification and spatial organization of posterior Epi (center), PS (mid) and 369 

embryonic and extraembryonic mesoderm (outer), recapitulating gastrulation events 370 

occurring within the posterior of the mouse gastrula (Figure 3I, Table 1). However, fates 371 

arising from the anterior PS including DE and AxM were not formed under these 372 

conditions. 373 
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 374 

Micropattern differentiation involves a TGFβ-regulated EMT 375 

One of the primary hallmarks of gastrulation is an EMT, involving downregulation of the 376 

epithelial marker CDH1 (E-CADHERIN) and upregulation of the mesenchymal marker 377 

CDH2 (N-CADHERIN) in cells ingressing through the PS (Figure 4A,B). Epi cells that do 378 

not undergo an EMT differentiate into neurectoderm, while those that undergo an EMT 379 

emanate from the PS and acquire mesoderm or DE identities [3, 60]. We asked whether 380 

micropattern differentiation engaged these same morphogenetic processes.  381 

 382 

A PS-like population arose after 24 hours of in vitro differentiation (Figure. 2F) followed 383 

by the formation of a 2-3 cell layer ridge at the colony perimeter at 48 hours (Figure 384 

4C,D). By 72 hours, the ridge was positioned more centrally, suggesting an inwards 385 

movement, resulting in a volcano-like structure (Figure 4C,D). Initially, the ridge 386 

overlapped with the BRACHYURY/CDX2 coexpression domain but, at 72 hours, was 387 

positioned at the border between the BRACHYURY-positive PS and CDX2-positive 388 

AOM populations (Figure 4- figure supplement 1A). Cells at the border of the 389 

BRACHYURY-expressing region downregulated the epithelial marker CDH1 and 390 

upregulated the mesenchymal marker CDH2 (Figure 4D,E – figure supplement 1B). As 391 

in vivo, the outer CDH2 expression domain correlated with the position of the PS 392 

(BRACHYURY), embryonic mesoderm (GATA6) and extraembryonic mesoderm (CDX2) 393 

populations (Figure 4F). Furthermore, both the intermediate PS-like domain and the 394 

outer embryonic and extraembryonic mesoderm domain expressed SNAIL (Figure 4 – 395 

figure supplement 1C-E), a transcriptional repressor that regulates the gastrulation EMT 396 

[61]. At 48 hours, CDH2-positive cells emerged at the base of the colony, beneath the 397 

CDH1-positive epithelial layer, and were observed more centrally over time (Figure 398 

4D,E). We also occasionally observed BRACHYURY-expressing cells in more central 399 
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positions at 72 hours (Figure 4F), which could suggest an inwards migration of 400 

mesenchymal PS derivatives between the upper epithelium and the surface of the 401 

micropattern slide. Conversely, central posterior Epi-like cells, maintained CDH1 (Figure 402 

4D,E).  403 

 404 

Various signaling pathways including Wnt, FGF and TGFβ regulate EMT in development 405 

and cancer [60, 62, 63]. In particular, the role of TGFβ signaling through SMAD2/3 has 406 

been well characterized [64]. Mice with null mutations in Smad2/3 or Nodal do not 407 

gastrulate and lack normal mesoderm structures [65-68]. To determine whether 408 

SMAD2/3 signaling regulated EMT in the in vitro micropattern system, we cultured EpiLC 409 

micropatterned colonies in medium containing FGF2, BMP4, WNT3A but lacking 410 

ACTIVIN A and supplemented with a small molecule inhibitor of the ALK5 receptor, 411 

SB431542 (referred to as ACTIVINi). In the absence of Activin (Nodal) signaling, cells 412 

maintained high levels of CDH1 and accumulated at the edge of colonies (Figure 4G,H – 413 

figure supplement 1F). Furthermore, they failed to downregulate SOX2 and did not 414 

differentiate, evidenced by the lack of BRACHYURY, GATA6, CDX2 or SOX17 415 

expression (Figure 4I – figure supplement 1F). Thus, in these flat-disc-shaped 416 

micropatterns, SMAD2/3 signaling regulated the EMT associated with an exit from 417 

pluripotency and onset of differentiation confirming that in vitro micropattern 418 

differentiation and in vivo gastrulation are regulated by common pathways and 419 

processes even though their geometries (flat-disc versus cup-shaped) are distinct.  420 

 421 

Colony diameter is a critical factor involved in patterning 422 

It was previously shown that, in the micropattern system, hESCs give rise to the 423 

broadest spectrum of cell fates when differentiated within colonies of 500-1000 μm 424 

diameter [7, 9]. When the micropattern diameter was decreased, the outer cell fate 425 
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domains were preserved while the inner cell fates were lost, suggesting an edge-sensing 426 

input into the differentiation [7, 9]. We asked whether colony diameter also affected cell 427 

fate specification and patterning of mouse PSCs. 428 

  429 

At 72 hours of mouse PSC differentiation on micropatterns of 1000 μm diameter, three 430 

concentric domains (Regions A-C) could be defined with respect to SOX2, 431 

BRACHYURY and CDX2 expression (Figure 2F, 5A). The most central domain was Epi-432 

like and predominantly expressed SOX2 (Region A), the mid domain was PS-like and 433 

predominantly expressed BRACHYURY (Region B), and the outermost region (Region 434 

C) comprised both CDX2-positive extraembryonic mesoderm and GATA6-positive 435 

embryonic mesoderm cells (Figure 5A). While SOX2 levels were highest within the 436 

colony center, it was expressed at reduced levels throughout all domains (Figure 5A,B).  437 

 438 

We noted that the temporal order of differentiation was maintained across the different 439 

colony diameters analyzed - 500, 225, 140 and 80 μm (Figure 5C-E). BRACHYURY-440 

expressing PS-like cells were observed at 24 hours, followed by BRACHYURY/CDX2 441 

coexpression within ACD-like cells at 48 hours and the emergence of cells expressing 442 

CDX2 but not BRACHYURY, as in the AOM, at 72 hours (Figure 5C-D). However, the 443 

spatial organization of cell fates after 72 hours of differentiation was dependent on 444 

colony diameter (Figure 5B). Within 500 μm diameter colonies, the outer extraembryonic 445 

mesoderm population marked by CDX2 was maintained but, in contrast to colonies of 446 

1000 μm diameter, BRACHYURY-positive PS cells were positioned within the colony 447 

center in place of the SOX2 only Epi-like population (Figure 5B-E – figure supplement 1).  448 

 449 

At even smaller micropattern diameters of 80-140 μm, colonies were comprised 450 

predominantly of CDX2 or SOX2 –positive cells with almost no BRACHYURY 451 
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expression observed (Figure 5B-E – figure supplement 1). CDX2 and SOX2 marked 452 

distinct, apparently randomly positioned, clusters of cells (Figure 5B-E – figure 453 

supplement 1). Within 1000 μm diameter colonies, the outer micropattern domain 454 

(Region C) was comprised of both embryonic (GATA6) and extraembryonic 455 

(SOX17/CDX2) mesoderm populations (Figure 3F-H). Both embryonic and 456 

extraembryonic mesoderm populations were also observed within smaller diameter 457 

colonies whereby CDX2 and SOX17 -positive cells were present within distinct domains 458 

from cells that expressed GATA6 (Figure 5F). It should be noted that, on smaller 459 

diameter micropatterns, the width to height ratio of colonies was altered such that 80-460 

140 μm diameter colonies generated taller, embryoid body-like aggregates. Over time, 461 

these three-dimensional structures exhibited morphological asymmetries (Figure 5F), 462 

which may explain the loss of radial symmetry in marker expression. Colonies of 225 μm 463 

diameter patterned cell fates in a manner intermediate to that observed in colonies of 464 

500 μm and 80-140 μm diameter, with some BRACHYURY cells still observed (Figure 465 

5C-E – figure supplement 1). 466 

 467 

Taken together, these data show that micropattern diameter is a critical factor in 468 

determining mouse PSC fate specification and patterning. While the non-uniform, three-469 

dimensional geometry of smaller colonies made data difficult to interpret, the loss of 470 

central populations within 500 μm diameter colonies indicates that, like human PSCs [7], 471 

mouse PSCs may specify fates as a function of distance from the colony edge.  472 

 473 

Micropattern colonies exhibit position-dependent BMP signaling  474 

While the cell culture medium provided homogeneous signals to the micropatterned 475 

colonies, different cell fates emerged within distinct radial domains. To determine 476 

whether this patterning correlated to a position-dependent interpretation of signals, we 477 
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focused on BMP, a key upstream signal necessary for gastrulation with an effective 478 

antibody readout of activity - nuclear localization of phosphorylated SMAD1/5/8 479 

(pSMAD1/5/8). In vivo, at the early streak stage (E6.5-E6.75), BMP4 is expressed by the 480 

ExE and later (E7.5-E8.0) by the allantois and chorion [69] (Figure 6- figure supplement 481 

1A), and acts on adjacent tissues.  482 

 483 

In E6.5-E6.75 embryos, BMP signaling (marked by pSMAD1/5/8) was active at low 484 

levels within the proximal, but not distal, Epi and elevated within cells of the PS and 485 

embryonic and extraembryonic mesoderm (Figure 6 – figure supplement 1B). At this 486 

stage, pSMAD1/5/8 levels correlated with BRACHYURY expression (Figure 6A,B – 487 

figure supplement 1B,C). From E7.0 onwards, as the PS extended, pSMAD1/5/8 was 488 

observed within the posterior PS but not anterior PS, consistent with anterior cells being 489 

positioned furthest from the ExE source of BMP4 (Figure 6 – figure supplement 1D,E). 490 

Furthermore, pSMAD1/5/8 was observed in embryonic Mesoderm 1 but not 491 

BRACHYURY-positive Mesoderm 2 cells and consequently, the correlation with 492 

BRACHYURY expression was lost (Figure 6 – figure supplement 1E-G). 493 

 494 

At 0 hours of micropattern differentiation, nuclear pSMAD1/5/8 was observed at low 495 

levels throughout colonies (Figure 6C), corresponding to the low BMP signaling activity 496 

within the proximal embryonic Epi at E6.5-E6.75 (Figure 6 – figure supplement 1B). 497 

From 24-72 hours of micropattern differentiation, nuclear pSMAD1/5/8 was elevated at 498 

the colony edge within the PS, embryonic and extraembryonic mesoderm cell fate 499 

domains (Figure 6C-E). At  24 and 48 hours, the majority of pSMAD1/5/8-positive cells 500 

expressed BRACHYURY but by 72 hours, the fraction of BRACHYURY/pSMAD1/5/8 -501 

positive cells was significantly reduced (Figure 6C – figure supplement 1H,I). This likely 502 
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corresponded to the presence of nuclear pSMAD1/5/8, but not BRACHYURY, within 503 

