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Abstract

b-catenin, an adherens junction component and key Wnt pathway effector, regulates numerous developmental processes
and supports embryonic stem cell (ESC) pluripotency in specific contexts. The b-catenin homologue c-catenin (also known
as Plakoglobin) is a constituent of desmosomes and adherens junctions and may participate in Wnt signaling in certain
situations. Here, we use b-catenin(+/+) and b-catenin(2/2) mouse embryonic stem cells (mESCs) to investigate the role of c-
catenin in Wnt signaling and mESC differentiation. Although c-catenin protein is markedly stabilized upon inhibition or
ablation of GSK-3 in wild-type (WT) mESCs, efficient silencing of its expression in these cells does not affect b-catenin/TCF
target gene activation after Wnt pathway stimulation. Nonetheless, knocking down c-catenin expression in WT mESCs
appears to promote their exit from pluripotency in short-term differentiation assays. In b-catenin(2/2) mESCs, GSK-3
inhibition does not detectably alter cytosolic c-catenin levels and does not activate TCF target genes. Intriguingly, b-
catenin/TCF target genes are induced in b-catenin(2/2) mESCs overexpressing stabilized c-catenin and the ability of these
genes to be activated upon GSK-3 inhibition is partially restored when wild-type c-catenin is overexpressed in these cells.
This suggests that a critical threshold level of total catenin expression must be attained before there is sufficient signaling-
competent c-catenin available to respond to GSK-3 inhibition and to regulate target genes as a consequence. WT mESCs
stably overexpressing c-catenin exhibit robust Wnt pathway activation and display a block in tri-lineage differentiation that
largely mimics that observed upon overexpression of b-catenin. However, b-catenin overexpression appears to be more
effective than c-catenin overexpression in sustaining the retention of markers of naı̈ve pluripotency in cells that have been
subjected to differentiation-inducing conditions. Collectively, our study reveals a function for c-catenin in the regulation of
mESC differentiation and has implications for human cancers in which c-catenin is mutated and/or aberrantly expressed.

Citation: Mahendram S, Kelly KF, Paez-Parent S, Mahmood S, Polena E, et al. (2013) Ectopic c-catenin Expression Partially Mimics the Effects of Stabilized b-
catenin on Embryonic Stem Cell Differentiation. PLoS ONE 8(5): e65320. doi:10.1371/journal.pone.0065320

Editor: Cara Gottardi, Northwestern University Feinberg School of Medicine, United States of America

Received October 3, 2012; Accepted April 27, 2013; Published May 27, 2013

Copyright: � 2013 Mahendram et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: BWD was supported by grant MOP-102490 from CIHR, and KFK was supported by a CIHR postdoctoral fellowship. The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: Co-author Dr. Cooney is a PLOS ONE Editorial Board member. This does not alter the authors’ adherence to all the PLOS ONE policies on
sharing data and materials.

* E-mail: dobleb@mcmaster.ca

. These authors contributed equally to this work.

Introduction

b-catenin is an Armadillo domain-containing protein with roles

in both cell-cell adhesion, through interactions with cell surface

cadherin molecules [1], and in the highly conserved Wnt pathway,

which regulates a multitude of biological processes throughout

embryonic development and thereafter [2–4]. The core compo-

nents of the Wnt pathway include glycogen synthase kinase-3

(GSK-3), Axin1/2 and Adenomatous Polyposis Coli (APC), which

serve to limit the cellular levels of b-catenin [3]. In the

unstimulated state, b-catenin is N-terminally phosphorylated by

GSK-3, destining it for proteasomal degradation [4]. By this

mechanism, the cytoplasmic and nuclear levels of b-catenin are

kept low. After pathway stimulation, cytoplasmic b-catenin levels

rise, and once a threshold is exceeded, it enters the nucleus to

transactivate target genes through binding to TCF/LEF tran-

scription factors [5]. Elevated b-catenin levels are observed in

many human cancers due to mutations in one or more Wnt/b-

catenin pathway components [6]. While the rheostatic activation

and deactivation of Wnt signaling plays critical roles throughout

development, inappropriate, persistent activation of Wnt signaling

promotes oncogenesis.

There is accumulating evidence that the Wnt pathway plays a

critical role in the regulation of embryonic stem cell (ESC)

properties (reviewed recently in [2]). Stimulation of the Wnt

pathway has been correlated with enhanced ESC pluripotency

and has been shown to facilitate induced pluripotent stem cell

(iPSC) generation and the derivation of ESC lines from refractory

mouse strains [7–15]. Indeed, Wnt3a and LIF in basal media are

sufficient to maintain mESCs in the highest level of pluripotency,

known as naı̈ve pluripotency, with Wnt3a serving to prevent

differentiation to the ‘‘primed’’ pluripotent state that is observed in

epiblast stem cells (EpiSCs) [15]. In support of a role for b-catenin
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in pluripotency maintenance, our laboratory demonstrated that

mouse ESCs (mESCs) lacking GSK-3, which exhibit highly

elevated b-catenin levels and hyperactivation of the Wnt pathway,

are extremely refractory to neuronal differentiation [16]. Intrigu-

ingly, this effect appears to be independent of prototypical b-

catenin-mediated activation of TCF signaling, but rather may

involve the interaction of b-catenin with the core pluripotency

regulator Oct-4, as well as b-catenin’s de-repression of TCF3-

mediated transcriptional repression [9,17–19].

Originally identified as a component of desmosomes [20], the b-

catenin homologue, c-catenin (also known as Plakoglobin), was

thereafter found to associate with adherens junctions, where its

binding to cadherins is mutually exclusive to that of b-catenin [21–

24]. Aside from these structural roles, multiple lines of evidence

suggest that c-catenin can regulate the Wnt pathway, including: (1)

Similar to b-catenin, c-catenin overexpression induces a duplicate

axis phenotype in Xenopus laevis [25,26]; (2) c-catenin co-

immunoprecipitates with APC and Axin [27–29]; (3) Upstream

regulators of Wnt signaling, including Wnt1 ligand, APC and

Axin, regulate c-catenin stability [27,30,31]; and (4) c-catenin can

transactivate b-catenin/TCF reporter constructs [32–35]. How-

ever, due to the fact that c-catenin is unable to rescue the

embryonic lethality of b-catenin(2/2) mice [36,37], additional

studies are warranted to further clarify the role of c-catenin in the

Wnt pathway.

