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Understanding developmental biology requires knowledge of both the environmental factors regulating

stem cell differentiation, which are increasingly being defined, and their spatial organization within a

structurally heterogeneous niche, which is still largely unknown. Here we introduce spatially organized

stem cell developmental models to interrogate the role of space in fate specification. Specifically, we

developed Differential Environmental Spatial Patterning (dESP) to organize different microenvironments

around single embryonic stem cell (ESC) colonies via sequential micropatterning. We first used dESP to

decouple and understand the roles of cell organization and niche organization on ESCs deciding

between self-renewal and differentiation fate choices. We then approximated in vitro an embryonic

developmental step, specifically proximal–distal (PD) patterning of the mouse epiblast at

pre-gastrulation, by spatially organizing two extraembryonic environments around ESCs, demonstrating

that spatial organization of these three cell types is sufficient for PD patterns to form in vitro.

Introduction

One goal of developmental biology is to understand how organized

stem cell differentiation arises. The emergence of differentiation

patterns in many developmental processes are underpinned by

asymmetries in the stem cell microenvironment.1,2 For instance,

surgical disruption of structural asymmetry (removal of extraem-

bryonic ectoderm) in gastrulating embryos disrupts normal body

axis patterning and subsequent mesoderm development.3 Similarly,

the choice for an adult stem cell to self-renew or differentiate

depends on its location within a structurally asymmetric niche.2

Traditional developmental biology takes a reductionist

approach to break down the process into discrete functional

steps, such as embryonic stages. The microenvironmental

asymmetries in each stage are then characterized at the tissue

and cellular level1,4 in model organisms e.g., C. elegans5 and

mouse,1,6 where spatial organization of multiple microenviron-

ments is inherently present. With the advent of transgenic and

knock-out animals, these steps are increasingly being defined

chemically to identify important molecules and interactions at a
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Insight, innovation, integration

The importance of spatial information from the microenviron-

ment on the fate of stem cells has been widely acknowledged.

However, relying on in vivo models to study development faces

limitations that are both technical (experimental accessibility of

individual cells) and theoretical (the proportion and organization

of multiple environmental constituents within a niche cannot be

determined easily). Therefore there is a compelling need to

develop alternative models to examine spatial issues in develop-

mental processes. Here we report the first method to reconstitute

stem cell differentiation patterns in vitro that are representative of

a developmental step. We achieved this by imposing direct

control over the organization of multiple stem cell microenviron-

ments using sequential, aligned micropatterning, which in turn

spatially directs stem cell differentiation.
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given developmental stage.1,6,7 There have also been substantial

efforts to employ in vitro stem cell models to identify other

environmental signals, such as mechanical forces and extracellular

matrices (ECMs), that modulate various differentiation fates.8–10

Although there is increasing knowledge in the instruction of

stem cells to adopt various fates, for example, mesoderm and

ectoderm lineages via environmental factors,11 we are still

unable to address organizational questions, such as why

mesoderm development always occurs at a specific location

relative to ectoderm in vivo.1 To ultimately understand and

control developmental processes, we need to determine the

minimal collation of factors sufficient for spatially organized

differentiation to emerge and how they interact with each

other spatially. However, the irreducibly complex nature of

an entire organism makes it experimentally impractical to

manipulate multiple environmental factors simultaneously to

probe questions of spatial organization or sufficiency in vivo.11

To create spatially organized in vitro developmental models,

one must independently pattern stem or progenitor cells in the

appropriate developmental niche, which itself may consist of

multiple spatially organized cells and ECMs. Traditional

monolayer stem cell cultures and embryoid bodies do not allow

spatial control,8,12 whereas cell micropatterning techniques

(e.g., microcontact printing9,13) are not suitable for creating

spatially organized developmental models because they typically

only allow coincident patterning of cells and niche within the

same spatial locality (e.g., a patch of cells directly on a patch of

ECM),14 are limited in their ability to pattern 42 cell types at

once14,15 (and thus the complexity of the niche), and/or

physically constrain cells thus preventing normal outgrowth

and differentiation.13,16 To develop in vitro spatially organized

models, here we developed a multi-component micropatterning

technique, which we termed Differential Environmental Spatial

Patterning (dESP), that allows successive alignment and patterning

of different microenvironments independently of stem cell

colonies. This method combines two micropatterning steps

i.e., stencil17 and Bio Flip Chip (BFC)16 in a novel manner to

independently but controllably pattern a microenvironmental

niche and the stem cells within it.

To demonstrate the power of spatially organized in vitro

models, we addressed two questions in stem cell and develop-

mental biology. We first used dESP to determine whether

extrinsically imposed local microenvironments can alter ESC

fate specification. Prior stem cell micropatterning work

alluding to this phenomenon13,18 could only alter the colony

size and thus could not decouple spontaneous cell organization

from environmental (ligand) organization because the cells

themselves produce the ligands (i.e., a circular pattern of cells

creates a circular pattern of ligand; a high density of cells results

in a high concentration of ligand), and thus only allow for

emergent organization.