Mesoderm 1 cells of the embryo (Figure 6 – figure supplement 1E,F).  504 

 505 

These data revealed that, as with micropattern differentiated hESCs [7-9], signaling 506 

activity exhibits radial dependence. Furthermore, the cell types identified within the in 507 

vitro micropattern system experienced a comparable BMP signaling history to their in 508 

vivo counterparts, with low BMP signaling activity present within posterior Epi-like cells 509 

and elevated activity within the posterior PS, embryonic Mesoderm 1 and 510 

extraembryonic mesoderm populations. In vivo, the distal Epi and anterior PS were 511 

devoid of BMP activity (Figure 6 – figure supplement 1B,D,E) but, in the presence of 512 

FGF, ACTIVIN, BMP and WNT, a comparable signaling niche that lacked BMP activity 513 

was not observed within the micropatterned colonies.    514 

 515 

The spatial organization of hESC-derived cell fates during micropattern differentiation is 516 

mediated by a combination of receptor occlusion at the colony center and loss of 517 

secreted inhibitors from the colony edge [8, 9]. To test for the involvement of receptors in 518 

the micropattern organization of mouse cell fates, we substituted exogenous WNT3A 519 

with a GSK3 inhibitor, CHIR99021 (CHIR), which circumvents the receptor to activate 520 

downstream Wnt pathway components (Figure 6 – figure supplement 2A,B). Under 521 

these conditions, CDX2, GATA6 and SOX17 were expressed at the outer colony edge 522 

indicating that mesoderm differentiation was unaffected (Figure 6 – figure supplement 523 

2C,D). However, the BRACHYURY expression territory was expanded throughout the 524 

center of the colony (Figure 6 – figure supplement 2E,F), recapitulating the expansion of 525 

BRACHYURY expression in CHIR-cultured embryos [33]. These data suggest that the 526 

transmission of signals or activity of inhibitors through receptors is key for setting up 527 

distinct cell fate domains within the flat-disc micropatterned colonies.  528 
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 529 

The absence of BMP allows DE and AxM specification 530 

BMP, WNT, ACTIVIN and FGF directed micropattern EpiLC differentiation towards 531 

posterior embryonic fates (posterior Epi, PS, embryonic and extraembryonic mesoderm), 532 

but not cell fates arising from the anterior PS (DE and AxM). Since the anterior PS is 533 

devoid of BMP signaling activity, we reasoned that removing BMP would replicate this 534 

signaling niche and create an environment permissive to specify anterior, but not 535 

posterior fates. EpiLCs were plated onto micropatterns and differentiated for 72 hours 536 

with FGF2, ACTIVIN A, BMP4 and WNT3A (referred to as +BMP), FGF2, ACTIVIN A 537 

and WNT3A (referred to as -BMP), or FGF2, ACTIVIN A and WNT3A with a small 538 

molecule inhibitor of BMP signaling, DMH1 [70] (referred to as BMPi) (Figure 7A). In 539 

+BMP conditions, nuclear pSMAD1/5/8 was observed in cells at the perimeter of 540 

colonies alongside CDX2 and SOX17, followed by a region of BRACHYURY expression 541 

and a central region of cells expressing SOX2 and low levels of FOXA2 (Figure 7B-E). In 542 

medium conditions lacking BMP (-BMP), the absence of BMP signaling activity was 543 

confirmed by lack of nuclear pSMAD1/5/8 (Figure 7B,E). Under these conditions, the 544 

domain of extraembryonic mesoderm, marked by CDX2, was lost (Figure 7C,E). Instead 545 

we observed elevated SOX17 in outer cells, which was now robustly coexpressed with 546 

FOXA2 (Figure 7D-F) representing DE (Figure 3 – figure supplement 1E). We also 547 

observed a separate population of outer cells that coexpressed FOXA2 and 548 

BRACHYURY (Figure 7F,G), likely representing cells within the anterior PS, node or 549 

AxM (Figure 3A, yellow arrowheads – figure supplement 1F).  550 

 551 

To further investigate the anterior cell fates formed in the absence of BMP, we 552 

differentiated GscGFP/+ ; HhexRedStar/+  ESCs for 72 hours in the presence of FGF, ACTIVIN 553 

and WNT. While in the presence of BMP4, HhexRedStar but not GscGFP was expressed 554 
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(Figure 3 – figure supplement 2B), in the absence of BMP, we observed FOXA2, 555 

BRACHYURY and GscGFP expression at the edge of micropatterned colonies from 24 556 

hours of differentiation, followed by HhexRedStar expression at 48 hours (Figure 7 – figure 557 

supplement 1A-C). The number of FOXA2, BRACHYURY, GscGFP and HhexRedStar -558 

expressing cells increased over time. The majority of HhexRedStar-positive cells 559 

coexpressed GscGFP and FOXA2 (Figure 7 – figure supplement 1D,E) a signature of both 560 

DE and AxM. However, as we observed little overlap between GscGFP, HhexRedStar and 561 

the AxM marker BRACHYURY within individual cells (Figure 7 – figure supplement 562 

1F,G), GscGFP/HhexRedStar/FOXA2 coexpression likely represented DE. The 563 

FOXA2/BRACHYURY-coexpressing cells observed in the absence of BMP (Figure 564 

7F,G) may correspond to a subpopulation of anterior PS cells (Figure 3A) or alternatively 565 

AxM cells that have downregulated Gsc and Hhex. Global transcriptional analysis may 566 

be required to resolve these possibilities. We also frequently observed cells that 567 

coexpressed GscGFP and FOXA2 but not HhexRedStar (Figure 7 – figure supplement 1D), 568 

which may represent a BRACHYURY negative anterior PS-like state (Figure 3A) [43].  569 

 570 

In conditions lacking BMP signaling activity, SOX2 levels were elevated relative to those 571 

in the presence of BMP (Figure 7B-E). This suggested that central cells represent a 572 

more anterior Epi state. To determine whether this was the case, we utilized a Sox1GFP 573 

fluorescent reporter ESC line [71]. Sox1GFP marks early neurectoderm specification from 574 

cells within the anterior Epi [71]. We differentiated Sox1GFP ESCs as described in Figure 575 

7A, either in the presence or absence of BMP. As with other cell lines analyzed, in the 576 

presence of BMP cells within the outer domain of Sox1GFP EpiLC micropatterned 577 

colonies expressed CDX2 and, in the absence of BMP, they expressed FOXA2 (Figure 7 578 

– figure supplement 2A,C). While Sox1GFP was largely absent from micropatterned 579 

colonies in the presence of BMP, consistent with the colony center representing 580 
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posterior Epi, in the absence of BMP Sox1GFP was expressed at high levels throughout 581 

the colony center (Figure 7 – figure supplement 2B,C). Furthermore, in the absence of 582 

BMP, OTX2 levels were also elevated, with the highest expression observed at the 583 

colony periphery within the domain corresponding to DE and AxM fates (Figure 7 – 584 

figure supplement 2B,C). This agrees with the later embryonic expression of OTX2 585 

within the DE (Figure 7 – figure supplement 2D). Hence, removing BMP from the (FGF, 586 

ACTIVIN and WNT) growth factor cocktail promoted differentiation towards anterior Epi, 587 

DE and anterior PS and/or AxM fates (Figure 7H, Table 1).  588 

 589 

Epiblast stem cells form definitive endoderm in the presence and absence of BMP 590 

EpiSCs, maintained under standard FGF and ACTIVIN (F/A) culture conditions [72, 73], 591 

correlate to later embryonic stages than EpiLCs do [10]. While EpiLCs represent the pre-592 

gastrulation Epi, EpiSCs are similar to the Epi during gastrulation and express markers 593 

associated with the anterior PS [74]. We therefore asked whether EpiSCs demonstrated 594 

a distinct differentiation capacity from EpiLCs in the context of the micropattern system.  595 

 596 

EpiSC9 cells [75] were cultured in defined medium with 12 ng/ml FGF2 and 20 ng/ml 597 

ACTIVIN A. EpiSCs were plated onto the micropatterns as described for EpiLCs and 598 

differentiated in the same manner - for 72 hours in the presence or absence of BMP 599 

(Figure 8A). In the presence of BMP, differentiated EpiSC colonies showed an elevated 600 

expression of lineage-associated markers, including BRACHYURY, GATA6, FOXA2 and 601 

SOX17, at the colony periphery but lacked obvious spatial organization within more 602 

central regions (Figure 8B,C). GATA6 and SOX17/FOXA2 expression represented a DE 603 

fate while BRACHYURY was expressed at the outer colony edge in the same domain as 604 

FOXA2 corresponding to anterior PS or AxM cell types. SOX2-expressing cells were 605 

also present, likely representing an Epi-like state (Figure 8B). Under these conditions, 606 
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EpiSCs generated few CDX2-positive cells indicating a significant reduction in the 607 

formation of extraembryonic mesoderm (Figure 8B). In the absence of BMP, GATA6, 608 

FOXA2 and SOX17 were expressed more uniformly throughout the colonies (Figure 609 

8B,C). Hence, unlike EpiLCs, EpiSCs specified anterior cell fates both in the presence 610 

and absence of BMP.  611 

 612 

We then utilized published microarray data from Hayashi et al [10], comparing the pre-613 

gastrulation E5.75 Epi, EpiLCs and EpiSCs, to ask what may underlie this difference in 614 

the micropattern differentiation of EpiLCs and EpiSCs. As previously described [10, 74] 615 

the E5.75 Epi, EpiLCs and EpiSCs all express high levels of the pluripotency marker 616 

Pou5f1, but EpiSCs also express high levels of the anterior markers Foxa2 and Sox17 617 

(Figure 8D). Furthermore, EpiSCs show a marked increase in the expression of the BMP 618 

pathway inhibitor Chordin, the Wnt pathway inhibitor Dkk1, and the Nodal pathway 619 

inhibitor Lefty2 (Figure 8D) that, in this context, may render EpiSCs unresponsive to the 620 

BMP posteriorization signal. 621 

 622 

 623 

Discussion 624 

 625 

We have developed a robust, quantitative and scalable micropattern protocol promoting 626 

the organized differentiation of mouse EpiLCs, the in vitro counterpart of the pre-627 

gastrulation pluripotent Epi of the embryo [10]. In response to FGF, ACTIVIN (NODAL), 628 

BMP and WNT, the critical gastrulation-inducing signals acting in the mouse embryo [3], 629 

EpiLCs grown on circular micropatterns underwent reproducible spatially coordinated 630 

cell fate specification comparable to in vivo gastrulation. Detailed marker analysis of 631 

gastrulating mouse embryos (which allow the mapping not only of marker expression but 632 
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also of cell position) and micropatterns allowed us to link the in vitro differentiation to in 633 

vivo developmental time and space. In the absence of the spatial and temporal 634 

information of the embryo, we defined a cohort of 15 markers (SOX2, POU5F1, NANOG, 635 