In this study, we utilized b-catenin(+/+) and b-catenin(2/2)

mESCs [38] to further elucidate the role of c-catenin in Wnt

signaling and in the regulation of mESC differentiation. We find

that although c-catenin is robustly stabilized upon Wnt pathway

stimulation in mESCs, suppressing its expression has no detectable

impact on the activation of Wnt reporters or target genes.

Moreover, despite its compensatory upregulation in b-catenin(2/2)

mESCs, in these cells c-catenin is not stabilized by GSK-3

inhibition; as a result, it cannot substitute for b-catenin as an

effector of Wnt signaling in this context. However, ectopic

expression of c-catenin in WT mESCs robustly activates Wnt

target genes, blocks neuronal differentiation and reinforces the

retention of pluripotent stem cell markers Oct-4, Sox2 and Nanog,

whereas knocking down its expression via shRNAs appears to

promote exit from the pluripotent state. The overexpression of c-

catenin does not appear to be as potent as the overexpression of b-

catenin in preventing differentiation to an EpiSC-like state, as

assessed by marker analyses in short term differentiation assays.

Intriguingly, ectopic expression of c-catenin in b-catenin(2/2) cells

is sufficient to enable TCF target gene activation upon the

inhibition of GSK-3, suggesting that a threshold level of c-catenin

is required before it is accessible for regulation by the machinery of

the b-catenin destruction complex. Collectively, our findings

suggest partial functional overlap between c-catenin and b-catenin

in the regulation of mESC properties, and have implications for

cancers in which c-catenin is mutated and/or misexpressed.

Materials and Methods

Cell culture
Cell culture supplements were obtained from Gibco (Life

Technologies) unless otherwise specified. Mouse ESCs (b-cat+/+)

were maintained in DMEM (Thermo) supplemented with 15%

FBS (Fisher), 16 nonessential amino acids, 16 L-glutamine, 16
sodium pyruvate, 55 mM b-mercaptoethanol (Sigma; M7522) and

1000 U/ml ESGROH LIF (Millipore). All cells were kept in a

humidified incubator at 37uC, 5% CO2. The medium used for EB

experiments was identical to that above, except that it contained

5% FBS and lacked LIF. The N2B27 culture medium used to

initiate neural differentiation consisted of a 1:1 ratio of Neurobasal

media and DMEM/F12 with N2 and B27 supplements [39].

Antibodies
The following antibodies were used for western blotting and/or

immunofluorescent staining: mouse anti-c-catenin/Plakoglobin

(610253, BD Transduction); mouse anti-b-catenin (610153, BD

Transduction); rabbit anti-b-catenin (9587, Cell Signaling Tech.);

mouse anti-FLAG-tag (F1804, Sigma); mouse anti-GAPDH

(ab8245, Abcam); mouse anti-b-Tubulin 1 (T7816, Sigma); mouse

anti-Myc-tag (4A6, Upstate); rabbit anti-Nanog (A300-397A,

Bethyl Laboratories); mouse anti-Oct3/4 (sc-5279, Santa Cruz);

rabbit anti-Sox2 (2748, Cell Signaling Tech.); mouse anti-b-III-

Tubulin (MAB1195, R&D Systems).

Plasmids
To generate myc-tagged c-catenin expression constructs in

pCAG-IP [40], the human c-catenin cDNAs were PCR-amplified

using pcDNA-c-catenin (wild-type, S28A and DC [34]) as

template, and the resulting products were inserted into pCRH-

Blunt-II-TOPOH (Invitrogen). The cDNAs were then excised

using EcoRI and ligated into pCAG-IP. To generate pCAG-IP-c-

catS28ADC, the region encompassing the S28A mutation was

transferred from pCAG-IP-c-catS28A into pCAG-IP-c-catDC

using XbaI and BglII. All plasmids were verified by sequencing

(Mobix, McMaster University).

Cell lysate preparation
All chemicals were purchased from Sigma, unless otherwise

specified. To prepare whole cell lysates, 60 mm dishes of cells were

rinsed twice with PBS at room temperature and were then lysed

with ice-cold RIPA buffer [150 mM NaCl, 1% NP-40, 0.5%

DOC, 0.1% SDS, 50 mM Tris pH 8.0, 1 mM EDTA, and Halt

Protease Inhibitor Cocktail (Thermo)] on ice for 10 minutes. Lysed

cells were transferred into 1.5 mL tubes on ice and centrifuged at

16, 100 6 g for 10 minutes (4uC). The supernatants, containing

soluble proteins, were isolated and the protein content was

quantified using the Lowry method (DC Protein Assay; Bio-Rad).

The samples were then prepared for electrophoresis by diluting

them to contain 16LDS buffer (Invitrogen) with 5% TCEP Bond-

Breaker solution (Thermo) and heating them for 5 minutes at

95uC prior to western blot analysis. Hypotonic (cytosolic) lysates

were prepared by lysing PBS-washed cells in ice-cold 1 6
hypotonic lysis buffer (50 mM Tris pH 7.4, 1 mM EDTA, and

16 Halt Protease Inhibitor Cocktail), incubating on ice for 30

minutes, and then centrifuging at 235, 000 6g in a Sorvall M150

ultracentrifuge for 30 minutes at 4uC. The supernatant (cytosol)

was collected and the protein content was quantitated as described

above.

Nuclear and cytoplasmic extraction
Protein extracts from nuclear and cytoplasmic fractions were

performed as described previously [41]. In brief, 60 mm dishes of

cells were washed twice with PBS and were then scraped off the

plates and pelleted at 16, 100 6 g for 15 minutes (4uC). The

supernatant was then discarded and the cell pellet was resus-

pended in Tween-20 lysis buffer [25 mM Tris/Hepes pH 8.0,

50 mM NaCl, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluo-

ride (PMSF), 0.5% Tween-20, and 16 Halt Protease Inhibitors

(Thermo)] and incubated on ice for 10 minutes. Samples were

then centrifuged at 6, 000 6 g for 1 minute at 4uC to isolate

nuclear (pellet) and cytoplasmic (supernatant) fractions. The pellet

was further resuspended in Tween-20 lysis buffer containing
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500 mM NaCl and incubated on ice for 15 minutes. Additional

Tween-20 lysis buffer (lacking NaCl) was added directly to each

sample prior to centrifuging at 16, 100 6 g for 15 minutes to

recover the supernatant containing the purified nuclear fraction.

shRNA-mediated knockdown of c-catenin expression
HuSH 29mer shRNA constructs against Jup were purchased

from Origene (Cat. No. TR501141). After a preliminary screen to

identify the most effective shRNA sequence in mESCs, an shRNA

construct harbouring the following sequence was used in these

studies: c-catSH: AGAGTGGCAACAGACATACACCTAC-

GACT. The negative control constructs used were: 1) Vector

(empty pRS vector); and 2) NegCtrlSH (non-effective shRNA

control designed by Origene, Cat No. TR30012).