We next investigated a question in early development

surrounding sufficiency of factors for patterning. The initiation

of germ layer formation in mouse begins around E5.5 with the

patterning of epiblast (comprising of pluripotent cells that

eventually differentiate into all tissues of the new organism) along

a proximal-distal (PD) axis that is underpinned by two juxtaposed

extraembryonic tissues (i.e., extraembryonic ectoderm (ExE) and

the visceral endoderm (VE)).1,4 This differentiation pattern has

been well characterized and readily defined molecularly,1,4 but

no one has formally examined whether simple organization of

proteins and cells alone would be able to generate a PD axial

pattern or whether other factors are required. To investigate

this system, we created a synthetically organized version of the

embryo at that stage consisting of two different microenviron-

ments representative of the extraembryonic tissues organized

around a colony of embryonic stem cells (ESCs) (Fig. 1A).

Using this model, we generated for the first time an in vitro PD

pattern in the differentiating colonies, which we quantified

spatially by proximal embryonic markers Wnt3a, T, Cripto1, and

Fgf8. We further demonstrated that the emergent PD pattern is

partly modulated by Wnt signaling gradient established by the

asymmetric microenvironment. The ability to generate spatially

organized in vitro developmental models in a configurable

and reproducible manner will have significant impact on basic

developmental biology research and drug teratogenicity testing.

Results

Spatial organization of microenvironments around stem cell colonies

with Differential Environmental Spatial Patterning (dESP)

To create a spatially organized in vitro developmental model, we

developed Differential Environmental Spatial Patterning (dESP)
to spatially organize different microenvironments (or niches)

Fig. 1 Reconstituting proximal-distal (PD) epiblast patterning in vitro

withDifferential Environmental Spatial Patterning (dESP). (A) Conceptual
design. (B) Operation of dESP. (C) Components and assembly of dESP;
middle and bottom panels show the assembly of components during the

stenciling and flipping steps of dESP respectively. Scale bar = 1 cm.
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around single stem cell colonies. We achieved this by using

successive patterning steps to first create different microenviron-

ments, and then position colonies of stem cells at the interface of

the different microenvironments (Fig. 1B). First, stencil micro-

patterning was employed to generate dual microenvironments

using a combination of different cells, cell/ECM, or different

ECMs (Fig. 1Bi-ii, SI Fig. 1A). During the second step, we

used Bio Flip Chip (BFC)16 cell patterning to arrange stem cell

aggregates of different sizes onto the stenciled substrate

(Fig. 1Biii-iv, SI Fig. 1B–D). By aligning the stenciled micro-

patterns with the BFC wells using a PDMS stepped gasket

(Fig. 1C, SI Fig. 1E), we can selectively position the stem cell

aggregates such that they span across the interface of the

stenciled microenvironments. In this fashion, we can create a

multicomponent spatially organized niche and then indepen-

dently pattern the stem cells with respect to that niche.

Emergence of stem cell differentiation patterns is instructed by

spatially organized local microenvironments

We first applied the spatially organized in vitro developmental

model to understand whether microenvironmental organization

or cell organization instructs pluripotent stem cell fate in

heterogeneous cultures. Spatial environmental heterogeneity

exists in both bulk human and mouse ESC cultures as local

self-renewal-supporting and non-supporting niches. This

heterogeneity has been correlated to spatial variation in cell

fates, which can be modulated by controlling the size of the

colonies.13,18 However, when studying this heterogeneity by

varying colony size, the microenvironment emerges from the

ESCs, coupling cell phenotype organization with microenviron-

ment organization, and thus is unable to provide a definitive

interpretation of whether cell fate patterning is indeed modulated

by microenvironment heterogeneity.1,19 Decoupling the two

modes of organization with an imposed extrinsic environmental

pattern allows more direct interpretation of the causal relationship

between the microenvironment and cell fate.

To investigate whether imposed asymmetries in microenviron-

ment organization would delineate the spatial pattern of reciprocal

cell fates, we used dESP to selectively present self-renewing and

differentiating microenvironments to mouse ESC (mESC)

colonies. Culture of mESCs in serum-free (N2B27) basal

medium with the proteins Leukemia Inhibitory Factor (LIF)

and Bone Morphogenic Protein-4 (BMP4) is sufficient for

maintaining self-renewal, whereas culture in basal medium

alone induces neuroectodermal differentiation.20,21 Feeder

cells, such as mouse embryonic or STO fibroblasts traditionally

used tomaintainmESC cultures, act as sources for these proteins.22

Indeed, when bulk-cultured in N2B27, STO fibroblasts maintained

a self-renewing microenvironment for mESCs (SI Fig. 2A)

while culture on gelatin allowed mESCs to differentiate into

neuroectoderm (SI Fig. 2B).