SOX1, OTX2, BRACHYURY, CDX2, GATA6, SOX17, FOXA2, FOXF1, CDH1, CDH2, 636 

SNAIL, pSMAD1/5/8) that allowed us to distinguish between cell fates such as anterior 637 

versus posterior Epi, or extraembryonic mesoderm versus trophectoderm and DE, as 638 

these cell types express many common factors. This emphasizes the necessity of 639 

expression signatures, rather than individual markers, to accurately assign cell fates in 640 

vitro.  641 

 642 

During 72 hours of differentiation, micropatterned colonies advanced from an E5.5 643 

pluripotent Epi-like state to comprising an array of populations present in the embryo just 644 

prior to E7.75 (Figure 9A). Hence, under these culture conditions, in vitro cellular 645 

differentiation was slower than in vivo development. Conceivably, further manipulation of 646 

the timing, levels and combination of signaling factors provided to EpiLCs, as well as the 647 

extracellular matrix composition and stiffness of the substrate on which cells are 648 

maintained to more closely mimic that of the embryo, could alter the rate of 649 

differentiation and support the specification of cell fates emerging at later gastrulation 650 

stages.   651 

 652 

At 72 hours, micropatterned colonies could be divided into 3 spatially distinct domains 653 

(central, mid and outer) (Figure 9A). Cells within the colony center showed minimal BMP 654 

signaling and expressed posterior Epi markers. PS markers were initially expressed at 655 

the periphery, but over time were observed more centrally. This was accompanied by an 656 

EMT and the emergence of outer mesenchymal cells, plausibly emanating from the PS-657 

like region. The outer domain displayed elevated BMP activity and contained multiple 658 
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populations including allantois and yolk sac extraembryonic mesoderm and early 659 

embryonic mesoderm.  660 

 661 

In contrast to most gastrulating viviparous mammalian embryos, which exhibit a flat-disc 662 

geometry, rodents including the mouse are cup-shaped. A conceptual flattening of the 663 

cell fate arrangement within the mouse embryo [76], could not fully recapitulate the 664 

organization of cell types observed within the flat-disc micropatterns. Therefore the most 665 

evident correspondence between embryonic and micropattern cell fates was signaling 666 

history. However, while all cells within the outer micropattern domain experienced high 667 

levels of BMP signaling, both embryonic and extraembryonic mesoderm fates were 668 

specified. It is therefore unclear whether additional morphogens distinguish embryonic 669 

and extraembryonic mesoderm, or if factors such as three dimensional growth, migration 670 

and extracellular matrix composition or substratum stiffness dictate fate. Extension of the 671 

micropattern system to different geometries, morphogens and inhibitors should resolve 672 

these questions. 673 

 674 

Spatial organization of cell identities within the micropatterns emerged even though 675 

signals were provided uniformly. Thus, epithelial cell cultures can self-organize and the 676 

signaling history of a cell depends on its local environment, as well as the external 677 

medium. When WNT3 was replaced with CHIR [77] a small molecule that activates the 678 

WNT signaling pathway intracellularly, bypassing the receptors and secreted inhibitors 679 

acting at the cell surface, the PS region expanded into the colony center. Hence, as with 680 

human micropattern differentiation [7], endogenously produced inhibitors likely exclude 681 

signals from the colony center to define the inner domains. The identity of these 682 

inhibitors represents an open question to be elucidated in future studies. 683 

 684 
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In vivo, localized signaling from the extraembryonic tissues, notably the anterior visceral 685 

endoderm (AVE), induces molecular asymmetries within the bilaterally symmetrical Epi 686 

leading to anterior-posterior axis establishment [78]. As the described micropattern 687 

system does not contain extraembryonic VE or ExE cells, and the disc-shaped colonies 688 

are also morphologically symmetrical, there is no apparent chemical or physical source 689 

of symmetry-breaking. Therefore, micropattern-differentiated PSCs might generate 690 

radially symmetric cell fate domains and be reminiscent of mutant embryos with defects 691 

in AVE specification or positioning [79-82], that lack the endogenous source of symmetry 692 

breaking. Interestingly, a mouse PSC-based three-dimensional differentiation system 693 

involving embryoid body-like aggregates, demonstrated asymmetric lineage marker 694 

expression in the absence of extraembryonic cell types [83]. However, as these 695 

structures are not geometrically uniform, the polarized marker expression likely stems 696 

from initial morphological asymmetries and there is still no evidence of spontaneous 697 

symmetry breaking within geometrically uniform structures.  698 

 699 

The cohort of signaling factors and secreted inhibitors expressed by adjacent tissues 700 

within the embryo make development robust yet difficult to quantify. For example, the 701 

extraembryonic VE is a source of inhibitors including CERBERUS and LEFTY1 on the 702 

anterior [78], and WNT3 on the posterior [84] side of the embryo, whereas the Epi and 703 

its derivatives express WNT3, LEFTY2 and DKK1 [36, 85]. As our in vitro system 704 

patterns in the absence of extraembryonic cell types, it allows us to decipher Epi-intrinsic 705 

patterning mechanisms.  706 

 707 

The micropattern system can be used to extend findings in animal models to a defined, 708 

serum-free environment where signaling modulation can be unambiguously interpreted 709 

to reveal how timing and levels of signaling influence cell fate. As a first step in this 710 
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direction, we analyzed the effect of manipulating the BMP pathway. Embryos with 711 

disrupted BMP signaling do not form a morphological PS and predominantly arrest at 712 

early gastrulation [86-89], obscuring the assessment of a role for BMP in later mesoderm 713 

and endoderm specification. When we applied FGF, ACTIVIN and WNT alone (in the 714 

absence of BMP) to micropatterned colonies, anterior rather than posterior cell fates 715 

were specified (Figure 7B). These data revealed that BMP is not significantly induced by 716 

WNT and its absence does not perturb anterior cell fate specification. In the future, the 717 

micropattern assay could be used as a robust, efficient and scalable way to survey 718 

signaling conditions and systematically screen interactions between individual genes 719 

and pathways.  720 

 721 

While a spectrum of mouse PSC states have been captured in vitro [11], their 722 

comparative functional capacities and relation to the embryo is largely unknown. The 723 

micropattern system represents a quantifiable means to test the differentiation potential 724 

of PSC states and cell lines under defined conditions. Here we observed that EpiLCs 725 

patterned either posterior or anterior cell fates in the presence or absence of BMP 726 

respectively. Conversely, although EpiSCs can contribute to all germ layers in chimaera 727 

assays [90], within the micropattern system they predominantly generated DE cells and 728 

exhibited minimal self-organization. The limited capacity of EpiSCs to pattern in isolation 729 

may stem from their elevated expression of signaling inhibitors [10]. Alternatively, 730 

exogenous FGF, ACTIVIN, BMP and WNT may not be sufficient to induce the 731 

expression of secondary factors required for patterning and posterior cell fate 732 

specification of EpiSCs. Further manipulation of the micropattern differentiation 733 

conditions may give novel insights into the unique requirements of these different 734 

pluripotent cell states (Figure 1A) for organized cell fate specification. 735 

 736 
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Due to a paucity of data on gastrulating human embryos, cell fates arising during hESC 737 

micropattern differentiation can only been predicted [7, 9]. The mouse micropattern 738 

differentiation provides the essential missing link between in vitro gastrulation models in 739 

mouse and human, and in vivo mouse development. The identification of an 740 

extraembryonic mesoderm population within mouse, but not human micropatterns 741 

prompts an analysis of the human system with equivalent marker combinations under 742 

comparable serum-free medium conditions containing both BMP4 and WNT3A to 743 

determine whether populations such as extraembryonic mesoderm can be generated, or 744 

whether in human, extraembryonic mesoderm, as has been shown for the amnion [91], 745 

does not arise from the Epi at gastrulation. Human and mouse embryos are of a similar 746 

size (Figure  8C,D), their corresponding in vitro PSCs undergo micropattern 747 

differentiation within equivalent diameter colonies and specify cell fates as a function of 748 

distance from the colony edge, suggesting that these species use common mechanisms 749 

to regulate cell fate specification and tissue patterning. The further correlation of mouse 750 

and human in vitro micropattern data, in the context of different pluripotent starting 751 

states, and corroborated with in vivo data from mouse embryos should yield insights into 752 

the conserved and divergent mechanisms regulating fundamental aspects of early 753 

mammalian development. 754 

 755 

  756 
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Materials and Methods 757 

Key Resources Table 758 

Reagent type 
(species) or 

resource 
Designation Source or reference Identifiers Additional 

information 

gene () 
    

strain, strain 
background () 

Crl:CD1 
(ICR)  RRID:IMSR_CRL:22 

CD1 Mus 
musculus wild-
type outbred 

mouse 
genetic reagent 

()     

cell line () ES-E14 [92] RRID:CVCL_C320 
Embryonic stem 

cell line: Mus 
musculus 

cell line () ES-R1 [93] RRID:CVCL_2167 
Embryonic stem 

cell line: Mus 
musculus 

cell line () Sox17GFP/+ [94]  

Embryonic stem 
cell line: Mus 

musculus 

cell line () TGFP/+ [95]  

Embryonic stem 
cell line: Mus 

musculus 

cell line () 46C cell line (Sox1GFP) [71] RRID:CVCL_Y482 
Embryonic stem 

cell line: Mus 
musculus 

cell line () GscGFP/+ ; HhexRedStar/+ [58]  

Embryonic stem 
cell line: Mus 

musculus 

cell line () EpiSC9 [75] 
 

Epiblast stem cell 
line: Mus 
musculus 

transfected 
construct ()     
biological 
sample ()     

antibody anti-BRACHYURY R&D Systems Cat# AF2085, 
RRID:AB_2200235 

1:200 

antibody anti-CDH1 Sigma-Aldrich Cat# U3254, 
RRID:AB_477600 

1:500 

antibody anti-CDH2 Santa Cruz Biotechnology Cat# sc-7939, 
RRID:AB_647794 

1:300 

antibody anti-CDX2 BioGenex Cat# AM392, 
RRID:AB_2650531 

1:200 

antibody anti-DsRed Clontech Laboratories, Inc. Cat# 632496, 
RRID:AB_10013483 

1:500 

antibody anti-FOXA2 Abcam Cat# ab108422, 
RRID:AB_11157157 

1:500 

antibody anti-FOXF1 R&D Systems Cat# AF4798, 
RRID:AB_2105588 

1:200 

antibody anti-GATA6 R&D Systems Cat# AF1700, 
RRID:AB_2108901 

1:100 

antibody anti-GATA6 Cell Signaling Technology Cat# 5851, 
RRID:AB_10705521 

1:500 

antibody anti-GFP Aves Labs Cat# GFP-1020, 
RRID:AB_10000240 

1:500 

antibody anti-KLF4 R&D Systems Cat# AF3158, 
RRID:AB_2130245 

1:200 

antibody anti-NANOG Thermo Fisher Scientific Cat# 14-5761-80, 
RRID:AB_763613 

1:200 

antibody anti-NANOG Cosmo Bio Co 
Cat# REC-

RCAB0002PF, 
RRID:AB_567471 

1:500 
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antibody anti-OTX2 R&D Systems 
Cat# AF1979, 

