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Abstract
Intercellular interactions in the cell microenvironment play a critical role in determining cell fate,
but the effects of these interactions on pathways governing human embryonic stem cell (hESC)
behavior have not been fully elucidated. We and others have previously reported that 3-D culture
of hESCs affects cell fates, including self-renewal and differentiation to a variety of lineages. Here
we have used a microwell culture system that produces 3-D colonies of uniform size and shape to
provide insight into the effect of modulating cell-cell contact on canonical Wnt/β-catenin signaling
in hESCs. Canonical Wnt signaling has been implicated in both self-renewal and differentiation of
hESCs, and competition for β-catenin between the Wnt pathway and cadherin-mediated cell-cell
interactions impacts various developmental processes, including the epithelial-mesenchymal
transition. Our results showed that hESCs cultured in 3-D microwells exhibited higher E-cadherin
expression than cells on 2-D substrates. The increase in E-cadherin expression in microwells was
accompanied by a downregulation of Wnt signaling, as evidenced by the lack of nuclear β-catenin
and downregulation of Wnt target genes. Despite this reduction in Wnt signaling in microwell
cultures, embryoid bodies (EBs) formed from hESCs cultured in microwells exhibited higher
levels of Wnt signaling than EBs from hESCs cultured on 2-D substrates. Furthermore, the Wnt-
positive cells within EBs showed upregulation of genes associated with cardiogenesis. These
results demonstrate that modulation of intercellular interactions impacts Wnt/β-catenin signaling
in hESCs.
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1. Introduction
Due to their unique capacity for unlimited self-renewal and the potential to differentiate into
all adult cell types [1, 2], human embryonic stem cells (hESCs) hold tremendous promise for
a variety of cell-based applications, including drug and toxicity testing and tissue
engineering. However, much is still unknown about the mechanisms that control self-
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renewal and differentiation of these cells. Stem cell fate decisions are affected by a variety
of microenvironmental cues, including but not limited to soluble factors, the extracellular
matrix, and intercellular interactions [3, 4].

Various materials-based systems have been developed to study the effects of modulating
cell-cell contact and colony morphology on ESC behavior. A forced aggregation method
based on centrifugation of single-cell suspensions of hESCs into V-bottom 96 or 384-well
plates generated uniformly sized EBs in a high throughput manner, and this approach was
utilized to determine that differences in EB size affect efficiency of cardiogenesis [5, 6].
Another approach used to control EB size involved 2-D patterning of hESCs on Matrigel
using microcontact printing to study how colony size, and ultimately EB size, affects
commitment to different differentiation trajectories [7]. 3-D cell patterning strategies
utilizing microwell culture platforms have also been used to study intercellular interactions
in ESCs [8, 9]. A microwell array engineered from PEG hydrogels to control aggregate size
of ESCs has been used to study the differential commitment of mESC-derived EBs to
endothelial or cardiac lineages depending on EB size [8, 10]. We have previously
demonstrated that growth of hESCs in microwells surrounded by a protein-resistant self-
assembled monolayer (SAM) promotes either long-term self-renewal [9] or subsequent
embryoid body (EB)-mediated differentiation to cardiomyocytes [11]. Elucidating the
developmental pathways through which colony morphology regulates human pluripotent
stem cell self-renewal and differentiation will facilitate design of culture systems to better
regulate these diverse cell fates.