We presented single mESC colonies with two defined micro-

environments (i.e., STO/N2B27 and gelatin/N2B27) and

assessed how the local environment influences cell fate decisions

(Fig. 2A). Alignment of the mESC colonies at the STO/gelatin

interface was achieved by tracking the stabilized patterned interface

and designing BFC wells at specific locations corresponding to the

interface position on the substrate (SI Fig. 2C–D). Internal controls

Fig. 2 Reciprocal cell fate patterning. (A) A mESC colony patterned

on gelatin/STO fibroblast interface. (B) Expression of self-renewal

(Sox2+) and neural precursor (Nestin+) markers after 5 days of

culture. Colonies patterned on (i) gelatin alone, (ii) gelatin/

STO interface and (iii) STO alone. (C) Control over average Sox2

expression by tuning the ratio of dual microenvironments. (D) Transi-

tion distance from a self-renewing (Sox2high) to a differentiated

phenotype (Sox2low). Colonies were binned according to the ratios

of dual microenvironments presented. Each data point represents

the average transition distance for a colony � s.e.m of 5 different

profiles offset by 301–601 from the long axis of a colony. Scale bars =

500 mm.

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

1 
D

ec
em

be
r 

20
11

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1I
B

00
11

3B

View Online

http://dx.doi.org/10.1039/c1ib00113b


1182 Integr. Biol., 2011, 3, 1179–1187 This journal is c The Royal Society of Chemistry 2011

were generated by patterning colonies on STO or gelatin alone

in the same culture dish. After 5 days of culture, we observed

that expression of self-renewal (Sox2) and neural precursor

(Nestin) markers was spatially distributed coincident with the

patterned microenvironments (Fig. 2B). mESCs in colonies

presented with a differentiating environment (on gelatin) alone

expressed Nestin (Fig. 2Bi) in a radial symmetric manner, with

a central region still expressing Sox2. This is consistent with

observations that spatial patterns of differential cell fates

develop autonomously even in a uniform extrinsic environ-

ment.13 Similarly, colonies in a self-renewing environment (on

STO cells) alone expressed Sox2 predominantly (Fig. 2Biii).

Colonies that were presented with both microenvironments

(on STO/gelatin interface) exhibited asymmetric differentia-

tion with an axis perpendicular to the interface (Fig. 2Bii). The

pattern of the reciprocal phenotypes (i.e., Sox2+ self-renewing

cells and Nestin+ neural precursors) within a colony could be

controlled by the relative extent of the two microenvironments

presented (assessed by the percentage of colony area on STO

cells). By patterning mESC colonies with increasing ratios of

STO cells to gelatin, we could vary Sox2 expression within the

colony between 20–80% (Fig. 2C) with a linear correlation

between input differential microenvironments and resulting

cell phenotype (R2 = 0.75, p = 0.0001). When we examined

the localization of different phenotypes within a mESC colony,

we found that self-renewal and neuroectoderm phenotypes

corresponded to the colony regions on STO cells and gelatin

respectively (SI Fig. 3).

To show that the presented dual microenvironments

modulate the cell fate pattern but do not influence the intrinsic

differentiation processes (e.g., kinetics of cell differentiation),

we interrogated the interface over which mESCs switched

between self-renewal and neuronal fates when presented with

varying ratios of STO cells and gelatin. By tracing Sox2

expression along multiple designated axes originating from

the center of the mESC colony, we obtained profiles describing

a transition between self-renewing and differentiated pheno-

types (SI Fig. 4). The phenotypic transition occurred over an

average distance of B400 mm, and was independent of the

relative direction to the STO/gelatin interface, or of the ratios

of STO cells to gelatin being presented (Fig. 2D). Since

changing the input environmental organization alters the cell

fate patterns (Fig. 2C) but not the boundary width of the

phenotype transition, which is indicative of the length scales

over which differentiation occurred, it is likely that intrinsic

cellular regulation of cell fate remained relatively constant.

By independently patterning stem cells and their niche, our

results suggest that cell fate instruction is dominated by

microenvironment heterogeneity.

Spatial localization of Wnt signaling modulates in vitro

proximal-distal patterning of an ESC colony

Since imposed microenvironment organization can robustly

direct differentiation patterns, we next examined the question

of whether spatially organizing cells of extraembryonic i.e.,

extraembryonic ectoderm (ExE) and visceral endoderm (VE),

lineages in a PD orientation relative to a colony of mESCs

(in vitro surrogate for inner cell mass), similar to how those

tissues are organized in the embryo, would be sufficient for

inducing molecular patterns akin to the embryonic PD axis

(Fig. 1A). We first stenciled trophoblast stem (TS) cells, an

ExE precursor cell line,23 in strips and back-filled the remaining

substrate with extraembryonic endoderm (XEN) cells, a

primitive endoderm-derived cell line24 (Fig. 3A). TS and

XEN cells formed a well-defined interface (Fig. 3B), which

remained stable for up to one week (SI Fig. 5A). We then used

dESP to pattern mESC colonies on the TS-XEN interface

(Fig. 3C). The TS/XEN/mESC co-culture was maintained in

TS medium supplemented with anti-LIF antibody to allow for

mESC differentiation over a period of up to 5 days (Fig. 3D,

SI Fig. 5B–F).

