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Temporal Modulation of B-Catenin Signaling
by Multicellular Aggregation Kinetics Impacts
Embryonic Stem Cell Cardiomyogenesis

Melissa A. Kinney,"" Carolyn Y. Sargent,"" and Todd C. McDevitt'?

Pluripotent stem cell differentiation recapitulates aspects of embryonic development, including the regulation of
morphogenesis and cell specification via precise spatiotemporal signaling. The assembly and reorganization of
cadherins within multicellular aggregates may similarly influence B-catenin signaling dynamics and the asso-
ciated cardiomyogenic differentiation of pluripotent embryonic stem cells (ESCs). In this study, dynamic
changes in B-catenin expression and transcriptional activity were analyzed in response to altered cell adhesion
kinetics during embryoid body (EB) formation and differentiation. Modulation of intercellular adhesion kinetics
by rotary orbital mixing conditions led to temporal modulation of T-cell factor/lymphoid enhancer-binding
factor activity, as well as changes in the spatial localization and phosphorylation state of B-catenin expression.
Slower rotary speeds, which promoted accelerated ESC aggregation, resulted in the early accumulation of
nuclear dephosphorylated B-catenin, which was followed by a decrease in B-catenin transcriptional activity
and an increase in the gene expression of Wnt inhibitors such as Dkk-1. In addition, EBs that exhibited increased
B-catenin transcriptional activity at early stages of differentiation subsequently demonstrated increased ex-
pression of genes related to cardiomyogenic phenotypes, and inhibition of the Wnt pathway during the initial 4
days of differentiation significantly decreased cardiomyogenic gene expression. Together, the results of this
study indicate that the expression and transcriptional activity of B-catenin are temporally regulated by multi-
cellular aggregation kinetics of pluripotent ESCs and influence mesoderm and cardiomyocyte differentiation.

Introduction

PLURIPOTENT EMBRYONIC STEM CELLS (ESCs) are a prom-
ising cell source for therapies that are aimed at treating
degenerative and chronic diseases in which native tissues are
damaged beyond their endogenous capacity for repair. Elu-
cidating the mechanisms regulating ESC fate decisions will
significantly aid in the development of directed differentia-
tion approaches, in order to produce large quantities of dif-
ferentiated cells for regenerative therapies. Differentiation of
ESCs is commonly initiated by the spontaneous aggregation
of cells via E-cadherin, a Ca2+'dependent homophilic adhe-
sion molecule [1]. The resulting multicellular aggregates,
termed “embryoid bodies” (EBs), recapitulate morphogenic
events that are similar to those of preimplantation stage em-
bryos, including differentiation into cell phenotypes com-
prising the three germ lineages (ectoderm, endoderm, and
mesoderm) [2,3]. Although EBs often lack the spatial organi-
zation to directly mimic the regulation of tightly controlled
spatiotemporal signaling exhibited in vivo, ESCs maintain the

capacity to respond to similar molecular cues, thus motivating
the analysis of developmentally relevant signaling pathways
in the context of stem cell differentiation [4].

Transcriptional activation induced by the B-catenin sig-
naling pathway controls cell fate decisions during early
embryonic development, aiding in the regulation of embry-
onic patterning and axis formation [5], primitive streak for-
mation [6], and mesoderm differentiation [7]. Similarly, in
ESCs, B-catenin signaling is required for the maintenance of
pluripotency [8,9], and mesoderm differentiation [10], as well
as self-organization and axis formation within EBs [11]. Two
main pools of B-catenin are present within cells [12]: (i) B-
catenin sequestered at the cell membrane within adherens
junctions, specifically as a mediator between cadherins and
the actin cytoskeleton [13-15], and (ii) stabilized cytoplasmic
B-catenin, which mediates transcription on destabilization
and translocation to the nucleus [16,17]. Canonical Wnt sig-
naling is a well-studied pathway that is involved in the ini-
tiation of pB-catenin-regulated transcription [18]. In the
absence of Wnt, cytoplasmic B-catenin is phosphorylated by
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the glycogen synthase kinase 3p (GSK3p)/adenomatous
poliposis coli (APC)/Axin complex and is targeted for ubi-
quitination [5,19-21]. On Wnt binding to members of the
seven-transmembrane Frizzled receptor family, the Frizzled
receptor heterodimerizes with low-density lipoprotein re-
ceptor-related protein 5 and/or 6 (LRP5/6) [22], which, in
turn, causes the disruption of the GSK3B/APC/Axin com-
plex [23], resulting in the accumulation of stabilized, cyto-
plasmic B-catenin [24,25]. The cytoplasmic stabilization
of dephosphorylated B-catenin permits the translocation of
B-catenin to the nucleus, where it acts as a transcriptional
co-activator with T-cell factor/lymphoid enhancer-binding
factor (TCF/LEF) transcription factors [17] to regulate the
transcription of target genes involved in a wide range of
cellular processes, including cardiac specification and mor-
phogenesis during embryonic development [26,27] and ESC
differentiation [28-30]. Thus, B-catenin is a central compo-
nent in cell—cell interactions and gene transcription, both of
which are key factors regulating embryonic and ESC mor-
phogenesis.

Although the presence of Wnt ligands and the destabili-
zation of the GSK3B/APC/Axin complex are required to
permit the transcriptional activity of B-catenin, the temporal
onset and duration of signaling may also be modulated by
the presence of E-cadherin adhesions between cells, which
sequester B-catenin at the membrane [31,32]. Studies have
illustrated the potential for cross-talk between B-catenin as-
sociated with E-cadherin and its availability to participate in
signaling and transcriptional activities [33]; therefore, the
intercellular adhesion events mitigating initial EB formation
may also regulate downstream p-catenin-regulated tran-
scription, thus potentially modulating the cardiomyogenic
potential of the ESC population.