RRID:AB_2157172 1:500 

antibody anti-POU3F1 Millipore Sigma MABN738 1:100 

antibody anti-POU5F1 Santa Cruz Biotechnology 
Cat# sc-5279, 

RRID:AB_628051 1:100 

antibody anti-pSMAD1/5/8 
a gift from Dr. Ed Laufer, 
Columbia University, New 

York, NY 
N/A 1:200 

antibody anti-SNAIL R&D Systems 
Cat# AF3639, 

RRID:AB_2191738 1:100 

antibody anti-SOX2 Thermo Fisher Scientific 
Cat# 14-9811-82, 

RRID:AB_11219471 1:200 

antibody anti-SOX17 R&D Systems 
Cat# AF1924, 

RRID:AB_355060 1:200 

recombinant 
DNA reagent     

sequence-
based reagent     

peptide, 
recombinant 

protein     

commercial 
assay or kit     

chemical 
compound, 

drug     

software, 
algorithm Ilastik http://ilastik.org/ RRID:SCR_015246 

3-D Nuclear mask 
generation 

other 
    

 759 

Gene and gene product nomenclature 760 

Genes and gene products are referred to using guidelines set by the International 761 

Committee on Standardized Genetic Nomenclature for Mice - gene symbols are 762 

italicized with only the first letter upper case while proteins are all upper case and no 763 

italics (http://www.informatics.jax.org/mgihome/nomen/gene.shtml). Cytokines are 764 

referred to as proteins (all upper case) while the corresponding signaling pathways are 765 

referred to in lower case, non-italic. 766 

 767 

Cell culture  768 

ESC lines used for this study include E14 (129/Ola background) [92], R1 (129/Sv 769 

background) [93], Sox17GFP/+ (R1, 129/Sv background) [94], TGFP/+ (E14.1, 129/Ola 770 

background, also known as GFP-Bry) [96] and Sox1GFP (E14Tg2a background, also 771 

known as 46C) [71], GscGFP/+ ; HhexRedStar/+ (E14Tg2a background) [58]. ESCs were 772 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/236562doi: bioRxiv preprint 

https://doi.org/10.1101/236562
http://creativecommons.org/licenses/by/4.0/


 33

routinely cultured on 0.1% gelatin coated tissue culture grade plates (Falcon) in serum 773 

and LIF medium as previously described [97]. Serum and LIF medium was comprised of 774 

Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing 0.1 mM non-essential 775 

amino-acids (NEAA), 2mM glutamine and 1mM sodium pyruvate, 100 U/ml Penicillin, 776 

100 μg/ml Streptomycin  (all from Life Technologies), 0.1 mM 2-mercaptoethanol 777 

(Sigma), and 10% Fetal Calf Serum (FCS, F2442, Sigma) together with 1000U/ml LIF. 778 

They were passaged every 2 days upon reaching approximately 80% confluence by 779 

washing with phosphate buffered saline (PBS) before adding 0.05% Trypsin (Life 780 

Technologies) for 3 minutes at 37°C and dissociating into a single cell suspension by 781 

pipetting. Trypsin activity was then neutralized with serum-containing medium. Cells 782 

were collected at 1300 rpm for 3 minutes and 1/5 of cells transferred to a new plate.  783 

 784 

For this study, the EpiSC9 epiblast stem cell line was used (129SvEv x ICR  785 

background) [75]. EpiSCs were cultured under standard conditions as previously 786 

described [73], in defined, serum-free N2B27 medium with 12 ng/ml FGF2 and 20 ng/ml 787 

ACTIVIN A. EpiSCs were passaged upon reaching approximately 80% confluence by 788 

washing with PBS then replacing with Accutase (Sigma) and scraping cells from the 789 

plate. Cells were pipetted gently to avoid single cell dissociation. Cells were collected at 790 

1300 rpm for 3 minutes and 1/5 of cells transferred to a new plate. ESCs and EpiSCs 791 

were maintained at 37°C at 5% CO2 and 90% humidity. 792 

 793 

EpiLC conversion 794 

Prior to plating on micropatterns, ESCs were converted to a transient EpiLC state as 795 

previously described [10]. First, 10 cm plates were coated with 16 μg/ml of Fibronectin 796 

for 1 hour at room temperature followed by two washes with PBS.  ESCs were collected 797 

by trypsinization (see above), counted and 1.6 x 106 cells plated onto the Fibronectin-798 
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coated plates for 48 hours in EpiLC medium, N2B27 medium containing 20 ng/ml 799 

ACTIVIN A and 12 ng/ml FGF2. Medium was changed daily. 800 

 801 

Micropattern differentiation 802 

To coat micropatterned surfaces, a solution was prepared of 20 μg/ml Laminin (L20202, 803 

Sigma) in PBS without calcium and magnesium (PBS-/-). A 15 cm tissue culture plate 804 

was lined with Parafilm (Pechiney Plastic Packaging) and 700 μl drops were made onto 805 

the Parafilm surface. Micropatterned chips (Arena A, CYTOO) were washed once with 806 

PBS-/- and then inverted on top of the drops followed by incubation at 37°C for 2 hours. 807 

Micropatterns were then washed 5 times with 5 ml of PBS-/-. EpiLCs were collected by 808 

trypsinization and a single cell suspension generated. Cells were counted and 2 x 106 809 

EpiLCs were evenly plated onto micropatterns within 6-well plates (Falcon) in EpiLC 810 

medium. Medium was supplemented with a small molecule inhibitor of Rho-associated 811 

kinase (ROCKi, 10 μM Y-27632) for the first 2 hours after plating, to reduce apoptosis 812 

[98, 99]. Plates were maintained in the tissue culture hood for 30 minutes after plating to 813 

allow time for cells to evenly adhere to the micropatterns before moving to the incubator. 814 

After 2 hours, medium containing ROCKi was exchanged for N2B27 medium containing 815 

12 ng/ml FGF2, 20 ng/ml ACTIVIN A, 50 ng/ml BMP4 (Peprotech) and 200 ng/ml 816 

WNT3A (R&D). Cells were maintained for up to 72 hours in this state, after which time 817 

cells were highly confluent and cell death was observed. To determine the effect of BMP 818 

signaling on the differentiation, cells were differentiated as described above for 72 hours 819 

with FGF, ACTIVIN, BMP and WNT (+BMP) or with FGF2, ACTIVIN A and WNT3A 820 

without BMP4 (-BMP) or FGF, ACTIVIN and WNT with the addition of 2 μM DMH1 821 

(Sigma) (BMPi).  822 

 823 

Immunostaining, imaging and quantification of cells 824 
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Prior to immunostaining, cells were either grown on micropatterns or in 1 μ-slide 8 well 825 

IbiTreat plates (Ibidi). Cells were washed twice with PBS before being fixed with 4% 826 

paraformaldehyde (PFA) (Electron Microscopy Sciences) at room temperature for 15 827 

minutes. Cells were then washed a further two times with PBS followed by 828 

permeabilization with PBS containing 0.1% Triton-X (Sigma) (PBS-T) for 10 minutes at 829 

room temperature. Cells were then blocked in PBS-T with 1% bovine serum albumin 830 

(BSA, Sigma) and 3% donkey serum (Sigma) for 30 minutes at room temperature. 831 

Primary antibodies were added overnight at 4°C, diluted to the appropriate concentration 832 

in PBS-T with 1% BSA. Details of primary antibodies are supplied in Key Resources 833 

Table. The following day, cells were washed three times for 15 minutes with PBS 834 

followed by incubation with secondary antibodies (1:500, Alexa Fluors, Life 835 

Technologies, Dylight, Jackson ImmunoResearch) in PBS-T with 1% BSA for 2 hours at 836 

room temperature. Finally, cells were washed three times for 15 minutes with PBS with 837 

the final wash containing 5 μg/ml Hoechst (Life Technologies). Cells grown on 838 

micropatterns were then mounted onto glass slides (Fisher Scientific) with Fluoromount-839 

G (Southern Biotech). Cells were imaged using a LSM880 confocal (Zeiss). Brightfield-840 

only images were acquired using a Zeiss Axio Vert.A1. 841 

 842 

Quantitative analysis of micropattern differentiation 843 

For micropattern image analysis and quantification, tiled Z-stack images of individual 844 

colonies were collected using a LSM880 confocal microscope (Zeiss) at 512 x 512 845 

format using a 20x objective. The background signal was subtracted using ImageJ 846 

software and each channel saved as a separate tiff file. Tiff files containing the Hoechst 847 

nuclear staining of each colony were classified into regions containing nuclei and those 848 

that did not using Ilastik [100], an interactive image classification software. Using this 849 

information, a 3D probability mask was generated and analysis carried out using custom 850 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted January 19, 2018. ; https://doi.org/10.1101/236562doi: bioRxiv preprint 

https://doi.org/10.1101/236562
http://creativecommons.org/licenses/by/4.0/


 36

software written in Python. All analysis was carried out on entire Z-stacks of multiple 851 

colonies and an average of results across colonies displayed.  852 

 853 

Segmentation of individual cells within images of colonies proved problematic due to the 854 

large number and high density of cells. For these reasons, manual correction of 855 

segmentation, as routinely used in smaller systems [101], was not feasible. Therefore 856 

quantification of immunostaining fluorescence intensity across the radii of colonies as 857 

well as coexpression analysis was completed on a voxel basis to eliminate segmentation 858 

artifacts. To generate plots of radial immunostaining fluorescence intensity, each voxel 859 

within a colony was assigned a distance from the colony center. The fluorescence 860 

intensity for each marker was measured per voxel and then the average fluorescence 861 

intensity of voxels at a particular radial position (binned into discrete radial bands) was 862 

calculated for each colony. The average radial fluorescence intensity across multiple 863 

colonies was then calculated. To display the expression of multiple different markers 864 

across the radii of colonies on the same scale, the relative level of each marker was 865 

quantified by normalizing to the highest level of expression (shown as 100) either across 866 

a time-course or within an individual time-point. Spatial patterning across multiple 867 

colonies was also demonstrated by generating average colony images for individual 868 

markers where each segmented cell was represented as a dot whose color indicates its 869 

fluorescence in the specified channel. 870 

 871 

Coexpression analysis was carried out on a voxel level, i.e. the fluorescence level of 872 

each marker within a single voxel was calculated and plotted. For genes that were not 873 

expressed, or only expressed at low levels, at the start of the differentiation, gates could 874 

be drawn based on the fluorescence at 0 hours and used to quantify the percentage of 875 

total voxels expressing a particular marker at later time points. 876 
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 877 