To molecularly determine establishment of PD patterning,

we assessed the distribution of putative proximal embryonic

markers. These include Wnt3a and Brachyury (T) that are

expressed in both the proximal extraembryonic tissues and

epiblast,25 as well as Cripto1 (a co-receptor of Nodal), Fgf8

and Lefty2 (a Nodal inhibitor), which are initially uniformly

distributed throughout the epiblast but gradually localize to

the proximal region at the onset of gastrulation.6,7 We found

that the mESC colonies acquired marker expression over time

regardless of their underlying microenvironment (SI Fig. 6).

Instructing differentiation by patterning control colonies

entirely on TS or XEN cells alone resulted in symmetrical

expression of Wnt3a, T, Cripto1, and Fgf8 (Fig. 3E).

We then asked whether colonies patterned across the

TS-XEN interface would exhibit marker polarization, or

whether other factors might be required for patterning to

arise. Remarkably, mESCs patterned across the interface did

indeed differentiate asymmetrically along the designated PD

axis. For example, Wnt3a and T were highly expressed in the

periphery of the colony on TS cells but were only weakly

expressed in the region on XEN cells (Fig. 3F–G). Cripto1 and

Fgf8 were also polarized, but in an opposite direction to

Wnt3a and T (i.e., higher in XEN cell region) (Fig. 3H–I).

Intriguingly, in 20–30% of the colonies, we observed a graded

PD expression of Cripto1 and Fgf8 within the region on XEN

cells (Fig. 3H(ii), I(II), J). We did not observe significant

polarization of Lefty2 when compared to control colonies

(SI Fig. 7). This was expected because Lefty2 localization

requires Lefty1 regulation, which is produced from the

anterior visceral endoderm (AVE), a more mature developmental

structure.26 Taken together, these data suggest that a day-5

dESP embryonic model mimics a pre-implantation embryo

that just initiated axis formation. mESCs on TS cells have

acquired extraembryonic fates, since they expressed strongly

for Wnt3a and T but only weakly for Cripto1 and Fgf8.

mESCs patterned on XEN cells acquired an epiblast-like fate

with graded patterning along the designated PD axis. The fact

that all patterned colonies showed polarization of Wnt3a and

T in the TS cell region but only a fraction exhibited graded

patterning of Cripto1 and Fgf8 within the XEN cell region imply

that the sequence of molecular patterning events in the dESP
embryonic model is consistent with embryonic development

in vivo—Cripto1 and Fgf8 function downstream of Wnt and T1.

Since polarization of Wnt3a and T was consistently

observed, we quantified their intensities in the respective colony

regions on TS and XEN cells. The resultant proximal (on TS cells)
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to distal (on XEN cells) intensity ratio was used as a quantitative

indicator of PD asymmetry, where a larger deviation of PD

intensity ratio from 1 indicates greater asymmetry. Consistent

with our qualitative assessment above, mESC colonies on either

TS or XEN cells alone had a PD intensity ratio of 1 (Fig. 4C–D).

In comparison, mESC colonies presented with both TS and

XEN exhibited significant PD asymmetries in Wnt3a and

T distribution (Fig. 4C-D), which became significantly

pronounced over time (SI Fig. 8A-B). We also measured the

expression of the early neuroectodermal marker, Sox1, which

is indicative of anterior cell fate, with a GFP-Sox1 reporter cell

line. Sox1 expression was marginally asymmetric along the

Fig. 3 In vitro proximal-distal (PD) epiblast patterning. (A) Micropatterned TS cells and XEN cells. (B) TS-XEN cells interface. (C-D) Phase

images of mESC colonies on TS-XEN interface (C) immediately post patterning and (D) after 5 days of culture. (E) Immunofluorescence staining

of proximal embryonic markers (in red) in control colonies on TS or XEN cells alone. (F–I) Immunofluorescence assessment for proximal marker

(in red) polarization in dESP-patterned mESC colonies: (F) Wnt3a, (G) T, (H) Cripto1 and (I) Fgf8. Nuclei were counterstained blue.

(J) Tabulation of fraction of colonies examined that exhibited polarization of Cripto1 and Fgf8 within XEN-region. Scale bars in (A) = 50 mm;

scale bars in (B–I) = 200 mm.
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designated PD axis and remained constant over culture time

(SI Fig. 8C). Hence, imposing organization of extraembryonic

environments is sufficient to generate quantifiable PD patterning

in mESCs, which in turn is amenable to experimental

perturbations.