The formation and maintenance of EBs in rotary orbital
suspension culture produces increased yields of homoge-
neous EB populations [34-37] and is a relatively facile tech-
nique to modulate ESC aggregation kinetics by simply
varying the orbital mixing speed [36]. Interestingly, previous
studies demonstrated that the extent of cardiomyogenic
differentiation in rotary cultures was modulated by the or-
bital speed, with the conditions promoting accelerated EB
formation kinetics also exhibiting increased cardiomyocyte
differentiation [36]. Therefore, the control of ESC aggregation
afforded by the rotary orbital suspension culture platform
enables a systematic study of aggregation-induced modula-
tion of B-catenin signaling kinetics and the associated regu-
lation of cardiomyocyte differentiation.

The objective of the present study was to investigate the
dynamics of B-catenin transcriptional activity in response to
modulation of ESC aggregation kinetics during EB forma-
tion. B-catenin protein expression and localization were as-
sessed via immunostaining for total and dephosphorylated
B-catenin isoforms and immunoblotting of cytoplasmic and
nuclear protein fractions, in conjunction with analysis of
transcriptional activity using stably transduced luciferase
TCF/LEF reporter mouse ESCs. In addition, gene expression
of downstream targets of P-catenin signaling and cardio-
myocyte differentiation were analyzed to determine the re-
lationship between B-catenin protein expression, localization,
Wnt/B-catenin pathway signaling dynamics, and differenti-
ated phenotypes. The findings of this work demonstrate that
the dynamics of ESC aggregation during multicellular assem-
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bly via cadherins modulates the B-catenin signaling pathway
and alters cardiomyogenic gene transcription in ESCs.

Materials and Methods
ESC culture

Murine ESCs (D3 cell line) were cultured on 0.1% gelatin-
coated tissue culture-treated plates (Corning). Culture media
consisted of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 15% fetal bovine serum (Hyclone),
100 U/mL penicillin, 100 pg/mL streptomycin and 0.25 ng/
mL amphotericin (Mediatech), 2mM L-glutamine (Media-
tech), 1x MEM nonessential amino acid solution (Media-
tech), 0.1 mM 2-mercaptoethanol (Fisher), and 10 U/mL of
leukemia inhibitory factor (LIF; ESGRO, Chemicon). Cul-
tures were re-fed with fresh media every other day, and
passaged at approximately 70% confluence.

EB formation and culture

EBs were formed, as previously described, by inoculating
a single suspension of ESCs at 2x 10° cells/mL into 100 mm
bacteriological grade polystyrene Petri dishes with 10mL
ESC media without LIF [34]. Dishes were incubated at 37°C
with 5% CO, either statically or placed on rotary orbital
shakers (Lab-Line Lab Rotator, Barnstead International) at
25, 40, or 55rpm to impart hydrodynamic conditions [36].
90% of media was exchanged every 2 days by collecting the
EBs via gravity sedimentation and re-suspending the cul-
tures in fresh media.

Whole-mount EB immunostaining

EBs were collected by sedimentation at days 1, 2, 4, and 7
of differentiation, rinsed 3x with phosphate-buffered saline
(PBS), and formalin (4% formaldehyde) fixed at room tem-
perature for 45 min with rotation. EBs were then rinsed 3 x
(5 min with rotation) in EB wash/block buffer (2% BSA/0.1%
Tween-20 in PBS) and permeabilized in 0.05% Triton X-100
and 2% BSA solution for 1h at 4°C with rotation. EBs were
blocked in wash/block buffer for 2h at 4°C with rotation.
After permeabilization and blocking, EBs were incubated with
polyclonal rabbit anti-B-catenin (Millipore; 1:200) and mono-
clonal mouse anti-active B-catenin (Millipore; 1:50) specific to
dephosphorylated Ser-33 and Thr-41 [19] (anti-aBC, Millipore;
1:50) or with monoclonal rat anti-E-cadherin (Sigma, 1:200) at
4°C overnight with rotation, rinsed in wash buffer, and in-
cubated with secondary antibodies (Alex Fluor 488 anti-rabbit
and Alexa Fluor 546 anti-mouse, Invitrogen; 1:200) for 4h at
4°C with rotation. EBs were rinsed, counterstained with
Hoechst (1:100), and imaged with a multiphoton laser scan-
ning confocal microscope (Zeiss LSM 510 NLO).

Quantification of immunostaining

The relative intensity of expression of E-cadherin, B-cate-
nin, and apC was quantified with CellProfiler image analysis
software [38] using a custom-written script. Briefly, the
outlines of individual cells were determined based on pri-
mary identification of nuclei followed by expansion of the
bounded region to determine cell boundaries. The intensity
of staining for E-cadherin, B-catenin, and apC was then de-
termined on a per cell basis, with approximately 50-100 cells
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per EB. The total expression levels for each experimental
condition were calculated from the average of at least three
individual representative EBs.

Luciferase transduction

Lentiviral transduction of mESCs with a luciferase TCF/
LEF reporter construct (Cignal™ TCF/LEF luciferase re-
porter; SA Biosciences) was performed to generate stably
transduced puromycin resistant clones that expressed lucif-
erase in response to B-catenin signaling. ESCs were plated at
50,000 cells/well on 0.1% gelatin-coated tissue culture trea-
ted six-well dishes (Corning) and cultured for 24 h before the
introduction of Cignal Lenti vectors. Stable transduction of
D3 ESCs was accomplished by incubating cells with Cignal™
Lenti TCF/LEF vectors at Multiplicity of Infection (MOI)
levels (3, 10, or 25) for 24h in the presence of 1nug/mL
polybrene (Sigma). ESCs were incubated with lentivirus
particles for 24h, and after an additional 72h, transduced
cells were selected using 3 pg/mL of puromycin (Sigma);
concentration was determined from a kill curve using 0.5-
3.0pug/mL. After transduction and selection, individual
colonies were chosen using cloning rings and 0.05% trypsin-
EDTA, and plated onto 0.1% gelatin-coated tissue culture-
treated 100 mm dishes. The selected clones were maintained
in ESC media supplemented with 3 ng/mL puromycin for an
additional 2 weeks and assessed for luciferase expression via
anti-luciferase immunostaining, luciferase activity (with and
without LiCl treatment), and alkaline phosphatase activity.