Stable cell line generation
Transgenic and knockdown cell line generation using mESCs

was performed as described previously [9]. Briefly, the b-

cateninS33A line was generated by linearizing pCAGGS-

bcatS33A-IRES-Puro and transfecting this construct into mESCs,

prior to selection using puromycin (2 mg/ml) for 7 days. Clones

were then isolated, expanded, and characterized. The c-cate-

ninDC, c-cateninS28A, and c-cateninS28ADC stable cell lines

were made in a similar manner. Parental wild-type (b-catenin(+/+))

and b-catenin(2/2) mESC cell lines were derived in Dr. Austin

Cooney’s laboratory, and have been described previously [38].

TCF reporter assays
mESCs were cotransfected with the constructs 8X TOPFlash

(1.8 mg), driving firefly luciferase [42], and pRL-CMV (0.2 mg),

driving expression of renilla luciferase for normalization (Pro-

mega). Cells were washed twice with PBS 24 hours following

transfection, and lysed with passive lysis buffer (Promega). The

luciferase reporter activities were measured using a luminometer

as per the manufacturer’s instructions (Promega Dual-Light

System).

Quantitative RT-PCR
Total RNA was isolated using the PureLink RNA Mini Kit (Life

Technology), and 1 mg was used to generate cDNA with

SuperScript II reverse transcriptase (Invitrogen). The cDNA was

diluted to 100 ml and 3 ml of this was used for each 20 ml PCR

reaction with PerfeCTaH SYBR GreenH FastMixH, ROXTM

(Quanta Biosciences). b-actin was used as the housekeeping gene

for all qRT-PCR assays. Stratagene’s Mx3000P instrument and

accompanying MxPro software or Bio-Rad’s CFX96 instrument

and CFX ManagerTM software were used to determine relative

gene expression levels using the delta-delta Ct method with data

obtained after 40 cycles of PCR. Primer sequences were designed

using IDT’s online primer design software (idtdna.com) or were

obtained from prior publications and are listed in Table 1.

Embryoid Body (EB) formation and immunofluorescent
staining of EBs

EB formation and staining were performed as described

previously [9]. In brief, the indicated cell lines were grown on

inactivated mouse embryonic fibroblasts (iMEFS) for 24 hours,

pre-plated on gelatin-coated dishes to selectively remove the

iMEFs, counted with a CountessH automated cell counter

(Invitrogen) and plated in EB media (5% FBS, -LIF) on ultra-

low attachment 6-well dishes (Corning). At the time of lysis, the

EBs were collected and washed twice with PBS by centrifuging for

5 minutes at 270 6 g prior to adding the appropriate lysis buffer.

To prepare for staining, EBs were harvested, washed twice with

PBS, and fixed overnight in 4% paraformaldehyde/PBS at 4uC.

The fixed EBs were then incubated twice in 0.2% Triton X-100/

PBS for 15 minutes at room temperature (RT) and subsequently

kept at 4uC in 2% BSA/PBS (blocking solution) for 2 hours.

Table 1. Quantitative RT-PCR Primers.

Primer Sequence Reference

Actin (b) FWD 59-TTGCTGACAGGATGCAGAAGGAGA-39 [9]

Actin (b) REV 59-ACTCCTGCTTGCTGATCCACATCT-39 [9]

Axin2 FWD 59-AAAGAAACTGGCAAGTGTCCACGC-39 [9]

Axin2 REV 59-GGCAAATTCGTCACTCGCCTTCTT-39 [9]

Brachyury FWD 59-AGCTCTCCAACCTATGCGGACAAT-39 [9]

Brachyury REV 59-TGGTACCATTGCTCACAGACCAGA-39 [9]

Cardiac Troponin FWD 59-GTAGAGGACACCAAACCCAAG-39 N/A

Cardiac Troponin REV 59-GAGTCTGTAGCTCATTCAGGTC-39 N/A

b-catenin FWD 59-TGCCTTCAGATCTTAGCTTATGG-39 [9]

b-catenin REV 59-AGACAGCACCTTCAGCAC-39 [9]

c-catenin FWD 59-GTCCTGTTCCGCATCTCTG-39 N/A

c-catenin REV 59-TCTGCATAGGGTTCGTTGATC-39 N/A

Cdx1 FWD 59-AGAGCGGCAGGTAAAGATCTGGTT-39 [9]

Cdx1 REV 59-AGAAGGCCAGCATTAGTAGGGCAT-39 [9]

Esrrb FWD 59-CATGAAATGCCTCAAAGTGGG-39 N/A

Esrrb REV 59-AAATCGGCAGGTTCAGGTAG-39 N/A

Fgf5 FWD 59-AATATTTGCTGTGTCTCAGG-39 [15]

Fgf5 REV 59-TAAATTTGGCACTTGCATGG-39 [15]

a-fetoprotein FWD 59-GATGAAACCTATGCCCCTCC-39 N/A

a-fetoprotein REV 59-CTGTCAGTTCAGGCTTTTGC-39 N/A

Klf4 FWD 59-ACTTGTGACTATGCAGGCTG-39 N/A

Klf4 REV 5-ACAGTGGTAAGGTTTCTCGC-39 N/A

Map2 FWD 59-CTGGATTTCAAGGAAAAGGCC-39 [9]

Map2 REV 59-ATCTCAGCCCCGTGATCTA-39 [9]

c-Myc FWD 59-GCTGTTTGAAGGCTGGATTTC-39 [9]

c-Myc REV 59-GATGAAATAGGGCTGTACGGAG-39 [9]

Nanog FWD 59-AACCAAAGGATGAAGTGCAAGCGG-39 [9]