The observed PD asymmetries in proximal epiblast markers

can be attributed at least in part to Wnt signaling gradients

established by TS and XEN cells patterned along the designated

PD axis since the ExE secretes soluble factors, such as BMP4,

that activate Wnt signaling in the proximal epiblast.27 We

examined whether the patterning is sensitive to disruption of

Wnt signaling by adding exogenous Wnt agonist (WNT3a) or

antagonist (DKK-1) to the co-culture medium. Since Wnt3a

and T were more robustly polarized than Cripto1 and Fgf8,

we assessed their distribution in the exogenous disruption

experiments after 5 days of culture. In the presence of WNT3a,

Wnt3a and T expression were more pronounced (Fig. 4A), while

in the presence of DKK-1, their expression was attenuated

(Fig. 4B). These observations were consistent with the agonist/

antagonistic functions of the exogenous factors.28 However, PD

patterning of Wnt3a and T in the mESC colonies were abolished

in both cases since the PD intensity ratios of Wnt3a (Fig. 4C)

and T (Fig. 4D) in colonies on TS/XEN cells were not

significantly different from control colonies on TS or XEN

cells alone. Sox1 distribution in the proximal and distal colony

regions was not affected by the addition of WNT3a or DKK-1

(SI Fig. 9). This is corroborated by a report from Rodriguez

et al. that absence of ExE, a source for Wnt-activating

molecules that include BMP4, from the conceptus affected

posterior cell fate specification but did not inhibit development

of anterior Sox1-postive cells.3

Discussion

Pluripotent cells and stem cells in embryonic and adult tissues

in vivo exist in structurally asymmetric environments. There is

increasing evidence in embryos1 and adult stem cell niches,

notably in germline and hematopoietic stem cell systems,2,19

that the position of a pluripotent or multipotent cell in

an asymmetric architecture translates into polarization inmolecular

expression that determines its fate. Existing approaches for

determining whether environmental spatial organization has

developmental significance center around the use of live

imaging to perform lineage tracing in model organisms2,29 or

ablation of a particular anatomical feature within the niche.3

However, performing imaging and physical manipulation are

challenging in mammals and late-stage embryos.11 Even when

developmentally-relevant asymmetrical stem cell microenviron-

ments have been identified, deciphering the molecular mechanisms

in a spatially asymmetric anatomical context is not trivial.

Investigation into molecular signaling pathways primarily rely

on knockout or transgenic organisms, which are costly and

slow to produce.6 More importantly, these molecular modulators

can only be studied one at a time since disrupting multiple factors

simultaneously is challenging and often lethal. Consequently,

there is increasing interest to use in vitro stem cell cultures as

complementary models to study developmental biology.12,30

The utility of in vitro models, as evident from cancer or

disease models, is not to mimic a complex biological system

entirely, but to distill certain aspects of the system to be

studied in greater breadth and depth by leveraging their

experimental accessibility e.g., treatment regimes, real-time

imaging, multiplexing. Hence, specific aspects of developmental

processes can in principle, be identified (from animal studies)

and modeled with in vitro models. In in vitro stem cell models,

factors are added into the system instead of being subtracted

(as in animal models), allowing questions of sufficiency-the

minimum set of components specifying a desired cell fate to be

probed. However, in vitro developmental models have not

been widely adopted to date, in part because current models

fail to incorporate spatial environmental organization, which

is a key aspect of developmental processes. Monolayer

cultures only allow screening for specific environmental cues

(e.g., ECMs, soluble factors) that instruct stem cells into various

lineages.8–10 EBs can form rudimentary organized structures28 but

the cells within are not amenable to experimental manipulation.

Current methods of modulating signaling gradients in EBs such

as changing EB sizes,19 microdissection31 and exposure to soluble

factors,28 act indirectly, confounding interpretation on variation

in spatial environmental organization and cell fate instruction.

dESP overcomes these limitations to enable creation of spatially

Fig. 4 PD patterning in dESP embryonic model is modulated by

Wnt-signaling. Disruption of polarized Wnt3a and T expressions by

exogenous (A) WNT3a (50 ng ml�1) or (B) DKK-1 (200 ng ml�1).

Quantitative assessment of (C) Wnt3a and (D) T PD asymmetries. Data

are average of 410 colonies (on TS-XEN interface) or 43 colonies

(on TS or XEN cells alone) from 2 independent experiments � s.e.m.

Pairwise comparisons (t-test) are indicated by connecting lines. *

indicates statistical significance (p o 0.05). Scale bars = 200 mm.

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 2

1 
D

ec
em

be
r 

20
11

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
01

1 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

1I
B

00
11

3B

View Online

http://dx.doi.org/10.1039/c1ib00113b


This journal is c The Royal Society of Chemistry 2011 Integr. Biol., 2011, 3, 1179–1187 1185

organized in vitro developmental models via reproducible

establishment and manipulation of stem cell environmental

asymmetries (e.g., cells and ECMs). From this vantage, the PD

patterning experiment provides a framework for how dESP
can be useful in modeling spatially patterned differentiation in

developmental processes.

dESP can be customized to match the length scale of the

stem cell niche of interest. Besides stencil patterning used here,

other micropatterning techniques17 could also be employed

(e.g., microcontact printing), and may provide better precision

for smaller features. We used the BFC to pattern stem cells

onto the organized environment since BFC allows for

substrate-independent patterning (i.e., able to pattern on cells/

ECMs)16,32,33 and can align the stem cells to the underlying

microenvironments. The accuracy of the alignment limits the

feature size, and in the current dESP is B500 mm. It is

conceivable that multiple rounds of cell patterning would allow

the creation of microenvironment with 43 spatially organized

cell types, leading to the realization of ever-more-complex

in vitro models.