In this study we employed a 3-D microwell system and 2-D culture to determine how
cadherin-mediated cell-cell interactions modulate canonical Wnt signaling in hESCs. In
epithelial cells such as hESCs, β-catenin provides a physical linkage between E-cadherin
and the actin cytoskeleton in adherens junctions [12]. β-catenin also acts as a transcription
co-factor of the canonical Wnt signaling pathway [13]. Canonical Wnt binding to its cell
surface receptor inhibits phosphorylation and degradation of β-catenin in the cytosol,
permitting β-catenin translocation to the nucleus where it complexes with TCF or LEF to
induce transcription of canonical Wnt-responsive genes. Competition for β-catenin between
adherens junctions and the canonical Wnt pathway can affect various aspects of vertebrate
development, including the epithelial-mesenchymal transition (EMT) [14–16], mesoderm
patterning [17], and neural crest development [18]. Canonical Wnt signaling is involved in
many cell differentiation processes [19]. Studies of vertebrate development in vivo [20, 21]
and in vitro studies in ESCs [22–25] have revealed a stage-specific role for the canonical
Wnt/β-catenin pathway in cardiogenesis; canonical Wnt activation is necessary for early
mesoderm induction but inhibition is later required for cardiac specification from these
mesodermal progenitors. Additionally, canonical Wnt/β-catenin signaling has been
implicated in regulating self-renewal of hESCs, though there is some debate as to the nature
of its role. Activation of canonical Wnt signaling by treatment of hESCs with the GSK3-
inhibitor BIO was able to maintain pluripotency over short time scales (4–5 days) in the
absence of feeder-conditioned media [26]. However, a later study showed that canonical
Wnt signaling was insufficient to maintain self-renewal upon subculture of hESCs and
instead a new model was proposed in which canonical Wnt signaling promotes proliferation
of hESCs, which can accelerate either self-renewal or differentiation depending on the
context of other signaling cues [27]. A follow-up study confirmed that activation of
canonical Wnt signaling in undifferentiated hESCs promotes proliferation but not
necessarily self-renewal [28]. However, another recent study demonstrated that canonical
Wnt receptor Frizzled-7 is necessary for hESC self-renewal [29]. While canonical Wnt
signaling clearly plays a role in hESC developmental events, we lack a complete
understanding of how this pathway regulates cell self-renewal and differentiation.
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In this study, we hypothesized that the differences in cell-cell interactions in 2-D culture and
3-D microwells affect signaling through the canonical Wnt pathway by altering localization
of β-catenin. To test this hypothesis, we compared Wnt/β-catenin signaling in
undifferentiated hESCs cultured in 2-D and 3-D morphologies, and in EBs formed from
these cultures.

2. Materials and Methods
2.1 Microwell fabrication

Microwells were prepared as previously described [9]. Briefly, soft lithography was used to
pattern the wells in polyurethane using PDMS stamps. E-beam evaporation was then used to
coat the areas outside of the wells with a thin layer of gold. Finally, a tri(ethylene glycol)-
terminated alkanethiol self-assembled monolayer (EG3) was assembled on the gold surface.

2.2 hESC culture and embryoid body differentiation
The culture and differentiation processes are illustrated in Fig. 1. H1, H7 and H9 hESCs
(passages 25–50) were cultured on tissue culture polystyrene (TCPS) 6-well plates or in
microwells. Both substrates were coated with growth factor reduced Matrigel (BD
Bioscience, Medford, MA) for 1 hour at 37°C. Unconditioned medium (UM/F−) composed
of DMEM/F12 (Invitrogen) containing 20% Knockout Serum Replacer (Invitrogen), 1×
MEM nonessential amino acids (Invitrogen), 1 mL L-glutamine (Sigma), and 0.1 mM β-
mercaptoethanol (Sigma) was conditioned on irradiated mouse embryonic fibroblasts for 24
hours and supplemented with 4 ng/mL bFGF, resulting in the culture medium CM/F+.
Microwells were seeded with cells as previously described [9]. For differentiation studies,
hESCs were cultured for 6 days in CM/F+ supplemented with 2 µM BIO (Sigma). To
initiate differentiation, colonies were detached from the Matrigel matrix at day 6 of culture
using 1 mg/mL dispase (Invitrogen) and placed in suspension UM/F− in Corning 3741 low
attachment plates. Following 24 hours in UM/F−, the EBs were maintained in suspension
for 4 more days in EB20 medium: DMEM/F12 (Invitrogen) containing 20% fetal bovine
serum (Invitrogen), 1× MEM nonessential amino acids (Invitrogen), 1mL L-glutamine
(Sigma), and 0.1mM β-mercaptoethanol (Sigma).

2.3. Plasmid construction, lentiviral production and infection of hESCs
The 7 TCF/LEF binding site sequences were obtained by direct PCR of plasmid M50
(Addgene plasmid 12456) and the GreenFire (GF) sequences were obtained by direct PCR
of the pGreenFire1-mCMV Plasmid (System Bioscience TR010PA-1). These two sequences
were cloned into pSicoR PGK puro (Addgene plasmid 11586) digested by Xba I (NEB) and
Xho I (NEB). The constructed Wnt reporter plasmid was named 7TGFP and verified by
sequencing. This 7TGFP vector was cotransfected with the helper plasmids psPAX2 and
pMD2.G (Addgene plasmids 12260 and 12259) into HEK-293TN cells (System
Biosciences) for virus production. Virus-containing medium was collected at 48 and 72
hours after transfection and used for infection of hESCs in the presence of 6µg/mL
polybrene (Sigma). Transduced cells were cultured in mTeSR1 on Matrigel for three days
and then clonally isolated in mTeSR1 with 1 µg/mL puromycin.