ESC immunostaining

Transduced clones and naive D3s were cultured on 0.1%
gelatin-adsorbed tissue culture-treated polystyrene six-well
dishes. At ~70% confluence, cells were rinsed 3 x with PBS,
formalin fixed in the wells for 10 min, and rinsed again with
PBS. At ~70% confluence, ESCs were fixed with formalin
(4% formaldehyde), rinsed with PBS, permeabilized, and
blocked with 0.05% Triton X-100/2% BSA /PBS solution for
1h at room temperature. ESCs were then incubated over-
night at 4°C with polyclonal rabbit anti-B-catenin (Millipore;
1:200), monoclonal rat anti-E-cadherin (Sigma; 1:200) [19],
monoclonal mouse anti-luciferase (Santa Cruz Biotech; 1:50),
or polyclonal goat anti Oct-4 (Santa Cruz Biotech; 1:100).
Cells were rinsed with PBS 3x, and then incubated with
Alexa Fluor-conjugated secondary antibodies (Invitrogen;
1:200) for 2h at room, counterstained with Hoechst (10 pug/
mL), mounted, and cover slipped. To assess alkaline phos-
phatase activity, ESCs were stained using the Vector Red al-
kaline Phosphatase Substrate kit (Vector Laboratories). Briefly,
cells were incubated in Vector Red substrate in 100 mM Tris-
HCI buffer to allow color development for 30 min at room
temperature while protected from light. After color develop-
ment, cells were rinsed with Tris-HCl buffer and water,
mounted, and cover slipped. Images were acquired with a
Nikon TE 2000 inverted microscope (Nikon, Inc.) with a
SpotFlex camera (Diagnostic Instruments) or an EVOS fl in-
verted microscope (Advanced Microscopy Group).

Luciferase activity quantification

ESCs were cultured with or without the addition of LiCl
(25 mM) for 24h to disrupt the GSK3B/APC/Axin complex
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and inhibit the phosphorylation of B-catenin, ultimately re-
sulting in increased TCF/LEF activity within transduced
cells [39]. Luciferase activity was quantified using the Luci-
ferase Assay System (Promega), according to manufacturer’s
instructions. Briefly, ESCs or EBs were rinsed 3x in PBS,
lysed with rotation at 4°C for 10 min, vortexed for 5s, and
centrifuged at 10,000 rcf for 5min. The supernatant was
collected and transferred to a prechilled microcentrifuge
tube. Twenty microliters of the cell lysate was added to
100 uL of Luciferase Assay Reagent, and luminescence was
detected using a Femtomaster FB12 luminometer (Zylux
Corporation). Relative light units were normalized to pg of
DNA per sample as determined by Quant-It PicoGreen assay
(Invitrogen).

Protein fractionation

EBs were collected at days 2 and 4 of differentiation for
western blot analysis. The NE-PER cell fractionation kit
(Pierce) was used to separate the cytoplasmic and nuclear
fractions of undifferentiated cells and differentiating EBs.
Briefly, cells and EBs were lysed using CER I reagent sup-
plemented with 500 x protease inhibitor cocktail (Calbiochem)
and 50x phosphatase inhibitor cocktail (Calbiochem), fol-
lowed by addition of the CER II reagent. After centrifugation
at 16,000 rcf, the cytoplasmic supernatant fraction was col-
lected. The remaining nuclear pellet was incubated in the NER
reagent containing 500 protease and 50x phosphatase in-
hibitors, and centrifuged at 16,000 rcf for 10 min followed by
collection of the supernatant containing the nuclear fraction.

Western blotting

Sample protein concentration was determined using the
BCA Protein Quantification kit (Pierce); equal amounts of
protein per sample (10 pg for cytoplasmic fractions; 35 pg for
nuclear fractions) were mixed with loading buffer (0.1 M
Tris-HCI containing sodium dodecyl sulfate (SDS), glycerol,
biomophenol blue, and p-mercaptoethanol); incubated at
95°C for 5 min; and loaded in 4%-15% Mini-PROTEAN TGX
gels (Bio-Rad). Vertical electrophoresis was performed using
the Mini-PROTEAN Treta Cell (Bio-Rad) system with SDS/
polyacrylamide gel electrophoresis (PAGE) running buffer
(Tris base/glycine/SDS solution) at 200V for 30min. A
protein ladder (Precision Plus Protein Kaleidoscope, 10-250
kDa; Bio-Rad) was also loaded into each gel as a molecular
weight reference.