Nanog REV 59-TCCAAGTTGGGTTGGTCCAAGTCT-39 [9]

Nestin FWD 59-AAGTTCCCAGGCTTCTCTTG-39 [9]

Nestin REV 59-GTCTCAAGGGTATTAGGCAAGG-39 [9]

Otx2 FWD 59-CATGATGTCTTATCTAAAGCAACCG-39 [15]

Otx2 REV 59-GTCGAGCTGTGCCCTAGTA-39 [15]

Pecam-1 FWD 59-CAAAGTGGAATCAAACCGTATCT-39 [15]

Pecam-1 REV 59-CTACAGGTGTGCCCGAG-39 [15]

Rex1 FWD 59-GCTCCTGCACACAGAAGAAA-39 [15]

Rex1 REV 59-GTCTTAGCTGCTTCCTTCTTGA-39 [15]

Stella FWD 59-TTCAAAGCGCCTTTCCCAA-39 [15]

Stella REV 59-ACATCTGAATGGCTCACTG-39 [15]

b-III-Tubulin FWD 59-CGCCTTTGGACACCTATTCAG-39 [9]

b-III-Tubulin REV 59-TTCTCACACTCTTTCCGCAC-39 [9]

Tyrosine Hydroxylase
FWD

59-AAGATCAAACCTACCAGCCG-39 [9]

Tyrosine Hydroxylase
REV

59-TACGGGTCAAACTTCACAGAG-39 [9]

doi:10.1371/journal.pone.0065320.t001
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Primary and secondary antibodies were diluted with blocking

solution. EBs were then incubated with anti-b-III-Tubulin (1:500)

at 4uC on a rotator overnight. The EBs were then rinsed 3 times in

PBS the next day (rotating for 15 minutes at RT for each wash),

prior to incubating in secondary antibody (1:1000) on a rotator at

4uC overnight. On day five, the EBs were washed five times with

PBS and subsequently mounted on slides in ProLong Gold

antifade reagent with DAPI (Invitrogen). Afterwards, the EBs were

imaged using an Olympus IX-81 epifluorescence microscope with

a DSU spinning disk confocal imaging attachment.

Alkaline phosphatase staining
Cell lines were grown on iMEFs for 24 hours, prior to pre-

plating to remove the iMEFs, as described above. Cells were

subsequently counted and plated in the various conditions

indicated. After 72 hours, cells were fixed in 4% paraformalde-

hyde for 2 minutes, washed in 0.2% TBS-T and incubated in AP

staining reagent (Fast Red Violet Solution:Napthol:H2O in a 2:1:1

ratio; Millipore, SCR004) for 15 minutes at room temperature in

the dark. An additional wash with 0.2% TBS-T was performed

before the cells were visualized using an Olympus IX-81

microscope and standard brightfield illumination.

Statistical Analyses
Analysis of variance (ANOVA) and unpaired t-test analyses

were performed using the statistical software package Prism

(GraphPad).

Results

Stabilization of c-catenin in mESCs after inhibition/
ablation of GSK-3

Although previous studies have linked c-catenin to the

regulation of Wnt signaling by virtue of its homology to b-catenin,

few have directly assayed whether c-catenin stability is regulated

by GSK-3-mediated phosphorylation. To determine whether c-

catenin was stabilized in mESCs after inhibition of GSK-3, we

treated cells with the highly specific GSK-3 inhibitor CHIR99021

(15 mM for 24 hours), and assayed for cytoplasmic stabilization of

c-catenin using western blotting (Fig. 1). As expected, b-catenin

was robustly stabilized after GSK-3 inhibition (Fig 1A), treatment

with Wnt3a-conditioned medium (Fig. 1B), or in mESCs lacking

GSK-3 (DKO) (Fig. 1A,C). Importantly, we reproducibly observed

robust c-catenin stabilization after treatment with CHIR99021,

Wnt3a-conditioned medium, or in DKO mESCs. c-catenin

stabilization in DKO mESCs could be reversed by the single

copy, site-specific, stable re-expression of wild-type GSK-3a or

GSK-3b, but not their kinase dead forms (K148A and K85A,

respectively; Fig. 1C). The observed increase in protein levels was

not due to increased b-/c-catenin transcription, consistent with

previous observations (Fig. 2C and data not shown). Of note,

stabilization of b-catenin or c-catenin after GSK-3 inhibition was

rarely, if ever, detected in mESC whole-cell extracts (Fig. 1A); this

observation was likely attributable to signal saturation by highly

abundant, junctional b-/c-catenin molecules. Collectively, these

experiments suggested that c-catenin levels are regulated in a

manner that is reminiscent to that of b-catenin, and that c-catenin

may contribute to the transactivation of Wnt target genes.

Knockdown of c-catenin does not impede activation of
the Wnt pathway

To address whether endogenous c-catenin participates in the

activation of b-catenin/TCF target genes in mESCs, we generated

cell lines in which expression of c-catenin was stably suppressed

using shRNAs (Fig. 2). We isolated and characterized multiple c-

catenin knockdown clones in wild-type and b-catenin-null genetic

backgrounds; the efficiency of knockdown for most clones was very

high, as determined by western blotting (Fig. 2A). We had no

difficulty obtaining stable b-catenin(2/2) cell lines with efficent c-

catenin knockdown. In wild-type mESCs, compensatory upregula-

tion of b-catenin was not observed in c-catenin knockdown clones

(Fig. 2A). We assayed whether c-catenin knockdown in wild-type

mESCs influenced the activation of an 8X-SuperTopflash b-

catenin/TCF reporter, as well as established Wnt target genes

(Axin2 and Brachyury), in response to GSK-3 inhibition (15 mM for

,24 hours). No readily detectable stabilized c-catenin was

observed in cytoplasmic extracts derived from c-catenin knock-

down lines (clones 2B and 2D) after treatment with CHIR99021,

relative to controls (Fig. 2B). As expected, Axin2 and Brachyury were

robustly upregulated in WT and control lines (Vector and NegSH)

after treatment with CHIR99021 (Fig. 2C). Importantly, c-catenin

knockdown, though very efficient, did not impede the activation of

Axin2 or Brachyury expression (Fig. 2C), or a b-catenin/TCF

reporter (Fig. 2D), after GSK-3 inhibition. Additionally, knock-

down of c-catenin in b-catenin(2/2) mESCs did not significantly

(as determined by ANOVA analyses) reduce basal TCF reporter

activity or the expression of the general TCF target gene Axin2 or

the pluripotency-related TCF3 target genes Nanog and Esrrb

(Fig. 2E,F). These data strongly support the conclusion that

endogenous c-catenin does not contribute, in any appreciable/

detectable way, to the activation of b-catenin/TCF target genes in

WT mESCs with inhibited GSK-3 activity or to the resting level of

TCF target gene expression in mESCs lacking b-catenin.