2.4 Immunocytochemistry and Imaging
hESCs cultured in microwells or on Matrigel-coated glass coverslips were fixed in 4%
paraformaldehyde (EMS) for 20 min at room temperature. Samples were blocked and
permeabilized for 1 hour in blocking buffer, PBS (Invitrogen) containing 5% chick serum
(Invitrogen) and 0.2% Triton X-100 (Sigma). Primary antibodies (see Supplemental Table 1
for list) were incubated overnight at 4°C in blocking buffer, and after subsequent washes in
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PBS cells were incubated in blocking buffer containing chicken anti-mouse Alexa 488
(1:500, Invitrogen) and donkey anti-goat Alexa 555 (1:500, Invitrogen) for 1 hour at room
temperature. Following PBS washes, the cell nuclei were labeled with TOPRO-3 iodide
(1:500, Invitrogen) for 20 min. Samples were then mounted on coverslips using ProLong
Gold anti-fade reagent (Invitrogen) and imaged using a Bio-Rad Radiance 2100 Multiphoton
Rainbow microscope (Bio-Rad).

2.5 Flow cytometry and cell sorting
Cells were detached from microwells or Matrigel-coated 6-well TCPS plates using 0.25%
trypsin-EDTA (Invitrogen), fixed in 1% paraformaldehyde for 10 min at 37°C, and
permeabilized in ice-cold 90% methanol for 30 min. Primary antibodies (see Supplemental
Table 1 for list) were incubated overnight in FACS buffer (PBS with 2%FBS and 0.1%
Triton X-100). Following 2 PBS washes, cells were incubated with goat anti-rabbit
Alexa488 (1:1000, Invitrogen) for 30 min at room temperature (for Oct4 flow only). After 2
PBS washes, samples were analyzed on a FACSCaliber flow cytometer (Becton Dickinson
Immunocytometry Systems, BDIS) using CellQuest software. For 7TGP Wnt reporter line
studies, EBs were rinsed with PBS and cells were singularized using Accutase (Invitrogen).
Cells were then resuspended in FACS buffer for analysis. For cell sorting experiments,
singularized Wnt reporter cells were resuspended in HBSS (Invitrogen) containing 2% FBS
and separated into GFP-positive and GFP-negative populations using a FACSVantageSE
cell sorter (BDIS). Following collection, both cell populations were centrifuged to collect
cell pellets for RNA extraction.

2.6 Quantitative polymerase chain reaction (qPCR)
For RNA extraction, cells were dissociated with 0.25% Trypsin-EDTA. Total RNA was
extracted using an RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
cDNA was generated from 1 µg of RNA using Omniscript reverse transcriptase (Qiagen)
and oligo-dT primers (Invitrogen). For 7TGP Wnt reporter lines, an RNeasy Micro Kit
(Qiagen) was used for the RNA extraction from cell pellets due to the small number of cells,
and 400 ng of RNA was used to generate cDNA. Quantitative PCR (qPCR) was then
performed using iQ SYBR Green Supermix (Bio-Rad) and 1 µL cDNA on an iCycler (Bio-
Rad). Primer sequences are supplied in Supplemental Table 2. Relative expression was
found using the comparative cycle threshold (CT) method using the reference gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Fold difference was then calculated
as 2−ΔΔCT or −(2ΔΔCT).

2.7 Western blotting
Nuclear and cytoplasmic extracts were isolating using a NE-PER kit (Pierce). Proteins were
quantified using a BCA protein assay (Pierce), resolved on a 12% polyacrylamide gel and
transferred to a nitrocellulose membrane. After blocking with 5% powdered milk in TBS +
1% Tween-20 for 1 hour at room temperature, membranes were labeled with primary
antibodies (see Supplementary Table 1 for list) overnight at 4°C followed by horseradish
peroxidase-conjugated secondary antibodies for 1 hour at room temperature. Protein levels
were detected via a SuperSignal West Pico Chemiluminescent Substrate (Pierce). Equal
protein loading and proper separation of nuclear and cytoplasmic extracts were confirmed
via β-actin and Histone2b levels.