Nuclear density measurements in micropatterns and embryos  878 

The number of nuclei per 100 μm was quantified for 0 hours and 24 hours of 879 

micropattern differentiation utilizing the colony side view (z-axis) from confocal images 880 

acquired using a 40x objective at 0.5 μm interval steps. The number of nuclei was 881 

quantified across the entire width of the colony at 10 distinct positions and the average 882 

number of nuclei per 100 μm distance were calculated. For E5.5 embryos, the number of 883 

nuclei per 100 μm was quantified on sagittal confocal optical sections based on the 884 

number of nuclei within a sagittal optical section of the epiblast and the distance around 885 

the epiblast within the same section, manually measured using ImageJ software. For 886 

E6.5 the same was done using confocal images of transverse cryosections. Only cells 887 

within the epiblast were counted. Five embryos at E5.5 and five at E6.5 were analyzed in 888 

this manner.   889 

 890 

Inter-nuclear distance was manually measured using ImageJ software. A line was drawn 891 

from the center of one nuclei to the center of the adjacent nuclei. For micropattern 892 

differentiation, 150 measurements were made per time point (0 hours and 24 hours). For 893 

in vivo data, 5 different embryos were measured at each time point (E5.5 and E6.5). At 894 

E5.5, 125 measurements were made and at E6.5, 189 measurements were made.  895 

 896 

Mice 897 

All mice used in this study were of a wild-type CD1 background. Mice were maintained in 898 

accordance with the guidelines of the Memorial Sloan Kettering Cancer Center 899 

(MSKCC) Institutional Animal Care and Use Committee (IACUC). Mice were housed 900 

under a 12-hour light/dark cycle in a specific pathogen free room in the designated 901 

facilities of MSKCC. Natural matings of CD1 males and 4-6 weeks old virgin CD1 902 
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females were set up in the evening and mice checked for copulation plugs the next 903 

morning. The date of vaginal plug was considered as E0.5.  904 

 905 

Immunostaining and imaging of embryos 906 

To analyze the expression of markers within post-implantation embryos, the uterus of 907 

pregnant mice was dissected and deciduae removed. Embryos were dissected from the 908 

deciduae and the parietal endoderm removed. Embryos were washed twice in PBS and 909 

fixed in 4% PFA for 30 minutes at room temperature. Embryos were permeabilized in 910 

PBS with 0.5% Triton-X for 30 minutes followed by blocking overnight in PBS-T with 5% 911 

horse serum (Sigma). Primary antibodies were added the following day, diluted in 912 

blocking buffer at the appropriate concentration (details can be found in Key Resources 913 

Table) and incubated overnight at 4°C. The next day, embryos were washed 3 times for 914 

15 minutes in PBS-T and then blocked for a minimum of 2 hours. Embryos were then 915 

incubated with the secondary antibodies diluted in blocking buffer overnight at 4°C. 916 

Alexa Fluor® (Thermo Fisher Scientific) secondary antibodies were diluted 1:500. The 917 

following day, embryos were washed 3 times for 15 minutes in PBS-T with the last wash 918 

containing 5 μg/ml Hoechst. Embryos were imaged in PBS-T in glass bottom dishes 919 

(MatTek) using an LSM880 confocal (Zeiss).  920 

 921 

Cryosectioning and quantitative embryo measurements  922 

For cryosectioning, embryos were incubated in a 30% sucrose solution until they sank to 923 

the bottom of the vial. Embryos were then transferred to optimal cutting temperature 924 

compound (OCT, Tissue-Tek) overnight. The following day, embryos were transferred to 925 

mounting molds (Fisher Scientific) containing OCT and appropriately oriented to give 926 

sagittal or transverse sections. Embryo-containing molds were carefully transferred to 927 

dry ice until frozen and then temporarily to -80°C until cryosectioning. Cryosections of 10 928 
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μm were cut using a Leica CM3050S and imaged using a confocal microscope as 929 

described above.   930 

 931 

To quantify immunostaining within gastrulating mouse embryos, transverse cryosections 932 

were imaged by confocal microscopy. For quantification of the relative levels of SOX2 933 

and NANOG within different regions of the Epi, the anterior and posterior regions were 934 

manually selected using ImageJ software and immunostaining fluorescence levels in 935 

arbitrary units. Five cryosections were quantified per embryo and the levels normalized 936 

to the fluorescence levels of the Hoechst nuclear stain. At E6.5, 3 embryos were 937 

quantified, while as E7.5, 2 embryos were quantified. For quantification of the levels of 938 

pSMAD1/5/8 within different cell types within the gastrulating mouse embryo, transverse 939 

cryosections through the PS of E6.5 embryos were selected. Individual cells within the 940 

Epi, PS and mesodermal wings were manually selected using ImageJ software and 941 

fluorescence levels in arbitrary units. Data was normalized to the fluorescence level of 942 

the Hoechst nuclear stain. The PS was defined as BRACHYURY-expressing cells within 943 

the posterior Epi while the mesodermal wings were identified as cells that had left the 944 

Epi epithelial layer and were migrating between the Epi and VE. Three cryosections 945 

were quantified per embryo and 3 embryos were analyzed.  946 

 947 

The diameter of embryos at different developmental stages was measured on acquired 948 

images using ImageJ software. Measurements were made along the anterior-posterior 949 

axis of transverse cryosections of embryos. Multiple cryosections at the widest region of 950 

the embryo were utilized and multiple embryos per developmental stage.  951 

 952 

953 
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Figure Legends 1244 

 1245 

Figure 1. EpiLCs represent a pluripotent state correlating to the pre-streak 1246 

epiblast of the embryo. A. Development of the mouse pluripotent epiblast (Epi) from 1247 

embryonic day (E) 4.5 to 7.5 and correlating in vitro pluripotent states. ESCs, embryonic 1248 

stem cells; EpiLCs, epiblast-like cells; EpiSCs, epiblast stem cells; TE/ExE, 1249 

trophectoderm/extraembryonic ectoderm; PrE/VE, primitive endoderm/visceral 1250 

endoderm; DE, definitive endoderm; A, anterior; P, posterior; Pr, proximal; D, distal. B. 1251 

Sagittal sections of immunostained E5.5-E6.0 embryos. Yellow dashed line demarcates 1252 

Epi. Scale bars, 25 μm. Non-nuclear anti-BRACHYURY/CDX2/POU3F1 VE fluorescence 1253 

represents non-specific binding. C. ESCs were converted to EpiLCs on Fibronectin in 1254 

N2B27 with FGF2 and ACTIVIN A (F/A) and knockout serum replacement (KOSR) for 48 1255 

hours. EpiLCs were plated onto Laminin-coated micropatterns overnight and analyzed 1256 

the following day (0 hours). D. Maximum intensity projections of immunostained 1000 1257 

μm diameter EpiLC micropatterned colonies. Scale bars, 100 μm.  E. Confocal image 1258 

showing a z-axis (side profile) region of an immunostained EpiLC micropatterned colony. 1259 

F. Quantification of immunostaining voxel fluorescence intensity from center (0) to edge 1260 

(500). Data represents average voxel intensity across multiple colonies. Dashed line 1261 

represents average fluorescence of Hoechst nuclear stain. n=6 1262 

NANOG/KLF4/SOX2/nuclei; n=14 GATA6/OTX2/POU3F1;  n=14 BRACHYURY/FOXA2. 1263 

BRA, BRACHYURY.  1264 

 1265 

Figure 2. Micropatterned EpiLCs undergo spatially organized differentiation. A. 1266 

Maximum intensity projection (MIP), sagittal and transverse sections of an embryonic 1267 

day (E) 6.5 mouse embryo. Dashed line marks transverse plane. Non-nuclear anti-1268 

BRACHYURY/CDX2/SOX2 VE fluorescence likely represents non-specific binding. ExM, 1269 
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extraembryonic mesoderm; PS, primitive streak; A, anterior; P, posterior; Pr, proximal; 1270 

D, distal. Scale bars, 50 μm. B. Lookup table (LUT) of SOX2 marking anterior Epi (A-1271 

Epi) and NANOG marking posterior Epi (P-Epi). Orange dashed lines delineate regions 1272 

of interest. C. Quantification (5 sections /embryo /stage) of SOX2 and NANOG in 1273 

manually selected (panel B) anterior (A) and posterior (P) Epi of E6.5-E6.75 and E7.0-1274 

E7.5 embryos, normalized to Hoechst fluorescence. Data depicts mean fluorescence 1275 

intensity +/- S.D. N, number of embryos. No NANOG was observed in the A-Epi hence 1276 

~0.5 a.u. equates to background signal. D. BMP, Wnt, Nodal, FGF signaling initiates 1277 

gastrulation at the P-Epi - extraembryonic ectoderm (ExE) boundary. BMP4 produced by 1278 

ExE stimulates Wnt3 expression within proximal Epi. WNT3 produced by Epi and 1279 

visceral endoderm (VE) triggers Nodal and Fgf8 expression. NODAL promotes Bmp4 1280 

expression in the ExE. The anterior VE (AVE) expresses Wnt and Nodal pathway 1281 

antagonists, restricting signaling activity to P-Epi. E. EpiLCs were plated onto Laminin-1282 

coated micropatterns overnight (-24 hours) in N2B27 with F/A. The following day 1283 

medium was changed to F/A, BMP4, WNT3A for 72 hours. Colonies were analyzed at 1284 

24-hour intervals. F. MIPs of immunostained 1000 μm diameter colonies. All subsequent 1285 

data represents 1000 μm diameter colonies. Upper 2 panels represent a merge of the 1286 

markers shown below. Second panel shows high magnification of colony edge. Scale 1287 

bars, 100 μm. BRA, BRACHYURY. G. Depiction of average positional marker 1288 

expression across multiple colonies. Each dot represents a single cell. H. Quantification 1289 

of voxel fluorescence intensity from colony center (0) to edge (500). Data represents 1290 

average voxel intensity relative to maximum voxel intensity across time course/marker. 1291 

For 0,24,48,72 hrs respectively, POU5F1/NANOG n=5,3,3,3, SOX2 n=15,7,21,20, 1292 

BRACHYURY n=11,9,10,12, GATA6/SOX17/CDX2 n=3,5,6,5. Markers grouped by 1293 

spatial distribution within colonies. OTX2 and FOXF1 only analyzed at 72 hours. 1294 

 1295 
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Figure 3. Assignment of cell identities to micropattern-differentiated EpiLC 1296 

populations. A,B,D. Confocal maximum intensity projections (MIP), sagittal optical 1297 

sections and transverse cryosections of immunostained gastrulating embryos. Dashed 1298 

lines mark transverse plane. Epi, epiblast; PS, primitive streak; M1, Mesoderm1; M2, 1299 

Mesoderm2; ACD, allantois core domain; AOM, allantois outer mesenchyme; ExE, 1300 

extraembryonic ectoderm; Al, allantois; ExM, extraembryonic mesoderm; A, anterior; P, 1301 

posterior; Pr, proximal; D, distal; R, right; L, left. Scale bars, 50 μm. A. Yellow 1302 

arrowheads mark BRACHYURY/FOXA2-coexpressing cells within the anterior PS. C. 1303 