After SDS/PAGE separation, protein was transferred to a
nitrocellulose membrane (Bio-rad) via semi-dry transfer
(Trans-Blot SD; Bio-Rad) at 25V for 20 min. Membranes were
then blocked in near infrared blocking medium (Rockland
Immunochemicals) for 1h and subsequently incubated with
primary antibodies for B-catenin (polyclonal rabbit anti-p-
catenin; Millipore; 1:400) and loading controls for cytoplas-
mic (polyclonal rabbit anti-GAPDH; Pierce; 1:400) and nu-
clear (monoclonal mouse anti-TATA binding protein, TBP;
Abcam; 1:2000) fractions overnight at 4°C. Primary antibody
incubation was followed by washes in 0.01% Tween-20/PBS
solution, and membranes were incubated with IR secondary
antibodies (680 anti-mouse and anti-rabbit, LiCor Bios-
ciences; 1:2000), followed by washes in PBS/0.1% Tween-20
solution. Blots were imaged using the Odyssey Infrared
imager (LiCor Biosciences).
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Quantitative PCR

Expression of Wnt pathway agonists and antagonists, as
well as cardiogenic genes were assessed via quantitative PCR
from EBs formed with different aggregation kinetics, as well
as for those supplemented with Wnt inhibitors (5pM In-
hibitor of Wnt Production-4, IWP-4; Stemgent) during the
first 4 days of differentiation [28]. RNA was extracted from
undifferentiated ESCs and from EBs using the RNeasy Mini
kit (Qiagen Incorporated). Reverse transcription for com-
plementary DNA synthesis was performed from 1pg RNA
using the iScript cDNA synthesis kit (Bio-Rad), and quantita-
tive PCR was performed with SYBR green technology on the
MyiQ cycler (Bio-Rad). Primer sequences and annealing
temperatures for Wnt-1, Wnt-3a, Dickkopf-1 (Dkk-1), Brachyury T
(B-T), mesoderm posterior 1 (Mesp-1), myocyte enhancer factor-2c
(Mef-2c), Nkx2.5, a-myosin heavy chain («-MHC), myosin light
chain-2 ventricle (MLC-2v), and 18S ribosome, are listed in Sup-
plementary Table S1; (Supplementary Data are available online
at www liebertpub.com/scd). Each primer set was designed
with either Beacon Designer software (Invitrogen) (B-T, Mesp-1,
Mef-2¢, o-MHC, and MLC-2v) or the Integrated DNA technolo-
gies INC design Website (www.idtdna.com) (Wnt11, Wnt3a,
Dkk-1, and Nkx2.5) and validated with appropriate cell controls.
In order to account for variability in expression of housekeeping
genes, absolute gene expression concentrations were calculated
against standard curves and represented per pg of total RNA.

Statistical analysis

Experimental conditions were examined with triplicate
samples for a minimum of two independent experiments, and
the data values presented reflect the mean value+standard
error. One- or two-way analysis of variance was performed to
determine statistical significance (P<0.05) between experi-
mental groups and time points, and where significant, it was
followed by post-hoc Tukey analysis to define statistical dif-
ferences (P <0.05) between specific experimental variables.

Results

Spatial localization of E-cadherin and association
with 3-catenin in ESCs

Previous studies have demonstrated that the Wnt signal-
ing pathway is an important regulator of pluripotency, and
that nuclear accumulation of B-catenin via treatment using a
GSK-3 inhibitor aids in the maintenance of ESC self-renewal
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mESC colonies expressed B-catenin, which was co-localized
with E-cadherin at the plasma membrane, as well as ex-
pressed within the cytoplasm and nucleus (Fig. 1). The spa-
tial distribution of both proteins was similar throughout the
majority of cells in the colony, with the exception of cells
exhibiting pyknotic nuclei, which demonstrated disrupted
patterns of both B-catenin and E-cadherin. In addition, cells
at the perimeter of colonies expressed decreased B-catenin at
the membrane, which was concurrent with decreases in E-
cadherin in regions lacking intercellular connections. Overall,
the spatial localization of B-catenin and E-cadherin indicates
the existence of both molecules during undifferentiated ex-
pansion before EB formation, as well as the localization of -
catenin both at the membrane (localized with E-cadherin)
and in the cytoplasm and nucleus.

Spatiotemporal expression of E-cadherin
in response to EB formation kinetics

On aggregation and continued differentiation of EBs in
rotary orbital suspension culture, E-cadherin was localized to
the cell membrane at sites of intercellular connections, and
was relatively homogeneously expressed throughout by most
cells in the EB (Fig. 2). Altering the kinetics of cell-cell ag-
gregation via changes in rotary orbital speed [36] suggested
the modulation of E-cadherin expression during the course of
differentiation. Specifically, the delayed aggregation kinetics
of EBs formed at 55rpm led to significantly decreased E-
cadherin expression after 1 day (Fig. 2D), compared with
25rpm rotary orbital conditions, which support more rapid
EB formation (Fig. 2B). In addition, while the expression of E-
cadherin appeared to decrease over 4 days of differentiation at
25rpm (Fig. 2L), cultures maintained at 40 and 55rpm (Fig.
2M, N) exhibited significantly increased expression of E-cad-
herin at the cell membrane. Taken together, B-catenin was co-
localized with E-cadherin in undifferentiated ESCs, and on EB
formation, E-cadherin localization was temporally modulated
in response to altered cell association kinetics.

Spatiotemporal expression of [-catenin in response
to EB formation kinetics

Based on the temporal modulation of E-cadherin and its
established association with B-catenin, the spatial patterns of
total (B-catenin+, red in Fig. 3) and dephosphorylated,
transcriptionally active B-catenin (apC+, green in Fig. 3)
were assessed within EBs maintained in different culture
conditions during the first 7 days of differentiation. Overall,

[8]. Consistent with published reports, undifferentiated

TABLE 1. CORRELATION OF E-CADHERIN AND B-CATENIN EXPRESSION DyNAMICS DURING EB DIFFERENTIATION

static EBs exhibited significantly increased expression of

Day of differentiation Protein expression Pearson’s v P-value
2 E-cadherin Total B-catenin 0.80 0.20
Active B-catenin 0.99 0.01*
polyacrylamide gel
electrophoresis
4 E-cadherin Total B-catenin -0.97 0.03*
Active B-catenin 0.03 0.97
7 E-cadherin Total B-catenin 0.67 0.33
Active B-catenin 0.85 0.15