2.8 Luciferase Assay
EBs were rinsed in PBS and cells were singularized using Accutase. Then, 100,000 cells/
well were placed in 96-well plates. Luciferase expression was quantified using the Bright-
Glo Luciferase Assay (Promega) according to the manufacturer’s instructions. Expression
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was normalized to total cell number using a CellTiter-Glo Luminescent Cell Viability Assay
(Promega). Plates were read on an Infinite F500 microplate reader (Tecan).

2.9 Statistics
Data are presented as mean ± standard deviation (SD), and p-values were determined using
an unpaired Student’s t-test or one-way ANOVA.

3. Results
3.1 Modulating E-cadherin expression

Since a primary difference between 2-D and 3-D culture is the relative amount of cell-cell
vs. cell-matrix contact and E-cadherin mediates intercellular chemical and mechanical
interactions between epithelial cells in adherens junctions, we compared E-cadherin
expression in hESCs cultured in 2-D and 3-D formats. H9 hESCs were cultured for 6 days
on 2-D TCPS plates or in 3-D microwells with a 300 µm lateral dimension and 120 µm
depth (300×300×120 µm). The cells were singularized and removed from the microwells,
and the intensity of E-cadherin expression per cell was quantified via flow cytometry. The
fraction of cells expressing Oct4 was also compared to identify effects of colony
morphology on differentiation state of the cells (Fig. S1A). Flow cytometry for co-
expression of Oct4 and SSEA4 also revealed no statistically significant differences between
hESCs cultured in microwells and on 2-D substrates (data not shown). Fig. 2A demonstrates
that the average fluorescence intensity of E-cadherin per cell in microwells was
approximately 50% greater than E-cadherin expression in cells cultured on 2-D substrates.
Representative histograms of E-cadherin expression in cells cultured in 2-D and 3-D are
shown in Fig. 2C–D. Additionally, when differences in cell size (Fig. S1B) were taken into
consideration by normalizing the average intensity to cell surface area, assuming a spherical
shape, the difference in E-cadherin surface density between 2-D and 3-D cultures was even
more pronounced, with the 300×300×120 µm microwells exhibiting a 5-fold higher
normalized E-cadherin intensity than cells cultured on 2-D substrates (Fig. 2B). Increased E-
cadherin expression per cell was also observed in microwell-cultured hESCs as compared to
2-D cultured hESCs with the H7 hESC line (Fig. S2).

To further assess the effect of cell-cell contact on E-cadherin expression, we examined the
extent to which E-cadherin expression changes with microwell dimensions. We found that
increasing microwell lateral dimension from 100 to 500 µm at a constant depth of 120 µm
led to a small but significant increase in E-cadherin expression per cell (Fig. 3A). Average
E-cadherin expression per cell also increased when the lateral dimension was held constant
at 300 µm and the depth was increased from 50 µm to 120 µm (Fig. 3B). These results
demonstrate that the increased cell-cell interactions in 3-D compared to 2-D cultures of
hESCs led to an increase in E-cadherin expression, and that hESCs cultured in larger
microwells exhibited greater E-cadherin expression than those cultured in smaller
microwells.

To verify appropriate co-localization of E-cadherin and associated junctional proteins in
hESCs cultured in microwells, we performed immunocytochemistry for E-cadherin and β-
catenin. Cells were grown in 100×100×120 and 300×300×120 µm microwells for 6 days,
and then they were fixed and labeled with antibodies for E-cadherin and β-catenin. Confocal
microscopy revealed that β-catenin co-localized with E-cadherin at the cell membrane in
both microwell sizes (Fig. 4). The co-localization of β-catenin and E-cadherin was also
observed in the H1 line (Fig. S3), and no qualitative differences were observed in extent of
E-cadherin localization to the membrane at different depths within the microwell (Fig. S4).
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3.2 β-catenin localization and Wnt pathway downregulation
β-catenin localization within the cell is suggestive of its function. Membrane localized β-
catenin likely mediates cadherin linkages with the cytoskeleton at adherens junctions while
nuclear localized β-catenin interacts with co-factors to initiate transcription of genes
regulated by canonical Wnt signaling. Immunocytochemistry for β-catenin revealed that
hESCs cultured on 2-D substrates contained both nuclear and membrane-bound β-catenin,
while hESCs cultured in 300×300×120 µm microwells contained almost exclusively
membrane-bound β-catenin (Fig. 5A). This observation suggests that the increased extent of
cell-cell contact and elevated expression of E-cadherin in 3-D culture results in sequestration
of β-catenin to the cell membrane. Nuclear and cytoplasmic protein extracts were also
isolated from hESCs cultured on 2-D substrates and in 300×300×120 µm microwells, and
western blot analysis of these extracts for presence of β-catenin confirmed both nuclear and
cytoplasmic β-catenin localization in cells cultured on 2-D substrates but predominant
cytoplasmic localization in cells cultured in 3-D microwells (Fig. 5B).