Our results from patterning mESCs in an asymmetric

microenvironment presenting both self-renewal and differen-

tiation cue provide the first experimental evidence that the

overall spatial organization of cell fates within an ESC colony

is a summation of cellular responses to a local underlying

environment occurring over a length scale of a few cells

(Fig. 2). Next, we applied dESP to model an early develop-

mental step and demonstrated that a fairly simplistic two-

dimensional equivalent of an early mouse embryo can be

generated in vitro. While dESP cannot fully recapitulate the

three-dimensional interactions between extraembryonic tissues

and the cup-like epiblast in an E5.5 mouse embryo, it can be

used to test whether mimicking the relative in vivo spatial

arrangement of the ExE, epiblast and VE induces similar

differentiation asymmetry as develops in an epiblast. By

presenting representative environments from the ExE and

VE to a mESC colony in a PD orientation, molecular markers,

such as T, Wnt3a, Cripto1 and Fgf8, which localize to the

proximal end of the embryo, can similarly exhibit a PD

distribution (Fig. 3), and can be measured quantitatively

(Fig. 4). The disruption of these polarized distributions when

exogenous Wnt agonist or antagonist were added to the system

suggests that at least one of the triad of Bmp-Wnt-Nodal

signaling gradients responsible for driving this developmental

step in vivo is also active in the in vitro analogue.1,4 An

interesting area of future research will be to investigate whether

the ExE and VE cells also adopt downstream fates during the

course of the differentiation, and whether multiple sequential

developmental steps could be modeled. In this regard, one

advantage of a cell-based niche (in contrast to a niche

comprised of soluble or matrix signals) is that the cells are

active components in the system and can react to the each other.

The choice of cells used in a dESP in vitro model need not

necessarily be restricted to the particular developmental step

that one wishes to emulate, thus making the approach and

technique more generalizable. For instance, the epiblast at PD

axis formation is more accurately represented by epiblast stem

cells (EpiSCs) than the naı̈ve ESCs used here.34 Indeed, it is

interesting that although the three cell types (i.e., TS, XEN

and ES cells) used in the dESP PD patterning model are

precursors to the ExE, VE and epiblast,23,24,34 they are still

capable of generating a molecular asymmetry similar to a PD

axis. This suggests that the mESCs in the dESP model similarly

go through an epiblast-like stage to adopt a mesoendodermal

fate as previously reported.35

Experimental

Cell lines and maintenance

The mouse embryonic stem cell (mESC) lines used had either a

GFP-Sox2 reporter (Sox2, from Rudolf Jaenisch) or GFP-

Sox1 reporter (46C, from Austin Smith). Sox2 mESCs were

routinely maintained in high glucose DMEM (Invitrogen)

supplemented with 15% fetal calf serum (FCS) (16141079,

Invitrogen), 4 mM L-glutamine (25030081, Invitrogen), 1 mM

non-essential amino acid (11140050, Invitrogen), 50 units ml�1

penicillin, 50 mg ml�1 streptomycin (15140122, Invitrogen),

100 mM b-mercaptoethanol (M7522, Sigma) and 1000 units ml�1

leukemia inhibitory factor (LIF, ESG1107, Chemicon). 46C

mESCs were maintained in GMEM (11710035, Invitrogen)

supplemented with 10% FCS, 50 U/ml penicillin, 50 mg ml�1

streptomycin, 100 mM b-mercaptoethanol and 1000 units ml�1

LIF. STO fibroblasts (CRL-1503, ATCC) were maintained in

high glucose DMEM supplemented with 10% FCS, 2 mM

L-glutamine, 1 mM sodium pyruvate (11360-070, Invitrogen),

100 units ml�1 penicillin, and 100 mg ml�1 streptomycin.

Mouse trophoblast stem (TS) cells and extraembryonic

endoderm (XEN) cells were obtained from Janet Rossant

and maintained on gelatin-coated tissue culture dishes according

to protocols reported in Tanaka et al.23 and Kunath et al.24

respectively. Briefly, TS cells were cultured in basal TS medium

supplemented with 70%mouse embryonic fibroblast conditioned

medium (MEF-CM), 25 ng ml�1 human recombinant FGF4

(235-F4-025, R&D Systems) and 1 mg ml�1 heparin (H3149,

Sigma). Basal TS medium consisted of RPMI 1640 medium

(21870, Invitrogen) supplemented with 20% FCS, 2 mM

L-glutamine, 1 mM sodium pyruvate, 100 mM b-mercaptoethanol,

50 units ml�1 penicillin and 50 mg ml�1 streptomycin. XEN cells

were maintained in basal XEN medium supplemented with 70%

MEF-CM. Basal XEN medium has the same formulation as

basal TS medium except 15% FCS was used.