c-catenin does not substitute for b-catenin in the Wnt
pathway in b-catenin(2/2) mESCs

Although c-catenin knockdown had no detectable effect on Wnt

signaling in WT mESCs (Fig. 2), we hypothesized that it may

compensate for b-catenin deficiency in b-catenin(2/2) mESCs

(Fig. 3). Indeed, c-catenin was upregulated in whole cell extracts

from b-catenin(2/2) mESCs (compare lanes 1 and 2 of Fig. 2A,

right panel), consistent with similar observations in b-catenin-null

mice [36,37]. To our surprise, however, cytoplasmic levels of c-

catenin were unchanged after GSK-3 inhibition in b-catenin(2/2)

mESCs (Fig. 3A). Accordingly, GSK-3 inhibition did not result in

the upregulation of Axin2, Brachury or Cdx1 transcripts in b-

catenin(2/2) mESCs (Fig. 3B). We conclude that endogenous c-

catenin is unable to substitute for b-catenin in the Wnt pathway in

b-catenin(2/2) mESCs.

One possible explanation for this observation is that, in the

absence of b-catenin, limiting amounts of endogenous c-catenin

are preferentially targeted to desmosomes and/or adherens

junctions, leaving none in the pool reserved for signaling purposes.

To account for this possibility, we increased the cellular c-catenin

levels by ectopically expressing myc-tagged wild-type and mutant

forms of c-catenin in b-catenin(2/2) mESCs (Fig. 3C), and asked

whether these forms were capable of transducing Wnt signals

(Fig. 3D). As a control, we re-expressed myc-tagged wild-type b-

catenin in b-catenin(2/2) mESCs; as expected, these cells

exhibited elevated Axin2, Brachyury and Cdx1 expression following

GSK-3 inhibition (Fig. 3D). Intriguingly, ectopically expressed

wild-type myc-c-catenin was capable of activating the expression

of Axin2, Brachyury and Cdx1, albeit less efficiently than b-catenin

(Fig. 3D). This activation was further enhanced by GSK-3

inhibition. b-catenin(2/2) mESCs expressing a mutant form of

c-catenin, lacking its C-terminal TCF transactivation domain (c-

catDC), remained largely incapable of Wnt target gene activation,
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even after GSK-3 inhibition. c-catS28A, harboring a serine to

alanine point mutation at a putative GSK-3 phosphorylation site

[43], induced elevated basal Axin2, Brachyury and Cdx1 expression

in the b-catenin(2/2) mESCs in the presence or absence of GSK-3

inhibitor. The ability of c-catS28A to induce target gene

expression required an intact C-terminus, as c-catS28ADC-

expressing cell lines displayed negligible target gene activation

(Fig. 3D).

Stable expression of c-catenin enhances retention of
pluripotency marker expression and prevents the
neuronal differentiation of mESCs

It has become increasingly clear that the inhibition of GSK-3

enhances the self-renewal of pluripotent mESCs in culture, and

facilitates the derivation of ESC lines from resistant strains from

different species [11,12,14]. Several recent studies suggest that b-

catenin is likely the primary mediator of these effects

[9,17,18,39,44,45]. mESCs expressing a stabilized mutant of b-

catenin (S33A), exhibit hyperactivation of Wnt target genes,

enhanced self-renewal, and are extremely refractory to differen-

tiation [9,45]. It is unknown whether these abilities are specific to

b-catenin, or extend to c-catenin. To this end, we generated

mESC lines stably expressing the S28A variant of c-catenin (c-

catS28A; Fig. 4). Ectopically expressed c-catS28A accumulated to

detectable levels in the cytoplasm of transfected cells (Fig. 4A). c-

catS28A clones exhibited a morphology that was reminiscent of b-

catS33A clones [9] and displayed high levels of alkaline

phosphatase activity as determined by using colorimetric staining

(Fig. 4B). Western blot analyses of nuclear and cytosolic fractions

obtained from wild-type and c-catS28A-expressing mESC lines

revealed that cytosolic accumulation of c-catS28A reflected

Figure 1. Cytosolic c-catenin is stabilized in response to GSK-3 inhibition/ablation in wild-type mESCs. (A) Robust cytosolic stabilization
of b-catenin and c-catenin in mESCs after treatment with CHIR99021 (15 mM for ,24 hours), and in mESCs lacking both isoforms (a and b) of GSK-3
(DKO), as assessed by western blotting of hypotonic lysates. Increases in b-catenin and c-catenin levels were not clearly observed using whole cell
lysates for western blotting purposes after the same treatment. (B) b-catenin and c-catenin stabilization in mESCs after Wnt pathway activation using
Wnt3a-conditioned medium (,24 hours). (C) b-catenin and c-catenin stabilization in DKO mESCs is reversed by re-expression of either wild-type GSK-
3a or GSK-3b, but not their kinase-dead forms (K148A and K85A, respectively).
doi:10.1371/journal.pone.0065320.g001
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Figure 2. c-catenin knockdown does not influence b-catenin/TCF target gene transactivation in WT and b-cat(2/2) mESCs. (A) Stable c-
catenin knockdown lines were generated in WT and b-cat(2/2) mESCs. Clones were isolated, expanded and assayed for c-catenin suppression by
western blotting using whole cell extracts. c-catenin knockdown in most clones was highly efficient and b-catenin levels were unaltered by the c-
catenin-specific shRNAs in WT mESCs. (B) c-catenin cytoplasmic accumulation is severely compromised in c-catenin knockdown lines after GSK-3
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inhibition (15 mM for ,24 hours). (C and D) The activation of prototypical Wnt/TCF target genes (Axin2, Brachyury), or a TCF reporter construct, is not
impeded by stable c-catenin knockdown. Bars represent means and error bars denote s.d. (n = 2). (E) Stable c-catenin knockdown lines were
generated in b-catenin(2/2) mESCs. Clones were isolated, expanded and assayed for TCF reporter activity and (F) activation of the Wnt/TCF target
gene Axin2, as well as pluripotency markers Nanog and Esrrb via qRT-PCR analysis. Wnt activity remains unaltered when c-catenin is suppressed in the
absence of b-catenin. Bars represent means and error bars indicate s.e.m (n = 3).
doi:10.1371/journal.pone.0065320.g002