To determine if the reduction in nuclear β-catenin in hESCs cultured in microwells as
compared to on 2-D substrates resulted in a downregulation of canonical Wnt signaling, we
extracted RNA from hESCs grown for 6 days on 2-D substrates, 100×100×120 µm,
300×300×120 µm, and 500×500×120 µm microwells and quantified expression of 5 Wnt
target genes via qPCR [30–33]. Flow cytometry confirmed that at this point in culture, over
98% of hESCs grown in all four conditions expressed Oct4 (Fig. S1). hESCs cultured in all
microwell sizes exhibited downregulation of FST, AXIN2, CCND1, FZD7 and SLUG
compared to cells grown on 2-D substrates (Fig. 6). However, statistically significant
differences between cells harvested from different microwell sizes were not observed.
Downregulation of these target genes was also observed in H1 hESCs cultured in 3-D
microwells as compared to cells on 2-D substrates (Fig. S5). The qPCR results suggest that
the reduction of nuclear β-catenin in microwells compared to 2-D substrates is linked to a
downregulation of Wnt signaling in undifferentiated hESCs.

3.3 Wnt pathway activity in embryoid bodies (EBs)
Since microwell-cultured hESCs have been shown to generate EBs with enhanced
cardiogenesis when compared to EBs from hESCs cultured on 2-D substrates [11] and early
activation of the Wnt pathway has been associated with promoting cardiac differentiation of
ESCs [22–25], we next evaluated canonical Wnt signaling in EBs formed from hESCs
cultured in microwells and on 2-D substrates. To study Wnt pathway activity in
differentiating EBs, we generated a dual reporter line, H9-7TGFP, based on a previously
published construct [34] which exhibits both GFP and Luciferase expression when β-
catenin/TCF-mediated transcription is active (Fig. S6). Following 6 days of culture, hESC
aggregates were removed from microwells or 6-well TCPS plates and placed in suspension
for 1 day in UM/F- followed by 4 days in EB20 medium (Fig. 1). Luciferase assays
performed at days 0 and 1 of EB formation demonstrated that hESCs in the 100×100×120,
300×300×120 and 500×500×120 µm microwell sizes initially exhibited lower Wnt activity,
with fold differences in luciferase expression of 0.63 ± 0.01, 0.64 ± 0.02, and 0.61± 0.07
respectively, relative to the 2-D control (Fig. 7). However, following just one day of
differentiation in suspension, EBs generated from microwells exhibited higher Wnt activity
than the 2-D controls, with fold differences in luciferase expression of 1.59 ± 0.36, 7.19 ±
2.67, and 6.50 ± 3.10 relative to the 2-D control (Fig. 7).

The dynamics of canonical Wnt/β-catenin signaling are critical for cardiogenesis. While
early activation is necessary for mesoderm formation, the pathway must then be inhibited to
allow for cardiac specification [22, 24]. Since microwell culture has been shown to affect
cardiac specification in EBs [10, 11], we evaluated Wnt activity as a function of time during
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the EB differentiation process. Accordingly, we performed a timecourse of GFP expression
in EBs generated from hESCs cultured on 2-D substrates and in 300×300×120 µm
microwells using the H9-7TGFP line (Fig. 8A). Flow cytometry assays to evaluate the
percentage of GFP-positive cells showed that the microwell-derived EBs contained a higher
fraction of GFP-positive cells at each day of suspension culture, and that GFP expression in
both 2-D and microwell-derived EBs peaked at day 4. Microwell size also affected the
percentage of GFP positive, canonical Wnt-active cells present in EBs. A flow cytometry
assay performed at day 4 demonstrated that EBs derived from hESCs cultured in
100×100×120, 300×300×120, and 500×500×120 µm microwells all contained a larger
percentage of GFP-positive cells than EBs from 2-D controls, though the 300×300×120 µm
microwells produced the highest percentage of GFP-positive cells (Fig. 8B), which is
notable since this has previously been shown to be the optimal microwell size for
cardiogenesis [11]. This trend was also observed in the H7-7TGFP reporter line (Fig. S7).