Preparation of mouse embryonic fibroblast conditioned medium

(MEF-CM)

Mouse embryonic fibroblasts (MEF) were maintained in high

glucose DMEM supplemented with 15%FCS, 4 mM L-glutamine,

100 units ml�1 penicillin and 100 mg ml�1 streptomycin for up to

5 passages. To prepare MEF-CM, confluent MEFs were treated

with 10 mg ml�1 mitomycin (M4287, Sigma) for 3 h and washed

3 times with PBS. The cells were cultured in basal TSmedium (5ml

per 106 cells) for 3 days. The MEF-CM was collected, filtered and

stored in�20 1C. MEFs post mitomycin treatment can be used up

to 10 days for conditioned medium preparation.

Device fabrication

The components (stencil, Bio Flip Chip (BFC) and stepped

gasket) for dESP were designed with AutoCAD (AutoDesk) to
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ensure that the BFC wells align to the stabilized interface of

stencil-patterned cells or ECMs. The dimensions of the various

components are given in SI Fig. 1E. Polydimethylsiloxane

(PDMS) stencils were fabricated by using a laser-cutter

(Universal Laser System) to cut the designated patterns on a

127 mm thick PDMS sheet (Specialty Silicone Products Inc.)

and then bonding it to a laser-cut, 2 mm thick PDMS gasket.

PDMS BFCs were obtained by pouring degassed PDMS

mixture (10 : 1 ratio of prepolymer to curing agent) (Sylgard

184, Dow Corning) onto a stereolithography fabricated plastic

mold (Prototherm 12120, Fineline Prototyping) and allowed

to cure at 60 1C overnight. The stepped PDMS gasket

consisted of two 2–3 mm PDMS slabs trimmed to the specified

dimensions (SI Fig. 1E) and bonded together. All components

were sterilized by autoclaving at 121 1C for 20 min.

dESP for patterning reciprocal self-renewal and neural fates

STO fibroblasts were stencil-patterned onto a 60 mm polystyrene

dish as 800 mm-wide strips at a density of 1.8 � 105 cells cm�2.

After 2 h incubation, the stencil was removed and 0.1% gelatin

(ES-006-B, Millipore) in phosphate buffer saline (PBS) was

added to coat the remaining substrate for 10 min. The STO

fibroblasts were then treated with 10 mg ml�1 mitomycin

(M4287, Sigma) for 3 h to arrest their proliferation, washed

3 times with PBS and incubated in STO culture medium

overnight. Sox2 mESCs were resuspended in N2B27 medium,

prepared according to formulation in Ying et al.20 supplemented

with 1000 units ml�1 LIF and 60 mMHEPES buffer (15630-080,

Invitrogen) and patterned onto the STO/gelatin substrate using a

BFC with 2 mm (L) � 200 mm (W) � 400 mm (H) wells

accordingly to Rosenthal et al.16 Briefly, the BFC was passivated

with 0.2% bovine serum albumin (BSA) overnight before 400 ml
of mESC suspension was dispensed onto it. The cells were

allowed to settle into the microwells of the BFC and excess cells

were removed by repeated washing with PBS. The BFC was then

aligned and flipped onto the stepped gasket bounding the

micropatterned STO fibroblasts and gelatin, and secured with

binding clips. After overnight incubation, the BFC was removed,

washed 3 times with PBS and cultured in N2B27 for 5 days with

fresh medium change every 24 h. Self-renewal and neuronal

differentiation markers were assessed after 5 days of differ-

entiation by immunofluorescence staining and quantified by

image processing.

dESP for patterning proximal-distal fates in mESCs

TS cells were stencil-patterned at confluence as described

above and incubated for 6 h to allow for cell attachment.

The stencil was removed and the remaining substrate was

coated with 0.1% gelatin in PBS for 10 min. After overnight

incubation in complete TS medium (i.e., basal TS medium +

70% MEF-CM, FGF4, heparin), 2 � 105 XEN cells (3.47 �
104 cells cm�2) were plated and incubated for 1 h. Excess

unattached XEN cells were removed by washing with PBS and

the TS/XEN co-culture was incubated overnight in complete

TS medium for stabilization of the TS/XEN cell interface. 46C

mESCs were resuspended in complete TS medium supplemented

with 60 mM HEPES buffer and patterned using a BFC with

1.5 mm (L) � 160 mm (W) � 400 mm (H) wells as described

above. After 6 h, the BFC was removed and the TS/XEN/

mESC co-culture was maintained in a co-culture medium

comprising of complete TS cell medium with 1 mg ml�1

recombinant mouse LIF antibody (AF449, R&D Systems)

for 5 days. Fresh medium was changed every 24 h. To disrupt

Wnt-signaling gradients in the TS/XEN/mESC co-culture,

50 ng ml�1 of recombinant mouse WNT3a (1324-WN, R&D

Systems) or 200 ng ml�1 of recombinant mouse DKK-1 (5897-

DK, R&D Systems) were added to the co-culture medium.