Figure 3. Ectopic expression of c-catenin in b-cat(2/2) cells rescues TCF target gene activation upon GSK-3 inhibition. (A) Cytosolic c-
catenin is not stabilized after GSK-3 inhibition in b-cat(2/2) mESCs. (B) Established b-catenin/TCF target genes (Axin2, Brachyury and Cdx1) are not
induced by GSK-3 inhibition in b-cat(2/2) mESCs, indicating that c-catenin does not substitute for b-catenin in this context. Bars represent means and
error bars indicate s.e.m. (n = 3) (C) Myc-tagged b-catenin, and variants of c-catenin, were stably expressed under the control of the CAG promoter in
b-cat(2/2) mESCs, and clones were isolated, expanded and screened for transgene expression by western blotting. (D) Ectopic, stable expression of c-
catenin partially rescues the transactivation of b-catenin/TCF target genes (Axin2, Brachyury and Cdx1) in b-cat(2/2) mESCs after GSK-3 inhibition. Bars
represent means and error bars indicate s.e.m. (n = 3). Asterisks indicate p,0.05 in unpaired t-test analyses between indicated groups.
doi:10.1371/journal.pone.0065320.g003
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nuclear accumulation (Fig. 4C). Transgenic c-catS28A-expressing

mESCs exhibited varying levels of TCF reporter activity and b-

catenin/TCF target gene activation (Fig.4D,E), which in general,

were less than those observed in mESCs expressing b-catS33A.

Interestingly, TCF reporter assay results for the c-catS28A-

overexpressing clones did not always correlate well with the target

gene expression results for the same clones (e.g. reporter activity

for clone K4 was very low, whereas Brachyury expression was

similar to that obtained with stable b-catenin overexpression),

suggesting that the ability of c-catenin to activate gene expression

is dependent on the context of target sequences.

It has been reported that overexpression of c-catenin can be

associated with concomitant increases in stabilized b-catenin in

some tumor cell types [34,46]. In mESCs, we find that stable

expression of c-catS28A does not result in increased levels of

cytosolic b-catenin, as detected by western blotting (Fig. 4F). This

suggests that the TCF reporter and ‘‘b-catenin’’ target gene

activation we observe in mESCs overexpressing c-catS28A likely

does not involve co-stabilized b-catenin. Thus, the mechanism

through which overexpressed c-catenin exerts its effects on target

genes appears to differ depending on the nature of the cell models

being examined.

We next examined the differentiation capabilities of c-catS28A

mESCs. To make an initial assessment of the ability of c-catS28A

mESCs to exit the pluripotent state, we used short-term loss of

pluripotency assays, essentially as were performed previously for

mESCs expressing b-catS33A [9]. We seeded mESCs harboring

either b-catS33A or c-catS28A (clones K1 and K4) into medium

with 5% FBS and lacking LIF (commonly used for the generation

of embryoid bodies), or N2B27 medium lacking serum and LIF.

After 72 hours, the cells were stained for alkaline phosphatase

activity, and imaged or subjected to western blot analyses to assay

for the retention of pluripotency markers (Oct-4, Sox2 and Nanog;

Fig. 5). Whereas the control line (WT-Control) exhibited a flatter

morphology and barely detectable alkaline phosphatase staining

after 72 hours of differentiation in either 5% FBS (without LIF) or

N2B27, both the b-catS33A and c-catS28A lines maintained a

more compact morphology and displayed clear alkaline phospha-

tase staining when subjected to the same conditions (Fig. 5A).

Western blot analyses using b-catS33A and c-catS28A lysates

revealed that both lines maintained the expression of the

pluripotency markers Sox2 and Nanog, while the control line

displayed dramatically reduced expression of these factors after

being subjected to the differentiation-inducing conditions (Fig. 5B).

We then assessed the capability of endogenous c-catenin to assist

in the retention of the expression of pluripotency markers over the

course of a 7-day bulk EB differentiation assay. Using c-catenin

knockdown cell extracts, western blot analyses revealed that

knockdown lines lost the expression of Oct-4 and Nanog more

rapidly than wild-type and negative-control shRNA-expressing cell

lines (Fig. 5C). Collectively, these experiments suggest that the

expression of stabilized c-catenin is sufficient to reinforce the more

primitive, pluripotent state of mESCs, even under conditions

permissive of differentiation and that endogenous c-catenin may

contribute to stabilizing the pluripotent state in WT mESCs.

Although we demonstrated that ectopic expression of b-

catS33A and c-catS28A delays the loss of pluripotency in

N2B27 medium (Fig. 5A,B), we found that these lines cannot be

cultured indefinitely in this medium, as they succumb to

differentiation and death after 3–4 passages. However, b-catS33A

and c-catS28A mESCs were amenable to culture as loosely

adherent spheres on gelatin-coated dishes in N2B27 medium

supplemented with LIF, for prolonged periods of time (several

weeks), while maintaining expression of pluripotency markers

(Fig. 5D). Thus, expression of c-catS28A circumvents the

requirement for serum, which is typically required for mESC

propagation in LIF-containing culture medium.

As it has been reported that Wnt/b-catenin signaling serves to

prevent the differentiation of naı̈ve pluripotent mESCs to primed

pluripotent mEpiSCs [15], we were interested in determining if b-

catenin and c-catenin overexpression had the same effect on

mESC differentiation towards an EpiSC-like state. Using the same

cell lines and differentiation conditions described in Fig. 5A, we

examined the mRNA expression of ESC markers Esrrb, Klf4,

Nanog, Pecam-1, Rex1 and Stella [47–50] and EpiSC markers FGF5

and Otx2 [15,51], by using qRT-PCR analyses (Fig. 6). In standard

ES medium (15% FBS + LIF), overexpression of either stabilized

b-catenin or stabilized c-catenin resulted in modestly elevated

(approximately 2-fold or less) transcript levels for the mESC

markers Esrrb, Klf4, Nanog, Pecam-1 and Rex1, compared to the

levels detected in WT control mESCs. By contrast, Stella

expression was approximately 4-fold lower in b-catS33A and c-

catS28A ovexpressing mESCs than in WT mESCs, which was

unexpected. Taken together, with the exception of Stella, the

marker analyses indicate that mESCs overexpressing b-catS33A

and c-catS28A, when maintained in LIF-containing medium,

reside in a state of naı̈ve pluripotency. The unexpected Stella

results suggest that this gene does not share the same regulatory

controls that guide the expression of the other core pluripotency

factors in response to Wnt/b-catenin signaling.