Once we determined that there was significantly more canonical Wnt signaling activity in
EBs derived from microwell-cultured hESCs than in EBs from hESCs cultured on 2-D
substrates, we sought to establish a link between Wnt activation in EBs and early stages of
cardiogenesis. To do so we used fluorescence activated cell sorting (FACS) to isolate the
GFP-positive and GFP-negative cell populations in day 3 EBs generated from microwell-
cultured hESCs and compared expression of genes related to cardiogenesis in each
population. qPCR results demonstrated that canonical Wnt-responsive genes AXIN2, FST,
FZD7 and SLUG, primitive streak markers GSC and MIXL1, mesoderm marker T, WNT3A
ligand, cardiac transcription factor NKX2-5 and cardiac progenitor marker ISL1 were all
upregulated in the GFP-positive population compared to the GFP-negative population (Fig.
9), indicating that Wnt activation is linked to cell differentiation fate. Taken together, these
data suggest that the enhanced cardiogenesis observed EBs generated from microwell-
cultured hESCs is linked to an upregulation of Wnt signaling at early timepoints during
differentiation.

Discussion
While much progress has been made in identifying small molecules and extracellular matrix
components that regulate hESC fates, less is known about the effects of intercellular
interactions on hESC self-renewal and differentiation. In this study, we utilized a 3-D
microwell array system to elucidate the roles of colony morphology and intercellular
interactions in modulating canonical Wnt/β-catenin signaling in hESCs, focusing first on the
undifferentiated state. We hypothesized that the increased cell-cell contact in 3-D
microwells would increase E-cadherin expression as compared to 2-D substrates, thus
sequestering more β-catenin at the adherens junctions and resulting in less β-catenin
available to translocate to the nucleus and activate canonical Wnt signaling. This hypothesis
was confirmed by flow cytometry assays demonstrating higher E-cadherin expression per
cell in microwell-cultured hESCs than in hESCs cultured on 2-D substrates. Consequently,
all hESCs cultured in microwells also demonstrated a reduction in nuclear β-catenin and a
downregulation in expression of canonical Wnt pathway target genes as opposed to 2-D
control hESCs. Additionally, increasing the relative ratio of cell-cell to cell-matrix contact
correlated to an increase in E-cadherin expression, indicating that modulation cell-cell
interactions using the microwell system was effectively modulating E-cadherin expression.
Given the conflicting reports in the literature regarding the role of canonical Wnt/β-catenin
signaling in hESC self-renewal [26–29], it is unclear if the promotion of long-term self-
renewal previously reported in this microwell system [9] is linked to the downregulation of
canonical Wnt signaling described in this study, but it is a possible connection that warrants
further study, especially given that the recent development of robust, fully defined culture
systems for hESC expansion will enable isolation and study of specific pathways without
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background signals from conditioned media or feeder cells [35–40]. It has been well-
established that the interplay between E-cadherin-mediated signaling and the canonical Wnt/
β-catenin pathway affects various stages of vertebrate development [14–17]. Thus, given
that the data demonstrating 3-D microwell culture can modulate E-cadherin expression and
canonical Wnt/β-catenin signaling in hESCs, it is likely that 3-D culture has the capacity to
regulate developmentally-relevant pathways, including those related to the early steps in
cardiogenesis.

Previous work with this microwell system demonstrated that all microwell-generated EBs
formed more cardiomyocytes than EBs from 2-D controls, while the intermediate size,
300×300×120 µm, was optimal for cardiogenesis [11]. Though hESCs cultured in
microwells and on 2-D substrates expressed Oct4 prior to EB formation and the colonies
were treated identically during the differentiation process, the EBs from these two systems
experienced different trajectories upon differentiation. Thus, the differences in cell-cell
interactions experienced by the cells in the undifferentiated state had a substantial effect on
signaling pathways that later affected cell fate upon exposure to differentiation cues. Since
canonical Wnt activation is necessary for early mesoderm induction [22–24], we used the
microwell system to compare the level of canonical Wnt signaling activity in EBs generated
from microwell culture to EBs from 2-D substrates. Our results demonstrated that EBs from
microwells exhibited higher levels of canonical Wnt signaling than EBs generated from 2-D
controls, and there is a link between canonical Wnt activity and expression of genes related
to primitive streak formation and cardiogenesis.