Values in bold denote correlations that are statistically significant. *P <0.05.
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E-cadherin

fB-catenin at early and late time points, compared with rotary
conditions (Fig. 3A, E). Moreover, EBs maintained in static
conditions exhibited nuclear expression of afC at day 2 of
differentiation (Fig. 3A, inset), accompanied by intercellular
B-catenin expression at the cell membrane. Conversely, EBs
from rotary orbital suspension cultures exhibited more ho-
mogeneous expression patterns of p-catenin and apC over
time, in which B-catenin was distinctly located either within
the nucleus or at the cell membrane (Fig. 3B-D, H-J, N-P).
After 2 days of differentiation, significantly decreased ex-
pression of B-catenin and apC was observed within rotary
EBs (Fig. 3B, C, inset), and apC appeared to be sequestered at
the cell membrane (Fig. 3B-D). However, at day 4 of differ-
entiation, aBC expression appeared to increase within 25 and
40 rpm EBs, and altered localization of afC was suggested by
the appearance of apC +nuclei, which was distinct from aC
previously observed at the cell membrane (Fig. 3H, I). In
general, 55 rpm EBs exhibited little dephosphorylated p-ca-
tenin, and the majority of B-catenin expression was restricted
to the cell membrane at days 2 and 4 of differentiation (Fig.
3D, ]). After 7 days of differentiation, the expression of f-
catenin was significantly decreased in all rotary conditions
compared with static EBs, and little to no nuclear staining of
B-catenin was observed in EBs from any of the culture con-
ditions (Fig. 3M-P), suggesting that B-catenin transcriptional
activity was diminished. Overall, patterns of B-catenin ex-
pression within differentiating EBs indicated that ESC ag-
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FIG. 1. p-catenin and E-
cadherin expression patterns
within embryonic stem cells
(ESCs). Localization of (A)
nuclei, (B) E-cadherin, and
(C) B-catenin in undifferenti-
ated ESCs demonstrates ex-
pression primarily at the cell
membrane between adjacent
cells (D). Green=E-cadherin,
red = B-catenin, blue=nuclei.
Scale bar=50 pum. Color ima-
ges available online at www
Jiebertpub.com/scd

gregation modulates both the expression patterns and
phosphorylation state of B-catenin.

Interestingly, a comparison of the dynamic expression
patterns of E-cadherin (Fig. 2) and P-catenin (Fig. 3) over
time revealed significant correlations, including a positive
correlation (P<0.01) between E-cadherin and apC after 2
days of differentiation and a negative correlation (P<0.03)
between E-cadherin and total B-catenin expression after
4 days of differentiation (Table 1). Together, such results
suggest an interplay between intercellular adhesions and -
catenin, with increased early expression of E-cadherin, fol-
lowed by decreased E-cadherin levels, supporting increased
expression of apC and total B-catenin, respectively.

p-catenin cellular localization in response to EB
formation kinetics

The intracellular localization of total B-catenin was further
examined by western blot analysis of cytoplasmic (Fig. 4A)
and nuclear (Fig. 4B) protein fractions from EBs cultured
in static or rotary (25, 40, and 55rpm) conditions at days 2
and 4 of differentiation. EBs from all conditions expressed
total B-catenin in both the cytoplasm and nucleus at all time
points examined (Fig. 4A, B). Overall, the expression of
B-catenin in the cytoplasm remained relatively constant
across all conditions at both time points examined (Fig. 4A).
In contrast, nuclear fractions suggested differences in the
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FIG.2. E-cadherin expression patterns during embryoid body (EB) differentiation. Static (A, F, K, P) and rotary EBs at 25 (B,
G, L, Q), 40 (C, H, M, R), and 55rpm (D, I, N, S) were stained for E-cadherin+ cells at days 1 (A-D), 2 (F-I), 4 (K-N), and 7
(P-S) of differentiation. Quantification of the staining patterns of E-cadherin (E, J, O, T), suggesting that E-cadherin ex-
pression within EBs was dynamically modulated during differentiation as a result of changes in ESC aggregation kinetics.
Scale bar =50 pm. Green = E-cadherin, blue=nuclei. n=3, *P <0.05. Color images available online at www liebertpub.com/scd

f-catenin expression across different EB formation conditions.
Specifically, EBs maintained at 25rpm appeared to exhibit
increased nuclear expression of total f-catenin at both days 2
and 4 of differentiation compared with other rotary conditions
(Fig. 4B), which was consistent with the increased expression
of apC noted by immunofluorescence in 25 rpm EBs at day 4 of
differentiation (Fig. 3F). Taken together, these data suggest the
dynamic regulation of B-catenin protein expression, phos-
phorylation state, and localization during the initial stages of
differentiation in response to intercellular adhesion kinetics.

TCF/LEF activity in response to ESC
aggregation kinetics

To quantitatively assess B-catenin transcriptional activity
with high temporal resolution during the initial stages of
EB differentiation, ESCs were transduced with a TCF/LEF-
luciferase lentivirus. Transduced cells retained a typical un-
differentiated morphological appearance at all MOI levels
examined (Supplementary Fig. SIA-C); however, only ESCs
transduced with 10 and 25 MOI survived after puromycin
treatment (Supplementary Fig. S1D-F). Stably transduced

clones were characterized based on morphological appear-
ance, doubling time, pluripotency (alkaline phosphatase ac-
tivity and Oct-4 protein expression), luciferase expression, and
the capacity to form EBs (Supplementary Fig. S2), all of which
supported the maintenance of the pluripotent ESC phenotype.
The clones that exhibited the greatest dynamic range in lu-
ciferase activity in response to LiCl treatment were selected for
additional analyses (Supplementary Fig. S2G). Importantly,
transduced ESCs formed and maintained EBs that were sim-
ilar in size and appearance to EBs formed from naive ESCs
[36] at various rotary speeds (25, 40 and 55 rpm) and in static
conditions (Supplementary Fig. 2H), indicating the capacity to
quantitatively assess B-catenin transcriptional activity in re-
sponse to ESC aggregation kinetics.