LUT of immunostaining of BRACHYURY marking extraembryonic mesoderm allantois 1304 

core domain (ACD) and CDX2 expressed highly in allantois outer mesenchyme (AOM) 1305 

(upper panels) as well as GATA6 marking anteriorly migrated embryonic mesoderm 1306 

(Mesoderm 1) and BRACHYURY marking embryonic mesoderm close to the PS 1307 

(Mesoderm 2) (lower panels). Orange dashed lines delineate regions of interest. E,F,H. 1308 

MIPs of immunostained micropatterns. High magnification shows region at the colony 1309 

edge. Yellow arrowhead H marks GATA6/FOXF1 cell. Scale bars, 100 μm. G. High 1310 

magnification of colony edge. Outer domain represents a mixture of populations often 1311 

organized in clusters, highlighted by dashed lines. At 48 hours the ACD population 1312 

coexpressed BRACHYURY and CDX2, M1 expressed GATA6. By 72 hours, outer cells 1313 

expressed CDX2 (AOM) or GATA6 (M1). BRACHYURY marked PS cells. I. Schematic 1314 

diagram summarizing the cell identities observed at 48 and 72 hours of in vitro 1315 

differentiation, under conditions described in B and corresponding in vivo fates. Dashed 1316 

lines mark transverse plane. ExM, extraembryonic mesoderm.  1317 

 1318 

Figure 4. EMT is associated with micropatterned EpiLC differentiation. Data from 1319 

colonies differentiated as in Figure 2E. A,B. Sagittal (A) and transverse sections (B) of 1320 

late streak embryo. Dashed box marks high magnification region in lower panel. Dashed 1321 
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lines mark transverse planes in B. Non-nuclear anti-BRACHYURY VE fluorescence 1322 

represents non-specific binding. A, anterior; P, posterior; Pr, proximal; D, distal; L, left; 1323 

R, right; VE/DE, visceral endoderm/definitive endoderm; ExE, extraembryonic ectoderm; 1324 

ExM, extraembryonic mesoderm; Epi, epiblast; Meso, mesoderm. Scale bars, 50 μm. C. 1325 

Quantification of colony height from colony center (0) to edge (500) across multiple 1326 

colonies, 3 independent experiments, 0 hours: n=11, 24 hours: n=15, 48 hours: n=17, 72 1327 

hours: n=18. D. Time-course showing brightfield images (upper panels) and MIPs of 1328 

comparable immunostained colonies (lower panels). Scale bars, 100 μm. E-G. Images of 1329 

z-axis profile from colony center (left) to edge (right). G-I. EpiLCs were plated onto 1330 

micropatterns overnight with F/A. The following day medium was changed to F/A, BMP4, 1331 

WNT3A (E,F) or medium blocking Activin/Nodal signaling - FGF2, BMP4, WNT3A, 1332 

SB431542 (ACTIVINi, G-I). H. brightfield image of ACTIVINi colony. I. MIPs of 1333 

immunostained ACTIVINi colonies at 72 hours differentiation. Scale bars, 100 μm. BRA, 1334 

BRACHYURY. 1335 

 1336 

Figure 5. Smaller diameter colonies pattern in the same order of events but lose 1337 

central populations. A. EpiLCs were differentiated with FGF2 and ACTIVIN A (F/A), 1338 

BMP4 and WNT3A as described in Figure 2E. Confocal optical section of a 1339 

representative 1000 μm diameter colony after differentiation. Dashed circles define 3 1340 

regions of distinct marker expression, shown at higher magnification in adjacent panels. 1341 

While SOX2 is expressed quite broadly, regions were defined based on the marker that 1342 

was predominantly expressed. Region A (central) = SOX2 (blue), Region B 1343 

(intermediate) = BRACHYURY (red), Region C (outer) = CDX2 (green). Scale bars, 25 1344 

μm. B. Schematic diagram showing the changing marker expression in colonies of 1345 

different diameters. C-F. Representative confocal maximum intensity projections of 1346 

colonies at 0, 24, 48 and 72 hours after addition of BMP4 and WNT3A to F/A medium. 1347 
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Images show colonies of 500 μm, 225 μm, 140 μm and 80 μm diameter. Scale bars, 100 1348 

μm.  1349 

 1350 

Figure 6. BMP signaling in micropatterns and embryos correlates with embryonic 1351 

and extraembryonic mesoderm fates. A. Transverse cryosection of immunostained 1352 

embryo in figure supplement 1B. Scale bar, 50 μm. B. Quantification of pSMAD1/5/8 and 1353 

BRACHYURY fluorescence intensity in E6.5 embryos. Cells within the epiblast, primitive 1354 

streak (PS) and mesoderm were manually selected on confocal images of transverse 1355 

cryosections in ImageJ as shown in right-hand panel. PS = BRACHYURY-positive cells 1356 

at embryo posterior. Mesoderm = cells positioned between VE and Epi. Quantification 1357 

was carried out on 3 cryosections per embryo. N, number of cells. Data represents mean 1358 

fluorescence intensity +/- S.D. normalized to Hoechst fluorescence. C. MIPs of 1359 

immunostained colonies differentiated as in Figure 2E. Second panel depicts high 1360 

magnification of colony edge. Scale bars, 100 μm. BRA, BRACHYURY; pS1/5/8, 1361 

phosphorylated SMAD1/5/8. D. Depiction of spatial patterning across multiple colonies. 1362 

Each dot represents a single cell. E. Quantification of voxel fluorescence intensity of 1363 

pSMAD1/5/8 from colony center (0 μm) to edge (500 μm). Data represents average 1364 

voxel intensity across multiple colonies. pSMAD1/5/8 colony numbers (n) in upper right 1365 

corner. Data relative to maximum voxel intensity across the time course for each marker. 1366 

 1367 

Figure 7. Anterior primitive streak fates are specified in the absence of BMP. A. 1368 

EpiLCs generated as in Figure 1C were plated overnight onto Laminin-coated 1369 

micropatterns (-24 hours) in N2B27 medium with F/A. Various conditions were used for 1370 

further differentiation - F/A, BMP4, WNT3A (+BMP), F/A, WNT3A (-BMP) or F/A, 1371 

WNT3A with DMH1 BMP signaling inhibitor (BMPi). Colonies were analyzed after 72 1372 

hours differentiation. B-D, G. MIPs of immunostained 72 hour colonies. Scale bars, 100 1373 
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μm. E. Quantification of immunostaining. Voxel fluorescence intensity was measured 1374 

from colony center (0) to edge (500). Data represents average voxel intensity across 1375 

multiple colonies relative to maximum voxel intensity for each marker. F. Quantification 1376 

of marker coexpression by voxel. Each dot indicates fluorescence intensity of a single 1377 

voxel. Color represents voxel density within the plot. Numbers within quadrants show % 1378 

of voxels within the gate. N, number of colonies. H. Schematic diagram summarizing the 1379 

cell fates observed after 72 hours in vitro differentiation under conditions described in A 1380 

and corresponding in vivo cell types at E7.75-E8.0. The outer domain of the micropattern 1381 

colony comprises cells that coexpress SOX17 and FOXA2, representing definitive 1382 

endoderm and cells that coexpress BRACHYURY and FOXA2, representing anterior 1383 

primitive streak or axial mesoderm cells. 1384 

 1385 

Figure 8. Epiblast stem cells undergo definitive endoderm differentiation in the 1386 

presence or absence of BMP. A. Epiblast stem cells (EpiSCs) of the EpiSC9 line [75] 1387 

were cultured in the presence of 12 ng/ml FGF2 and 20 ng/ml ACTIVIN A on fibronectin. 1388 

EpiSCs were then plated overnight onto Laminin-coated micropatterns (-24 hours) in 1389 

N2B27 medium with F/A. Various conditions were used for further differentiation - F/A, 1390 

BMP4, WNT3A (+BMP) or F/A, WNT3A (-BMP) or F/A. Colonies were analyzed after 72 1391 

hours differentiation. B. MIPs of immunostained 72 hour colonies. Scale bars, 100 μm. 1392 

C. Quantification of immunostaining. Voxel fluorescence intensity was measured from 1393 

colony center (0) to edge (500). Data represents average voxel intensity across multiple 1394 

colonies (n=10/condition) and is shown relative to maximum voxel intensity for each 1395 

marker across both conditions. D. Graphs showing the expression level of a number of 1396 

genes from the published microarray dataset of Hayashi et al. from E5.75 in vivo 1397 

epiblast, EpiLCs and EpiSCs [10]. Data shown is from amplified RNA samples and 1398 

represents the mean +/- S.D for two independent replicates.  1399 
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 1400 

Figure 9. Micropattern differentiation of mouse pluripotent stem cells recapitulates 1401 

cell fate specification in the posterior or anterior primitive streak. A. Summary of 1402 

embryo gastrulation (upper) and correlation with in vitro micropattern differentiation 1403 

(lower). With FGF2, ACTIVIN A, BMP4 and WNT3A, mouse PSC differentiation 1404 

recapitulated differentiation in the proximal posterior of the gastrulating embryo. Epi-like 1405 

cells (EpiLCs) correlated to the embryonic day (E) 5.5-6.0 pre-streak epiblast (Epi). After 1406 

24 hours, cells in the colony center adopted a posterior Epi (P-Epi) identity and a 1407 

primitive streak (PS)-like population arose at the colony edge, as E6.25-E6.5. After 48 1408 

hours, clusters of cell populations emerged at the outer colony edge correlating to 1409 

embryonic Mesoderm 1 (Meso), and extraembryonic mesoderm (ExM) allantois core 1410 

domain (ACD) arising at E6.75-E7.0. After 72 hours, cells in the colony center 1411 

represented the distal P-Epi of E7.0-E7.25 embryos. Meso, ExM and PS populations 1412 

were maintained. However, ACD cells were replaced by cells with an allantois outer 1413 

mesenchyme (AOM) identity. Cells were highly confluent and could not be maintained 1414 

under these conditions after 72 hours. LO, low expression. Dashed lines mark 1415 

transverse plane shown below. B. Summary of correlation between in vitro micropattern 1416 

differentiation with FGF, ACTIVIN and WNT and in vivo gastrulating embryos. Under 1417 

these conditions, mouse PSCs recapitulated differentiation of distal posterior (left 1418 

panels) or distal posterior and anterior of embryo. After 72 hours, the central population 1419 

expressed elevated levels of SOX2 compared to BMP4 conditions, likely representing 1420 

anterior Epi (A-Epi). Cells coexpressed FOXA2, SOX17, Gsc and Hhex representing 1421 

definitive endoderm (DE), FOXA2 and BRACHYURY representing anterior PS (A-PS) or 1422 