Immunofluorescence staining

Samples were incubated with 4% paraformaldehyde (PFA,

15710, Electron Microscopy Sciences) for 15 min, 0.5% Triton

X-100 (234729, Sigma) for 15 min, Image-ITt FX Signal

Enhancer (I36933, Invitrogen) for 30 min and 10% FCS or

Odessey blocking buffer (927-40000, LI-COR BioSciences)

overnight at 4 1C. They were then incubated with primary

antibodies overnight at 4 1C at the following concentrations

diluted in blocking buffer: 0.78 mg ml�1 rabbit-anti-mouse

Nestin (ab5968, Abcam), 4 mg ml�1 rabbit-anti-mouse Wnt3a

(ab28472, Abcam), 4 mg ml�1 rabbit-anti-mouse Brachyury

(T, ab20680, Abcam), 10 mg ml�1 rabbit-anti-Cripto1 (ab19917,

Abcam), 5 mg ml�1 rabbit-anti-Fgf8 (ab81384, Abcam) and

10 mg ml�1 rabbit-anti-Lefty2 (PAB1922, Abnova). Subsequently,

the samples were washed 5 times with blocking buffer (20 min

between each wash) and incubated with 1 mg ml�1 Alexa

Fluors 532 goat-anti-rabbit IgG secondary antibody

(A-11009, Molecular Probes), diluted in blocking buffer, for

1 h at room temperature. Samples were then washed 3 times

with PBS and counter-stained with 10 mg ml�1 Hoechst 33342

(H3570, Molecular Probes) for 5 min. After rinsing with PBS

and distilled water, the samples were finally mounted with an

aqueous mounting medium (17985-10, Electron Microscopy

Sciences) on cover glass.

Image acquisition and analysis

All images were acquired with an inverted epifluorescence micro-

scope (Nikon Eclipse Ti) with an automated stage (Ludl MAC

5000). Tile-scans of entire mESC colonies were obtained with a

10X objective. The stitched images were then processed with

Matlab (Mathworks) for quantification of fluorescent markers.

In the self-renewal-differentiation patterning experiment,

colony regions in self-renewing (on STO fibroblasts) or differ-

entiating (on gelatin) microenvironments were outlined manually

on phase images to generate regional masks. The masks were

applied onto processed (thresholding, binary conversion)

fluorescent images of Sox2 expression to quantify the percentage

of Sox2-positive area in the entire colony or in the respective

self-renewing or differentiating colony regions. mESC colonies

presented with single microenvironments (on STO fibroblasts or

gelatin alone) were divided equally into two regions to serve as

proxies for self-renewing and differentiating regions of colonies

and processed similarly as described. The transition distance for

phenotypic switch was calculated by obtaining 5 Sox2 intensity

profiles in varying directions, and fitting each profile with a

4-parameter logistic function:

y ¼ ða� bÞ
1þ x

c

� �
d
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where y is Sox2 fluorescence intensity, x is distance and a-d are

fitted parameters) (SI Fig. 3A-B). The profile of the slope was

then obtained by taking the 1st derivative of the fitted function,

and the transition distance is taken to be the distance spanning

80% of the maximum slope (SI Fig. 3C).

For the PD patterning experiment, masks for mESC colony

regions on TS and XEN cells were generated as described above

with an additional step to erode the centre of the mask area. This

generated proximal (on TS cells) or distal (on XEN cells) regional

masks that cover just the colony periphery, where Wnt3a and

T were localized. The regional masks were then applied to

processed (contrast adjustment, thresholding based on TS and

XEN cell controls for unspecific staining) fluorescent images of

Wnt3a and T to quantify the average fluorescent intensities in the

proximal (on TS cells) and distal (on XEN cells) colony regions.

Statistical analysis

Linear regression between Sox2 expression and ratios of

self-renewal to differentiation microenvironments was performed

with SigmaPlot (Systat Software Inc.). The significance of the

correlation of determination (R2) was determined by f-test

(ANOVA, n = 122). The significance of differences in the

transition distance across the 3 bins of dual microenvironment

ratios (i.e., o40%, 40–60% and 460% STO cells) was

determined by f-test (ANOVA, n = 30).

An unpaired t-test was performed to determine the significance

of pairwise comparisons in PD patterning experiments, n 4 10

for test colonies and n 4 3 for control colonies.

Conclusions

The complexity of developmental processes calls for technical

innovations to probe the spatial intricacies that exist between

environmental cues and stem\progenitor cell fates. dESP represents

a step toward more realistically modeling the complexity that

exists in vivo. The versatility of the resulting spatially

organized in vitro developmental models can be generalized

to capitalize on the current knowledge on cell fate instruction

by environmental factors as ‘‘building blocks’’, which can then

be spatially organized around stem cell to generate biologically

meaningful stem cell microenvironments and gain further

insights into organized differentiation during development.
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