Various studies have established a phenomenological link between EB size and
differentiation trajectory [7, 10, 11, 41]. An approach to control EB size using microcontact
printing to generate uniform colonies of hESCs demonstrated that colony and EB size
influenced the ratio of endoderm-biased vs. neural-biased cells and ultimately impacted the
efficiency of cardiac induction [7]. A rotary orbital suspension culture method has also been
used to generate uniformly sized EBs from mESCs through modulation of the rotational
speed, with different size populations showing differential expression of markers related to
cardiogenesis [41]. In one of the first attempts to uncover the molecular pathways
underlying the effects of modulating intercellular interactions on differentiation of ESCs,
another microwell system was used to demonstrate that in mouse ESCs, the enhanced
cardiogenesis seen in large EBs (450 µm) as compared to enhanced endothelial
differentiation in small EBs (150 µm) was driven by differential expression of non-
canonical, β-catenin-independent, Wnt ligands, with Wnt11 being linked to the cardiac fate
of the larger EBs [10]. Given the body of literature showing that interactions between
cadherin-mediated signaling and the canonical Wnt pathway affect early events in
development, including the epithelial-mesenchymal transition and mesoderm formation and
patterning, as well as the data presented in this study demonstrating that EBs generated from
microwells exhibit higher levels of canonical Wnt/β-catenin signaling during early stages of
differentiation, it is possible that Wnt pathway regulation may play a role in these other
observations. It is also likely that other juxtacrine or paracrine pathways also play a role in
the effects of modulating intercellular interactions on lineage specification, and these
pathways warrant further study in the 3-D culture systems described above.

This microwell system provides a means for isolating and studying the role of intercellular
interactions in various hESC processes by providing a 3-D culture platform that constrains
the size and shape of growing hESC colonies. Various other 3-D systems have also been
reported to support self-renewal of hESCs, including porous polymer scaffolds containing
alginate and chitosan [42], encapsulation of cells in alginate [43] or hyaluronic acid
hydrogels [44], and culture on microcarriers in stirred suspension reactors [45–47]. These
systems may be useful in studying how 3-D culture primes hESCs for differentiation to
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various lineages. While this study describes the effect of modulating cell-cell interactions on
cadherin-mediated signaling via the canonical Wnt/β-catenin pathway, there are other
developmentally relevant juxtacrine pathways that are directly regulated by intercellular
interactions, such as Notch, TGFα, EGF, and connexin-mediated gap junction signaling [48–
55]. The microwell system would facilitate identification of the effects of modulating of
intercellular interactions on these pathways and would likely provide additional insight into
mechanisms by which hESC colony morphology affects cell fate.