AxM and or FOXA2 and Gsc likely representing A-PS. HI, high expression. A, anterior; 1423 

P, posterior; Pr, proximal; D, distal. Color-coded legends highlight key markers of 1424 

different cell states at each time point. C. Box plots showing Epi length along the 1425 
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anterior-posterior (A-P) axis at pre- (E5.5-E6.0) early (E6.5-E6.75), mid- (E7.0-E7.5) and 1426 

late (E7.75-E8.0) streak stages of mouse embryonic development. The A-P length was 1427 

measured on sagittal confocal optical sections through the middle of the embryo with 1428 

ImageJ software, as depicted in the schematic diagram. N, number of embryos. D. Box 1429 

plots showing human embryonic disc measurements compiled from human embryo data 1430 

collections. Abnormal embryo data were excluded. D = embryonic day. Carnegie stage 1431 

6a, pre-streak; 6b, early streak; 7, early-mid gastrulation. 1432 

  1433 
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Figure Supplement Legends 1434 

 1435 

Figure 1 – figure supplement 1. Micropatterned EpiLC colonies begin as an 1436 

epithelial monolayer that increases density over time. A. Confocal optical section of 1437 

a region of an immunostained EpiLC micropatterned colony at 0 hours. Scale bar, 50 1438 

μm. B. Quantification of nuclei/100 μm and distance between nuclei (in μm) in vitro after 1439 

0 hours and 24 hours of micropattern differentiation and in vivo at embryonic day (E) 5.5 1440 

and 6.5. For nuclei/100 μm, the number of nuclei across the width of a micropatterned 1441 

colony at 10 different positions was quantified. In vivo quantification was carried out on 1442 

sections of 5 different embryos at E5.5 and 6.5. For quantification of inter-nuclear 1443 

distance, 0 and 24 hours of micropattern differentiation: n=150, E5.5: n=128 (5 1444 

embryos), E6.5: n=189. Quantification details can be found in the methods section. C. 1445 

Schematic diagram of quantification of radial fluorescence intensity of immunostaining 1446 

on micropatterns.  1447 

 1448 

Figure 2 – figure supplement 1. FGF, ACTIVIN and endogenous WNT induce a 1449 

primitive streak state. A. Confocal sagittal optical section of an early streak embryo. 1450 

Non-nuclear anti-BRACHYURY VE fluorescence likely represents non-specific binding. 1451 

PS, primitive streak; A, anterior; P, posterior; Pr, proximal; D, distal. Scale bars, 50 μm.  1452 

B. EpiLCs were generated as in Figure 1C. EpiLCs were plated overnight onto Laminin-1453 

coated micropatterned surfaces (-24 hours) in N2B27 medium with 12 ng/ml FGF2 and 1454 

20 ng/ml ACTIVIN A (F/A). Cells were cultured for a further 72 hours in either N2B27 1455 

with F/A or F/A with 10 μM of XAV939 (Wnt signaling inhibitor, WNTi). C. Representative 1456 

confocal maximum intensity projections of immunostained 1000 μm diameter colonies 1457 

after 72 hours in the conditions in panel D. Scale bars, 100 μm. D. Quantification of 1458 

SOX2 and BRACHYURY immunostaining voxel fluorescence intensity, in arbitrary units 1459 

(a.u.), from colony center (0) to edge (500). Data represents average voxel intensity 1460 

across multiple colonies. Control: n=32, WNTi: n=7. E. Schematic diagram depicting cell 1461 

fates generated after 72 hours of in vitro micropattern differentiation with FGF2 and 1462 

ACTIVIN A (+XAV) or FGF2, ACTIVIN A and endogenous Wnt signaling and 1463 

corresponding in vivo cell types. 1464 

 1465 

Figure 2 – figure supplement 2. Robust micropattern differentiation of EpiLCs. A. 1466 

Confocal maximum intensity projection (MIP) showing micropatterned colonies of 1000, 1467 
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500, 250, 140 and 80 μm diameter. Scale bar, 1000 μm. B. Left panels show confocal 1468 

MIP images of 5 independent 1000 μm diameter colonies (C1-5). Middle panels show 1469 

quantification of SOX2, BRACHYURY and CDX2 immunostaining voxel fluorescence 1470 

intensity, in arbitrary units (a.u.), from colony center (0) to edge (500). Data relative to 1471 

maximum voxel intensity for each marker. Right panel shows average radial profile of 1472 

these 5 colonies. C. While much of the work in this study utilized E14 ESCs, comparable 1473 

patterning was observed with other mouse ESC lines. Quantification of immunostaining 1474 

voxel fluorescence intensity of differentiated TGFP/+ and Sox17GFP/+ cell lines, in arbitrary 1475 

units (a.u.), from colony center (0) to edge (500). Data represents average voxel 1476 

intensity across multiple colonies relative to maximum voxel intensity for each marker. 1477 

For TGFP/+ cells, GATA6, SOX2: n=10, BRACHYURY, CDX2, TGFP: n=11. For Sox17GFP/+ 1478 

cells, SOX2: n=5, BRACHYURY, CDX2, Sox17GFP: n=6, GATA6: n=5. D. Confocal MIPs 1479 

of immunostained colonies differentiated as in Figure 2E. Scale bars, 100 μm. E. High 1480 

magnification confocal image of the colony edge after 24 hours in conditions defined in 1481 

Figure 2E. Yellow arrowheads mark cells coexpressing BRACHYURY and SOX2.  1482 

 1483 

Figure 3 – figure supplement 1. Populations arising during in vivo and in vitro 1484 

differentiation. A. Schematic diagram showing cell types arising during mouse 1485 

gastrulation. Upper panels show sagittal sections. Lower panels show transverse 1486 

sections. Dotted lines demarcate approximate position of transverse sections. A, 1487 

anterior; P, posterior; Pr, proximal; D, distal; R, right; L, left. Cell fates color-coded as in 1488 

legend. Epi, epiblast; ExM, extraembryonic mesoderm; YSM, yolk sac mesoderm; AOM, 1489 

allantois outer mesenchyme; ACD, allantois core domain; TE, trophectoderm; VE, 1490 

visceral endoderm. B-F. Confocal maximum intensity projections (MIP), sagittal optical 1491 

sections and transverse cryosections of gastrulating mouse embryos. Dashed lines mark 1492 

transverse plane. Non-nuclear anti- BRACHYURY/CDX2 VE fluorescence represents 1493 

non-specific binding. PS, primitive streak; M1, Mesoderm 1; M2, Mesoderm 2; Meso, 1494 

mesoderm; Epi, epiblast; ExE, extraembryonic ectoderm; ExM, extraembryonic 1495 

mesoderm; ACD, allantois core domain; ML, midline, A, anterior; P, posterior; Pr, 1496 

proximal; D, distal. Scale bars, 50 μm. D. Images of transverse cryosections through 1497 

posterior extraembryonic region of the allantois of the embryo. E. Yellow arrowhead 1498 

marks SOX17/FOXA2 -coexpressing definitive endoderm cell. G. MIP of immunostained 1499 

micropatterned colony. High magnification views shows a region at the colony edge. 1500 

Scale bars, 100 μm. H. Quantification of marker coexpression by voxel. Each dot 1501 
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indicates the fluorescence intensity of a single voxel, in arbitrary units (a.u.). Color 1502 

represents voxel density within the plot. Gates were defined based on the 0 hour time 1503 

point where BRACHYURY, CDX2 and GATA6 were not expressed. Numbers within 1504 

each quadrant represent the % of voxels within gate, rounded to the nearest whole 1505 

number. N, number of colonies. I,J. Pie charts illustrating % of BRACHYURY-positive 1506 

cells that coexpress CDX2 or GATA6 (I) and % of CDX2 or GATA6-positive cells 1507 

coexpressing BRACHYURY (J). Percentages shown within the largest fraction. K. High 1508 

magnification confocal image of a region of the outer colony edge after 48 hours of 1509 

differentiation under the conditions described in Figure 2E. Yellow arrowheads highlight 1510 

GATA6/BRACHYURY-coexpressing cells. Scale bars, 50 μm. 1511 

 1512 

Figure 3 – figure supplement 2. Micropatterns in the presence of BMP express 1513 

SOX17 and Hhex but not Gsc. EpiLCs were differentiated as in Figure 2E, with FGF2, 1514 

ACTIVIN A, BMP4, WNT3A for 72 hours. A. High magnification confocal optical section 1515 

of a region of the colony edge after 72 hours of differentiation with FGF2, ACTIVIN A, 1516 

WNT3A, BMP4. B. Confocal MIPs of differentiated and immunostained 1517 

GscGFP/+;HhexRedStar/+ dual reporter cells. Scale bars, 100 μm. 1518 

 1519 

Figure 4 – figure supplement 1. Cells undergo an epithelial to mesenchymal 1520 

transition during gastrulation and in vitro differentiation. A. Quantification of 1521 

immunostaining voxel fluorescence intensity (in arbitrary units, a.u.) of SOX2, 1522 

BRACHYURY and CDX2 from colony center (0) to edge (500) as well as relative colony 1523 

height. Data represents average voxel intensity or change in colony height across 1524 

multiple colonies relative to the maximum value for each marker. B. Confocal optical 1525 

sections of the outer colony edge. Scale bars, 100 μm. C. MIPs of immunostained 72 1526 

hour colonies. Scale bars, 100 μm. D. Images of z-axis profile from colony center (left) to 1527 

edge (right). E. Quantification of immunostaining. Voxel fluorescence intensity was 1528 

measured from colony center (0) to edge (500). Data represents average voxel intensity 1529 

across multiple colonies (n=9) relative to maximum voxel intensity for each marker.  F. 1530 

EpiLCs were plated onto micropatterns overnight in N2B27 with 12 ng/ml FGF2 and 20 1531 

ng/ml ACTIVIN A (F/A). The following day medium was changed to 12 ng/ml FGF2, 50 1532 

ng/ml BMP4, 200 ng/ml WNT3A and 10 μM SB431542 (ACTIVINi). Confocal maximum 1533 

intensity projections of immunostained colonies after 72 hours of differentiation. Scale 1534 

bars, 100 μm. BRA, BRACHYURY. 1535 
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Figure 5 – figure supplement 1. Patterning of cell fates is altered at different 1536 

colony diameters. EpiLCs were differentiated as previously described in Figure 2E on 1537 

different diameter micropatterns. Images show confocal maximum intensity projections 1538 

of immunostained colonies after 72 hours of differentiation. Three representative 1539 

examples are shown for each colony diameter. Scale bars, 100 μm. 1540 

 1541 

Figure 6 – figure supplement 1. BMP signaling is active in the posterior primitive 1542 

streak, embryonic and extraembryonic mesoderm. A. Schematic diagram depicting 1543 

the sources of BMP (pink) within gastrulating embryos, described in [69]. At the start of 1544 

gastrulation (E6.5-E6.75), BMP4 is expressed by the extraembryonic ectoderm and later 1545 