EBs cultured under all conditions exhibited transient
B-catenin transcriptional activity during the first 2—-6 days of
differentiation (Fig. 4C). After 2 days of EB differentia-
tion, static and 25rpm EBs exhibited the highest levels of
luciferase activity, compared with 40 and 55rpm (P <0.05).
By day 3, EBs from all rotary conditions exhibited increased
B-catenin transcriptional activity compared with static cul-
tures (P<0.001, 25 rpm; P<0.01, 40 rpm; P<0.05, 55rpm),
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FIG. 3. Expression and phosphorylation state of -catenin within EBs. Static (A, G, M) and rotary EBs at 25 (B, H, N), 40 (C,
I, O), and 55rpm (D, J, P) were stained for B-catenin+ and aBC+ cells at days 2 (A-D), 4 (G-J), and 7 (M-P) of differen-
tiation. Quantification of the expression of B-catenin (E, K, Q) and aC (F, L, R) indicated differences in B-catenin phos-
phorylation and location during differentiation. Scale bar=20pm. Red=p-catenin, green=apC, yellow = p-catenin/apC
overlay, blue=nuclei. n=3, *P<0.05. Color images available online at www liebertpub.com/scd

with the B-catenin transcription in 25rpm EBs statistically
increased compared with the other two rotary conditions
(P<0.05). Although EBs cultured in rotary orbital suspension
increased transcription activity between days 2 and 3 of
differentiation, statically cultured EBs exhibited decreased
TCF/LEF activity over the same time course (Fig. 4C).
Within 6 days of differentiation, all cultures exhibited de-
creased B-catenin transcription, below the initial levels at day
2, though static EBs maintained an increased level of TCF/
LEF activity compared with any of the rotary orbital culture
conditions (P<0.001) (Fig. 4C). Overall, the TCF/LEF tran-
scriptional activity was most active within the first 3 days of

EB differentiation and increasing the EB aggregation kinetics
via rotary orbital conditions (25rpm) enhanced the peak
B-catenin transcriptional activity between days 2 and 4 of
differentiation, consistent with immunofluorescence and
western blot, which together reflected increased p-catenin
protein expression and nuclear localization.

Temporal dynamics of j-catenin-target
gene expression

Since B-catenin expression, phosphorylation state, locali-
zation, and transcriptional activity were modulated by
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FIG. 4. p-catenin cellular localization and T-cell factor/lymphoid enhancer-binding factor (TCF/LEF) activity in differentiating
EBs. Although cytoplasmic (A) expression of B-catenin was similar among culture conditions, nuclear (B) B-catenin exhibited
changes in expression among static and rotary (25, 40, 55rpm) EBs after days 2 and 4 of differentiation. TCF/LEF-mediated
luciferase activity was transiently increased by rotary orbital culture compared with static EBs, with a peak in expression after 3
days of differentiation (C); within rotary conditions, EBs maintained at 25rpm yielded the largest increase in luciferase activity.
P<0.05, *compared with all other conditions, ‘compared with 40 rpm, and "fcompared with 55 rpm. Color images available online
at www.liebertpub.com/scd
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ESC aggregation kinetics, the downstream expression of
B-catenin-target genes was examined. The expression pat-
terns of canonical and noncanonical Wnt genes (Wnt3a and
Wntll, respectively) exhibited similar temporal expression
(Fig. 5A, B). After 2 days of differentiation, EBs from all
culture conditions expressed similar levels of both Wnt11
and Wnt3a; however, after 4 days of differentiation, 25 rpm
EBs significantly decreased Wnt11 expression compared with
static and 55rpm (P<0.05, static; P<0.01, 55rpm), accom-
panied by a decrease in Wnt3a expression compared with
55rpm (P<0.05). At day 6 of differentiation, 40rpm EBs
exhibited increased Wntll and Wnt3a expression levels
compared with all other conditions (P<0.05) (Fig. 5A, B).
Interestingly, expression of Dkk-1, a canonical Wnt inhibitor,
increased in 25 rpm EBs at days 4 and 8 compared with static
and 55rpm EBs (P<0.05) (Fig. 5A-C). Moreover, Dkk-1 ex-
pression increased in all rotary conditions compared with
static culture at day 4 of differentiation (P<0.001, 25 rpm;
P<0.01, 40 rpm; P<0.05, 55rpm) (Fig. 5C).

Expression of Brachyury-T (B-T), an early marker associated
with primitive streak formation and mesoderm differentiation,
was increased significantly after 2 days of differentiation
within 25 rpm EBs compared with all other culture conditions
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(P<0.05), followed by increased expression at day 4 in all
rotary conditions compared with static culture (P <0.01). Me-
soderm posterior 1 (Mesp-I), a direct target of TCF/LEF regu-
lated transcription [40], which is also implicated in early
mesoderm differentiation within ESCs [10], exhibited in-
creased expression in 25rpm conditions at day 4 of differen-
tiation compared with all other culture conditions (P <0.001).