Wild-type mESCs maintained in EB differentiation conditions

for 72 hours (5% FBS, no LIF) showed dramatically upregulated

expression of the EpiSC marker FGF5 (more than 200-fold higher

expression in EB conditions relative to ES conditions). In the same

differentiation conditions, mESCs overexpressing c-catS28A

displayed attenuated expression of FGF5 compared to the

expression observed in WT mESCs (approx. 50% of WT levels)

but overexpression of b-catS33A was much more efficient in

suppressing FGF5 expression in cells maintained in EB medium

(approx. 10% of WT levels). With regard to the EpiSC marker

Otx2, c-catS28A overexpression had no effect on the induction of

Otx2 expression in EB culture conditions. That is, cell lines

overexpressing c-catS28A displayed an approximately 10-fold

higher level of Otx2 expression in EB relative to ES conditions,

which was also observed in the WT cells. By contrast, mESCs

overexpressing b-catS33A showed levels of Otx2 expression in EB

conditions that were approximately 50% of those detected in WT

mESCs.

In EB differentiation conditions, WT mESCs displayed a

reduction in the expression of mESC markers, Esrrb, Nanog, Pecam-

1 and Rex1 to approximately 25% of the expression observed in ES

medium, whereas the cell lines overexpressing stabilized b-catenin

or stabilized c-catenin displayed expression of these markers at

levels similar to those obtained from analyses of WT mESCs in ES

medium. The expression of Klf4, a marker of naı̈ve pluripotent

cells, was differentially affected by the expression of stabilized b-

catenin versus stabilized c-catenin. Cells expressing c-catS28A

displayed the same reduction in Klf4 expression as observed in WT

mESCs in EB medium, whereas b-catS33A-expressing cells

retained approximately 5-fold higher levels of Klf4 expression in

the same conditions. In the N2B27 differentiation conditions,

which promote neurectodermal differentiation [39], b-catS33A

mESCs expressed levels of the pluripotency markers Esrrb, Klf4,

Nanog, Pecam-1 and Rex1, which were the same or higher than those

detected in WT mESCs maintained in ES medium. By contrast,

the expression of these markers was reduced to similar extents in

WT mESCs and c-catS28A mESCs maintained in N2B27

medium. Taken together, our data suggest that b-catenin
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overexpression is more effective than c-catenin overexpression in

sustaining the retention of markers of naove pluripotency, and

preventing EpiSC differentiation, in cells that have been subjected

to differentiation-inducing conditions.

To assess the tri-lineage differentiation capacities of b-catS33A

and c-catS28A mESCs, we generated embryoid bodies using these

lines, and examined the levels of neuronal markers by immuno-

fluorescence (Fig. 7A) and qRT-PCR analysis (Fig. 7B) after 10

days of differentiation. Similar to b-catS33A EBs, c-catS28A EBs

were markedly larger than EBs generated from control mESCs

(data not shown). In contrast to control EBs, c-catS28A EBs

expressed negligible amounts of the neuronal marker b-III-

Figure 4. Ectopic expression of c-cateninS28A in mESCs activates the Wnt pathway without altering cytosolic b-catenin levels. (A)
mESCs were stably transfected with a Myc-tagged S28A variant of c-catenin. Clones were isolated, expanded and screened for c-catS28A expression
by western blotting of hypotonic lysates using a tag-specific antibody. (B) Alkaline phosphatase staining of WT, c-catS28A-expressing and b-catS33A-
expressing mESC colonies, visualized using bright-field microscopy. Bar = 400 mm. (C) Western blot analyses of nuclear and cytosolic extracts
prepared from WT and c-catS28A cell lines, as indicated. Elevated levels of c-cat protein were detected in both cytoplasmic and nuclear lysates of c-
catS28A-overexpressing cell lines. (D) TCF reporter activity of mESCs stably expressing c-catS28A. (E) Induction of the b-catenin/TCF target genes,
Axin2, Brachyury and Cdx1, but not c-Myc, in mESCs stably expressing c-catS28A or b-catS33A. (F) Expression of stabilized c-catenin in WT mESCs does
not result in detectable levels of cytosolic b-catenin as determined by western blot analysis of hypotonic lysates. Cytosolic levels of b-catenin in GSK-3
DKO mESCs or WT mESCs treated with CHIR99021 (24 h, 15 mM) are provided as positive controls. For (D) and (E), Bars represent means and error bars
indicate s.e.m. (n = 3).
doi:10.1371/journal.pone.0065320.g004
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Figure 5. Ectopic c-catenin expression delays, whereas endogenous c-catenin knockdown accelerates, loss of pluripotency in
differentiating mESCs. (A and B) The indicated mESC lines were seeded into standard ES medium or media conducive to differentiation, either
N2B27 (lacking serum and LIF), or DMEM with 5% FBS and lacking LIF (EB medium), and assayed after 72 hours for b-galactosidase activity and the
expression of pluripotency markers (Oct-4, Nanog and Sox2) by western blot analysis. (A) mESC lines expressing either b-catS33A or c-catS28A
exhibited a highly compact colony morphology and retained high levels of alkaline phosphatase staining after 72 hours of differentiation. Bar
= 400 mm. (B) These lines also retained the expression of Nanog and Sox2, whereas the control line (WT-Control) lost expression of these markers as
assessed by western blotting. (C) Bulk EBs were generated using c-catenin wild-type and knockdown lines by culturing 26106 cells on low
attachment dishes with 5% FBS and lacking LIF. Western blot analysis using whole cell extracts taken on days 0, 3 and 7 revealed that wild-type and
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control (NegSH) lines retained the expression of Oct-4 and Nanog more effectively than c-catenin knockdown lines. (D) mESCs stably expressing b-
catS33A or c-catS28A were seeded into N2B27 medium with LIF, and cultured as loosely adherent spheres, with passaging every 3–4 days over
prolonged culture. The expression of Oct-4 and Nanog protein was readily detected in western blots of whole cell lysates from these stable cell lines.
doi:10.1371/journal.pone.0065320.g005