(E7.5-E8.0) in the allantois, amnion and chorion. B,D,E. Representative confocal images 1546 

of immunostained gastrulating embryos showing BMP signaling activity based on 1547 

nuclear localization of pSMAD1/5/8. Images represent maximum intensity projections 1548 

(MIP), sagittal optical sections and transverse cryosections. Transverse section ‘b’ from 1549 

panel B is shown in Figure 6A. Non-nuclear anti-BRACHYURY VE fluorescence 1550 

represents to non-specific binding. AVE, anterior visceral endoderm; Epi, epiblast; ExE, 1551 

extraembryonic ectoderm; VE, visceral endoderm; A-PS, anterior primitive streak; Al, 1552 

allantois; M1, mesoderm 1; M2, mesoderm 2; A, anterior; P, posterior; Pr, proximal; D, 1553 

distal; R, right; L, left; BRA, BRACHYURY; E-CAD, E-CADHERIN; pS1/5/8, 1554 

pSMAD1/5/8. Scale bars, 50 μm. Dashed lines mark transverse plane. Dashed boxes 1555 

outline regions in higher magnification in lower panels. In F, white bracket demarcates 1556 

the posterior primitive streak and red bracket the anterior primitive streak. C,G Scatter 1557 

plots showing the levels of pSMAD1/5/8 and BRACHYURY in arbitrary units (a.u.) within 1558 

single mesoderm cells of early streak (E6.5-E6.75 - C) and early headfold (E7.75-E8.0 - 1559 

G) embryos. Each dot represents a single cell. Linear regression curves were fitted to 1560 

the points (red line). F. Quantification of pSMAD1/5/8 and BRACHYURY fluorescence 1561 

intensity in arbitrary units (a.u.) in early headfold (E7.75-E8.0) embryos. Cells within the 1562 

epiblast, primitive streak (PS) and Mesoderm 1 and 2 (Meso1/2) were manually selected 1563 

on confocal images of transverse cryosections using ImageJ software as shown in right-1564 

hand panel. The PS was identified as BRACHYURY-positive cells at the embryo 1565 

posterior. Mesoderm cells were separated into 2 categories, those that had migrated 1566 

further anteriorly and expressed low BRACHYURY and high pSMAD1/5/8 (Meso1) and 1567 

those closest to the PS expressing high BRACHYURY (Meso2). Quantification was 1568 

carried out on 3 cryosections per embryo. N, number of cells. Data represents mean 1569 
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fluorescence intensity normalized to the fluorescence intensity of Hoechst nuclear stain 1570 

+/- S.D. H. Quantification of marker coexpression by voxel. Each dot indicates the 1571 

fluorescence intensity of a single voxel, in arbitrary units (a.u.). Color represents voxel 1572 

density within the plot. Gates were defined based on the 0 hour time point where 1573 

BRACHYURY and CDX2 were not expressed and pSMAD1/5/8 was expressed only at 1574 

low levels. Numbers within each quadrant represent the % of voxels within gate, 1575 

rounded to the nearest whole number. N, number of colonies. I. Pie charts illustrating the 1576 

% of pSMAD1/5/8-positive cells that coexpress BRACHYURY or CDX2. Percentages 1577 

shown within the largest fraction.  1578 

 1579 

Figure 6 – figure supplement 2. Bypassing the WNT receptor alters spatial 1580 

patterning. A. Simplified schematic of the Wnt pathway. In the absence of WNT 1581 

receptor binding (left panel), GSKβ phosphorylates β-catenin, targeting it for 1582 

degradation. β-catenin target genes are inactive. When WNT binds to the receptor 1583 

(middle panel), factors downstream of the receptor are activated and inhibit GSKβ 1584 

activity. β-catenin is not phosphorylated and not degraded, but instead translocates to 1585 

the nucleus and activates target genes. CHIR99021 (CHIR) is a small molecule inhibitor 1586 

of GSKβ. CHIR directly inactivates GSKβ independent of WNT receptor activation (right 1587 

panel). As with WNT receptor binding, inactive GSKβ cannot phosphorylate β-catenin 1588 

hence target genes are activated. B. Schematic diagram of differentiation conditions. 1589 

EpiLCs were generated as described in Figure 1C. EpiLCs were plated overnight onto 1590 

Laminin-coated micropatterns (-24 hours) in N2B27 medium with 12 ng/ml FGF2 and 20 1591 

ng/ml ACTIVIN A (F/A). Various conditions were then used for further differentiation, F/A 1592 

with BMP4 (50 ng/ml) and WNT3A (200 ng/ml) (Control) or F/A, BMP4 and 3 μM 1593 

CHIR99021, a small molecule inhibitor of GSK3. Colonies were analyzed after 72 hours 1594 

differentiation. C,E. Confocal maximum intensity projections of immunostained colonies 1595 

after 72 hours of differentiation. Scale bars, 100 μm. D,F. Quantification of 1596 

immunostaining voxel fluorescence intensity, in arbitrary units (a.u.), from colony center 1597 

(0 ) to edge (500). Data represents average voxel intensity across multiple colonies.  1598 

 1599 

Figure 7 – figure supplement 1. Anterior primitive streak and definitive endoderm 1600 

populations are formed in the absence of BMP. GscGFP/+;HhexRedStar/+ dual reporter 1601 

ESCs were differentiated as in Figure 7A, with FGF2, ACTIVIN A, WNT3A for 72 hours. 1602 

A,B. Confocal MIPs of immunostained colonies. Scale bars, 100 μm. C. Quantification of 1603 
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immunostaining voxel fluorescence intensity in arbitrary units (a.u.), from colony center 1604 

(0) to edge (500). Data represents average voxel intensity across multiple colonies 1605 

(n=10/time point) relative to maximum voxel intensity for each marker. D,F. High 1606 

magnification confocal optical sections of a region of the colony edge after 72 hours of 1607 

differentiation. D. Red arrowheads mark FOXA2/GscGFP/HhexRedStar -expressing cells. 1608 

Cyan arrowheads mark FOXA2/GscGFP -expressing cells. F. Yellow arrowheads mark 1609 

GscGFP/HhexRedStar –expressing cells. White arrowheads mark GscGFP/BRACHYURY –1610 

expressing cells. Scale bars, 25 μm E,G. Quantification of marker coexpression by 1611 

voxel. Each dot indicates the fluorescence intensity of a single voxel, in arbitrary units 1612 

(a.u.). Color represents voxel density within the plot. Gates were defined based on the 0 1613 

hour time point when FOXA2, BRACHYURY, GscGFP and HhexRedStar were not 1614 

expressed. Numbers within each quadrant represent the % of voxels within gate, 1615 

rounded to the nearest whole number. n=10 colonies/time point. 1616 

 1617 

Figure 7 – figure supplement 2. An anterior epiblast/neurectoderm population is 1618 

formed in the absence of BMP. Sox1GFP/+ EpiLCs generated as in Figure 1C were 1619 

plated overnight onto Laminin-coated micropatterns (-24 hours) in N2B27 medium with 1620 

F/A. Various conditions were used for further differentiation - F/A, BMP4, WNT3A 1621 

(+BMP) or F/A, WNT3A (-BMP). Colonies were analyzed after 72 hours differentiation. 1622 

A,B. MIPs of immunostained 72 hour colonies. Sox1GFP/+ cells were stained with an anti-1623 

GFP antibody. Scale bars, 100 μm. C. Quantification of immunostaining. Voxel 1624 

fluorescence intensity was measured from colony center (0) to edge (500). Data 1625 

represents average voxel intensity across multiple colonies relative to maximum voxel 1626 

intensity for each marker. n=10. D. Confocal maximum intensity projections (MIP) and 1627 

transverse cryosections of an E8.0 mouse embryo. Dashed lines mark transverse plane. 1628 

Al, allantois; NE, neurectoderm; ADE, anterior definitive endoderm; A, anterior; P, 1629 

posterior; Pr, proximal; D, distal; L, left; R, right. Scale bars, 100 μm. 1630 

 1631 

Supplemental Table 1. Summary of expression data for a panel of factors used for 1632 

cell fate assignments in this study. Where data was not generated in this study, 1633 

appropriate literature references are provided – listed in bold lowercase letters, full 1634 

references provided below the table. Where primary data is included in this study, the 1635 

reference is given in the following format – (Main text figure (Fig._) – figure supplement 1636 

(S_): reference for figures within additional data resource). Cell fates are color-coded as 1637 
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in Figure 3 – figure supplement 1A and in table legend. At each gastrulation stage, each 1638 

cell type was classified as 1 = factor expressed, 0.5 = factor expressed heterogeneously 1639 

or at low levels, 0 = not expressed (white),  ? = expression unclear from immunostaining 1640 

and exact localization is unclear/unknown from published literature. FOXF1 is expressed 1641 

in the embryonic mesoderm and also reported to be expressed within the PS at E7.0-1642 

E7.5 but PS expression is unclear. Gsc and Hhex are both expressed in the AxM 1643 

although their expression has been reported to be transient in some studies and the 1644 

exact timing of expression is not clear. To note, some cells of the PS coexpressed 1645 

BRACHYURY, SOX2 and NANOG, likely a transition state between Epi and PS before 1646 

SOX2 and NANOG are downregulated. It was unclear whether GATA6 was absent or 1647 

expressed only at low levels in the ACD and early AOM. Certain markers were 1648 

expressed in some but not all embryos at a particular stage – likely indicating the onset 1649 

of expression, for example SOX17 within the ExM at E7.0-E7.5. *** At E7.0-E7.5 both 1650 

DE and mesoderm cells arise from the anterior PS and are spatially intermixed hence it 1651 

is difficult to identify DE cells based only on localization. At this time DE therefore refers 1652 

to presumptive DE cells arising from the anterior PS based on known marker 1653 

expression.  1654 

 1655 

 1656 

 1657 

  1658 
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Table 1. Summary of cell fates arising in the presence of various signaling factors. 1659 

Cell fates generated after 72 hours of mouse micropattern differentiation with described 1660 

cytokine combinations. It should be noted that cells do not detect these signals 1661 

homogeneously. WNT inhibition (WNTi) refers to XAV treatment; ACTIVIN inhibition 1662 

(ACTIVINi) refers to the absence of ACTIVIN and SB431542.  1663 

 1664 

Signaling pathways Outcome 

FGF, ACTIVIN, (WNTi) Epiblast 

FGF, ACTIVIN,  

endogenous WNT 

Epiblast 

PS 

FGF, ACTIVIN, BMP, WNT Posterior epiblast 

PS 

Extraembryonic mesoderm 

Embryonic mesoderm 

FGF, ACTIVIN, WNT Anterior epiblast 

Definitive endoderm 

Axial mesoderm or  

Anterior PS 

FGF, BMP, WNT (ACTIVINi) Epiblast 

 1665 

 1666 
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