Temporally controlled Wnt/p-catenin signaling has been
implicated in the specification of mesoderm cells toward
cardiac progenitors and subsequent cardiomyocyte matura-
tion [27,41,42]. Nkx2.5, an early marker of cardiomyocyte
progenitors, exhibited increased expression at early time
points in all rotary orbital culture conditions compared with
static cultures (Fig. 5G, H). After 6 days of differentiation,
Nkx2.5 expression was greater in all rotary conditions com-
pared with static culture (P <0.005, 25 rpm; P<0.001, 40 rpm;
P<0.05, 55 rpm), and Nkx2.5 continued to exhibit increased
expression in 25rpm EBs compared with all other culture
conditions after 10 days of differentiation (P<0.005). Like-
wise, 25rpm EBs expressed increased levels of Myocyte en-
hancer 2c (Mef-2c) after 10 days of differentiation compared
with all other conditions (P<0.005, static; P<0.01, 40 &
55rpm).
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FIG. 5. Expression of B-catenin-target cardiomyogenic genes. qPCR analysis of RNA from static and rotary EBs (25, 40, 55 rpm)
was performed at day 2, 4, 6, 8, and 10 of differentiation. Expression levels of noncanonical and canonical Wnts (A, B) were similar,
but were modulated by culture condition, with 25 rpm rotary conditions exhibiting decreased levels of both Wnt11 and Wnt3a. In
contrast, Wnt inhibitor Dkk-1 expression was increased within rotary EBs compared with static EBs (C), also corresponding to
increased mesoderm-related gene expression within rotary conditions compared with static (D, E). In addition, early cardio-
myogenic markers Mef-2c and Nkx2.5 were increased by rotary orbital culture (F, G), with 25 rpm conditions resulting in increased
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Expression of sarcomeric muscle-related genes o-myosin
heavy chain («-MHC) and myosin light chain 2 ventricle (MLC-
2v), phenotypic markers of more mature cardiomyocytes,
were observed by day 10 of differentiation within EBs
maintained at 25rpm (Fig. 5H, I). MLC-2v expression was
significantly increased within 25rpm EBs compared with
other culture conditions (P<0.05, staticc P<0.01, 40 &
55rpm) as early as day 8 of differentiation compared with
other culture conditions, and continued to exhibit increased
expression after 10 days of differentiation (P <0.005) (Fig. 5I).
Together, the targets of the Wnt/B-catenin pathway (Mesp-1,
Mef-2c) exhibited increased expression at early stages of
differentiation (day 4), followed by increased expression of
Wnt and B-catenin inhibitors (Dkk-1, Nkx2.5) and cardio-
myogenic gene transcription in response to accelerated ag-
gregation kinetics within 25 rpm rotary orbital cultures.

Regulation of cardiomyogenic gene transcription
by Wnt/}-catenin signaling

To establish a more mechanistic link between the observed
regulation of PB-catenin signaling and cardiomyogenic gene
transcription, 25 rpm EBs were supplemented with inhibitors
of canonical Wnt/B-catenin signaling (IWP-4; 5 M) during
the initial 4 days of differentiation (Fig. 6A). As expected, the
pluripotency marker Oct-4 was significantly decreased
compared with ESCs, and expression of genes related to
endoderm (Foxa2) and ectoderm (Nestin) lineages was sig-
nificantly increased compared with ESCs; however, Wnt in-
hibition did not significantly affect the expression of genes
related to pluripotency, endoderm, or ectoderm differentia-
tion. In contrast, inhibition of Wnt signaling significantly
abrogated the previously observed increase in cardiomyo-
genic genes «-MHC and MLC-2v, thus indicating the role of
canonical Wnt/B-catenin signaling in mediating the cardio-
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myogenic gene transcription downstream of intercellular
aggregation at 25 rpm. The results of this study suggest that
the dynamic interplay between E-cadherin-mediated cellular
adhesion and Wnt signaling leads to nuclear accumula-
tion and TCF/LEF transcriptional activation via depho-
sphorylated, B-catenin (aBC), thereby inducing downstream
cardiomyogenic gene expression (Fig. 6B).

Discussion

In this study, P-catenin expression, localization, and
transcriptional activity, as well as cardiomyogenic gene
transcription were assessed in response to changes in ESC
aggregation kinetics. Overall, rotary orbital culture increased
B-catenin-regulated transcription and cardiomyogenic gene
expression compared with static culture conditions. The
spatiotemporal location and phosphorylation state of -
catenin was modulated by rotary orbital speed, with slower
rotary speeds (faster ESC aggregation kinetics), resulting
in increased accumulation of nuclear, dephosphorylated B-
catenin at early time points (Figs. 3 and 4). In addition, gene
transcription downstream of B-catenin was increased initially
by slower rotary speeds, evidenced by increased TCF/LEF
activity and the expression of Mesp-1 and Mef-2c (Fig. 5).
Moreover, inhibition of Wnt signaling significantly de-
creased cardiomyogenic gene transcription. Overall, this
study illustrates that p-catenin signaling and downstream
cardiomyogenic gene transcription are enhanced within
culture conditions that promote increased multicellular ag-
gregation kinetics.

Recent studies have illustrated that activation of the B-
catenin pathway can play both inductive and repressive roles
in cardiomyogenesis, depending on the temporal onset and
duration of transcriptional activity [28,42,43]. Early activa-
tion of B-catenin within differentiating ESCs has been linked
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to increased mesoderm differentiation and proliferation of
Mesp-1+, Isl-1+, and Mef-2c+ cardiomyocyte progenitor
cells [10,30,42—-45]. However, persistent B-catenin signaling
(i.e., beyond day 4 of differentiation) inhibits subsequent
cardiomyocyte maturation [42,43]; conversely, inhibition of
B-catenin signaling through natural (e.g., Dkk-1) or small-
molecule Wnt inhibitors at later stages of differentiation (day
4+) increases mature cardiomyocyte development within
EBs [28,46-48]. A similar biphasic regulation of B-catenin
activity and inhibitor expression was observed in this study
in response to accelerated cellular adhesion kinetics. Nuclear
total B-catenin expression was modulated by ESC aggrega-
tion kinetics (Fig. 4B), with increased expression of signaling
active B-catenin within 25 rpm rotary conditions at early time
points of differentiation (days 2 and 4, Fig. 3), significantly
increased TCF/LEF activation at day 3 of differentiation (Fig.
4C), and increased Mesp-1 and Mef-2c expression (day 4)
compared with other conditions (Fig. 5). Subsequently, ex-
pression of B-catenin signaling inhibitors Dkk-1 and Nkx2.5
[49] was also increased within the same rotary orbital con-
dition, concomitant with decreased Wnt expression levels
(days 4-6). The increase in Dkk-1 expression may be related
to increased Mesp-1 expression within 25 rpm rotary condi-
tions, as Mesp-1 is a transcription factor that is capable
of directly increasing Dkk-1 expression [40]. Thus, the ex-
pression of Mesp-1, Dkk-1, and Nkx2.5 at later stages of dif-
ferentiation supports the maturation of cardiomyocyte
progenitors, as evidenced by increased expression of MLC-2v
in 25rpm rotary conditions (Fig. 5I). Consistent with our
previous results [36,37], rotary orbital culture promoted
cardiomyogenic gene transcription in a speed-dependent
manner, and the results from this study suggest that B-
catenin signaling may be implicated in the regulation of
mesoderm differentiation and maturation of cardiomyocyte
progenitors (Fig. 6) in response to changes in early ESC ag-
gregation kinetics.