Conclusion
We have utilized a 3-D microwell system to isolate and study the effects of modulating
colony morphology and intercellular interactions on canonical Wnt/β-catenin signaling in
hESCs and EBs derived from these hESCs. Our results demonstrated that the increase in
cell-cell contacts in hESCs cultured in 3-D vs. on 2-D substrates led to higher E-cadherin
expression and subsequent downregulation of canonical Wnt signaling in undifferentiated
hESCs. However, soon after colonies were detached and placed in suspension to form EB
aggregates, microwell-derived EBs showed an early upregulation of Wnt signaling, which is
linked to enhanced mesoderm induction and cardiogenesis. The microwell system provides a
platform to study the molecular signaling pathways regulated by intercellular interactions
and a mechanism to apply these signals to regulate cell fate.
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Figure 1. Schematic of microwell culture/EB differentiation process
hESCs were cultured in 3-D microwells or on 2-D substrates for 6 days. At day 6 the cells
were analyzed for E-cadherin expression, β-catenin localization, and Wnt target gene
expression. For differentiation studies, on day 6 aggregates were enzymatically removed
from either 3-D microwells or 2-D substrates and placed in suspension in medium
containing serum. During the 5 day suspension period, Wnt reporter activity was assessed
via assays for luciferase and GFP expression to quantify differences in Wnt signaling.
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Figure 2. 3-D microwell confinement increases expression of E-cadherin per cell
Average intensity of E-cadherin fluorescence per cell in 300×300×120 µm microwells and
on 2-D substrates at day 6 as determined by flow cytometry (A). Cells in microwells
possessed significantly higher E-cadherin expression per cell. The elevated E-cadherin
expression in microwells was more dramatic when fluorescence intensity was normalized to
cell surface area to take into account differences in cell size (B). Panels (C) and (D) show
sample histograms of E-cadherin intensity in populations from 2-D Matrigel-coated tissue
culture polystyrene (TCPS) controls and 300×300×120 µm microwells respectively.
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Figure 3. E-cadherin expression can be modulated by varying microwell dimensions
Average intensity of E-cadherin fluorescence per cell in 300×300×50, 100×100×120,
300×300×120, and 500×500×120 µm microwells at day 6 as determined by flow cytometry.
Increasing microwell lateral size from 100 to 500 µm (A) or increasing microwell depth
from 50 to 120 µm (B) led to increased E-cadherin expression per cell.
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Figure 4. β-catenin co-localized with E-cadherin in microwells
Cells in 100×100×120 and 300×300×120 µm microwells were fixed and labeled with
antibodies against β-catenin (green) and E-cadherin (red) on day 6. Nuclei were stained with
TOPRO-3-iodide (blue). Both microwell sizes showed β-catenin co-localized with E-
cadherin at the cell membrane
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Figure 5. Microwell confinement of undifferentiated hESCs affects β-catenin localization
Cells in 300×300×120 µm microwells and on 2-D substrates (Matrigel-coated glass
coverslips) were labeled with an antibody for β-catenin (green) and a TOPRO-3-iodide
nuclear stain (blue) at day 6 (A). Cells in microwells showed an absence of detectable
nuclear β-catenin. This localization difference was confirmed via western blot analysis of
nuclear and cytoplasmic protein extracts collected at day 6 from 300×300×120 µm
microwells and 2-D Matrigel-coated TCPS plates (B).
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Figure 6. Downregulation of canonical Wnt-responsive genes in microwell-cultured hESCs
qPCR analysis of Wnt target gene expression in three microwell sizes (100×100×120,
300×300×120, and 500×500×120 µm) at day 6. Fold difference is relative to 2-D control
(Matrigel-coated TCPS plates). Wnt downstream genes were downregulated in all
microwells as compared to the 2-D control (* indicates P<0.05, ** indicates P<0.005, ***
indicates P<0.0005 compared to same-day 2-D control), but there was no statistically
significant difference between different microwell sizes.
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Figure 7. EBs from microwells exhibited higher Wnt activity following 1 day in suspension
H9-7TGFP cells were cultured for 6 days in microwells or on 2-D Matrigel-coated TCPS
plates. On day 6, aggregates were removed from the substrates and placed in suspension to
form EBs. The EBs were collected at day 0 and day 1 and a luciferase assay was performed.
Cells cultured in microwells exhibited less canonical Wnt signaling activity at Day 0, but
after 24 hours in suspension the EBs from hESCs cultured in all three microwell sizes
showed more luciferase expression than EBs from cells cultured on 2-D Matrigel-coated
TCPS. Cells that were transfected using a scrambled sequence did not exhibit detectable
luciferase activity (* indicates P<0.05 compared to same-day 2-D control).
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Figure 8. Microwell EBs showed earlier onset and higher levels of Wnt activity
Flow cytometry for percentage GFP-positive cells using the H9-7TGFP Wnt reporter line.
EBs from hESCs cultured on 2-D Matrigel-coated TCPS controls and in 300×300×120 µm
microwells were analyzed at days 1–5 of suspension culture (A). Microwell-derived EBs
contained a higher percentage of GFP-positive cells at each time point, and GFP expression
peaked at Day 4. Comparison of percentage of GFP-positive cells at Day 4 in EBs from
hESCs cultured on 2-D Matrigel-coated TCPS and hESCs cultured in 3 microwell sizes
(100×100×120, 300×300×120, and 500×500×120 µm) (B) revealed that all microwell-
derived EBs contained more GFP-positive cells than control EBs, with EBs from the
300×300×120 µm size exhibiting the highest percentage (ANOVA test, P<0.0005) of GFP-
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positive cells (* indicates P<0.05, ** indicates P<0.005, *** indicates P<0.0005 compared
to same-day 2-D control).
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Figure 9. Wnt-active cells in EBs exhibit upregulation of genes related to primitive streak
formation and cardiogenesis
qPCR analysis of GFP-positive and GFP-negative cell populations harvested via FACS at
day 3 of suspension culture in EBs generated from 300×300×120 µm microwells. Fold
difference is compared to the GFP-negative population. GFP-positive fractions contained
higher expression of Wnt target genes AXIN2, FST, FZD7, and SLUG, primitive streak
markers GSC and MIXL1, mesoderm marker T, WNT3A, cardiac transcription factor
NKX2-5, and cardiac progenitor marker ISL1 (* indicates P<0.05, ** indicates P<0.005, ***
indicates P<0.0005 compared to the GFP-negative population).
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