Until recently, the membrane-associated and nuclear sig-
naling roles of B-catenin have been largely studied inde-
pendently; however, increasing evidence suggests that the
two processes may be intimately coordinated through com-
petition for the total pool of available B-catenin in the cell
[31,33]. Studies using recombinant forms of B-catenin indi-
cate that the binding domains of B-catenin which mediate
interactions with cadherins, TCF/LEF, and APC are mutu-
ally exclusive [50]. The loss of E-cadherin expression is cor-
related with invasive phenotypes during cancer progression
and is exhibited concomitant with up-regulation of the Wnt/
B-catenin signaling, suggesting the possible interplay be-
tween E-cadherin expression and B-catenin transcriptional
activation [12,51-55]. In the undifferentiated state, ESCs
largely express B-catenin at the plasma membrane, presum-
ably bound to E-cadherin, with little nuclear localization and
signaling (Fig. 1) [39]. Moreover, the culture of ESCs in a
three-dimensional microwell format increased E-cadherin
expression and subsequently increased Wnt signaling on EB
formation, suggesting a link between intercellular adhesions,
Wnt signaling, and cardiogenesis in ESCs [56]. Similarly, in
this study, E-cadherin was dynamically regulated, including
significant correlations between E-cadherin (Fig. 2) and B-
catenin (Fig. 3) expression over time (Table 1), concurrent
with increased TCF/LEF transcriptional activity (Fig. 4C).
The regulation of intercellular adhesions in EBs is consistent
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with changes during embryonic development, whereby E-
cadherin is down-regulated as cells traverse the primitive
streak and PB-catenin signaling is increased to promote axis
formation and mesoderm differentiation [57-62]. It is likely
that similar interrelated signaling between cadherins and B-
catenin may enable the pool of cadherin-bound B-catenin to
become available for nuclear translocation and signaling on
remodeling of cadherins after EB formation. Although the
direct relationship between cadherin and TCF/LEF-medi-
ated regulation of the B-catenin pool remains unclear
[33,63,64], evidence from this study suggests a correlation
between E-cadherin and B-catenin signaling during EB for-
mation and ESC differentiation.

Rotary orbital suspension culture has previously demon-
strated the modulation of EB formation kinetics across a
range of mixing conditions, with slower speeds resulting in
increased EB formation kinetics [34,36]. The changes in B-
catenin transcriptional activity as a function of rotary speed,
in conjunction with changes in E-cadherin expression, indi-
cate that cell association kinetics during EB formation can
impact the subsequent pathway activation and ESC differ-
entiation. B-catenin transcriptional activity was significantly
increased at early stages of differentiation in EBs that exhibit
faster cell association kinetics during EB formation at slower
rotary speeds. Studies indicate that mixed culture conditions
also modulate EB size, which may be partially responsible
for changes in ESC differentiation [36]. Mesoderm induction
in different sized EBs, however, is thought to result from
paracrine actions of endoderm cells at the exterior of EBs
[65], which do not arise until later stages of differentiation. In
the context of this study, the initial cell specification resulting
from changes in P-catenin signaling at early time points
(days 2—4) is likely independent of signaling from divergent
cell populations. The observed changes in cell aggregation
kinetics due to rotary orbital suspension culture conditions
may also be modulated across a range of suspension culture
formats [66]; B-catenin transcriptional activity may be im-
plicated in the modulation of cardiogenic differentiation as a
function of bioreactor configuration, mixing speed, and cell
density [2,67]. Hanging drop cultures exhibit an increased
endogenous propensity to differentiate toward mesoderm
lineages and develop functional cardiomyocytes compared
with other formats [37,68]. In contrast to suspension cultures,
which rely on the random collision of cells in larger-volume
suspensions to form EBs, hanging-drop cultures force ESC
aggregation in small volumes to more precisely control
EB size, which likely results in faster association kinetics
compared with suspension cultures. The increased cardiac
differentiation yielded by hanging drops, therefore, is con-
sistent with the observed increase in cardiomyogenic gene
transcription in response to slower rotary speed and faster
aggregation kinetics. Many recently developed technologies
for spheroid formation may also alter the formation kinetics,
by controlling aggregation within microwells or on micro-
patterned surfaces [69-71]; EBs formed via forced aggre-
gation exhibited increased homogeneity and endogenous
differentiation capacities across a similar range of rotary
conditions examined in this study [35]. Thus, techniques to
control intercellular adhesion dynamics may impact the
differentiation capacity of stem and progenitor cells to either
aid or hinder directed differentiation protocols, depending
on the application. The results from this study, coupled with
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the developing understanding of the complex relationship
between E-cadherin and B-catenin, highlight the important
roles of B-catenin signaling in ESCs, which may be modu-
lated by increasing cell association kinetics during EB for-
mation to enhance cardiomyogenic differentiation.
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