Figure 6. Overexpressed stabilized c-catenin is less efficient than overexpressed stabilized b-catenin in sustaining retention of
markers of ground state pluripotency in WT mESCs induced to differentiate. The indicated mESC cell lines were maintained for 72 hours
using conditions identical to those described in Fig. 5A, namely, incubation in ES, EB or N2B27 media. Six markers of embryonic stem cells: Esrrb, Klf4,
Nanog, Pecam-1, Rex1 and Stella and two markers of EpiSCs: FGF5 and Otx2, were assessed by qRT-PCR analyses. Data are presented in 8 individual
graphs, where the transcript level for each gene is shown relative to that detected in wild-type cells maintained for 72 hours in standard ES medium
(mean value arbitrarily set at 1). Bars represent the mean values of three experimental replicates and error bars indicate s.e.m. Asterisks indicate
statistically significant differences (p,0.05) between the indicated means as determined by ANOVA analyses with Tukey’s multiple comparison post-
tests, which were applied to the gene expression datasets from the EB and N2B27 experiments.
doi:10.1371/journal.pone.0065320.g006

Regulation of ESC Differentiation by c-catenin

PLOS ONE | www.plosone.org 11 May 2013 | Volume 8 | Issue 5 | e65320



tubulin, as determined by immunofluorescent staining of whole

EBs (Fig. 7A). Consistent with this observation, qRT-PCR

analyses revealed significantly reduced expression of several

neuronal markers in b-catS33A and c-catS28A EBs, relative to

control EBs, as well as less dramatically reduced expression of a-

fetoprotein and cardiac troponin, markers of endoderm and

mesoderm differentiation, respectively (Fig. 7B). These data

indicate that stable expression of c-catS28A, like b-catS33A,

renders mESCs highly refractory to neuronal differentiation and

reduces their overall tri-lineage differentiation ability. However,

our data suggest that b-catenin overexpression is more effective

than c-catenin overexpression in sustaining the retention of

markers of naı̈ve pluripotency and preventing EpiSC differentia-

tion in cells that have been subjected to differentiation-inducing

conditions.

Discussion

Since its original discovery as a component of desmosomal

plaques, through the use of a novel monoclonal antibody [20], it

has become clear that c-catenin resides at multiple subcellular

localizations, including the plasma membrane, cytoplasm, and

nucleus, where it executes seemingly disparate biological functions

(reviewed in [52]). Owing to its structural and functional

similarities to b-catenin, including its ability to induce the

characteristic duplicate axis phenotype when overexpressed in

Xenopus laevis embryos [25], c-catenin had been proposed to

participate in Wnt signaling, likely by competing or cooperating

with b-catenin in the transactivation of b-catenin/TCF target

genes. Most of the analyses of c-catenin function in the Wnt

pathway have been undertaken using Xenopus laevis or immortal-

ized mammalian cell lines as model systems. In our study, we used

mESCs as a physiologically relevant cell culture model that more

accurately reflects the signaling events in early mammalian

development. In mESCs, we found that, similar to b-catenin, c-

catenin is robustly stabilized upon Wnt pathway stimulation,

achieved either through small molecule-mediated inhibition of

GSK-3, or through treatment with Wnt3a-conditioned medium

(Fig. 1). This is consistent with, and expands upon, the findings of

previous studies demonstrating that Axin/c-catenin complexes

regulate c-catenin stability in vitro [27], and that Wnt-1 increases

soluble c-catenin levels in two immortalized cancer cell lines [30].

We used stably expressed c-catenin-specific shRNAs to dem-

onstrate that, in mESCs, suppression of c-catenin expression does

not detectably affect the transactivation of b-catenin/TCF target

genes in response to Wnt pathway stimulation via GSK-3

inhibition (Fig. 2). This experiment suggests that, under ‘‘normal’’

developmental conditions, c-catenin is unlikely to be a meaningful

effector of Wnt signaling, and that in this setting, highly abundant

b-catenin molecules underlie the majority of Wnt pathway

signaling. One might have expected that in b-catenin(2/2) cells,

c-catenin would become stabilized in response to GSK-3

inhibition and thereby substitute for b-catenin’s role in the

activation of TCF target genes. However, consistent with a recent

study [44], our data indicates that this does not occur (Fig. 3).

Instead, although the steady-state c-catenin levels are higher in b-

cat(2/2) mESCs, we found that GSK-3 inhibition in these cells

does not elicit the cytoplasmic stabilization of c-catenin, suggesting

that b-catenin is needed to somehow maintain and/or enhance c-

catenin stability in response to pathway activation. Various

possibilities exist as to why this might be the case. Perhaps b-

catenin is an imperative and irreplaceable component of the

pathway, and its presence is needed to recruit c-catenin to the b-

catenin destruction complex, where its stability can be modulated

by pathway activation. Alternatively, any cellular c-catenin in b-

cat(2/2) mESCs may be fully sequestered by desmosomes and

adherens junctions, such that the critical signaling pool cannot be

regulated via the destruction complex per se. Our findings with

ectopically expressed c-catenin in b-cat(2/2) mESCs support this

second scenario, as c-catenin overexpression partially rescues the

ability of b-cat(2/2) cells to respond to GSK-3 inhibition by

activating TCF target genes (Fig. 3D). Thus, in the complete

absence of b-catenin, c-catenin can function as a GSK-3-regulated

transcriptional transactivator if its steady-state levels are augment-

ed. The question remains whether the findings herein can be

extended to most or all other cell types, and whether, under

conditions of moderate b-catenin levels (instead of the ‘all or none’

scenario of b-cat(+/+) and b-cat(2/2) mESCs), might c-catenin then

contribute to the transactivation of Wnt target genes?

A previous study by Shimizu and colleagues assessed the roles of

b-catenin and c-catenin in Wnt signaling using the murine

embryonal carcinoma (EC) F9 line [33]. By using homologous

recombination, the genes encoding b-catenin and c-catenin were

ablated separately and in combination, and the effects on Wnt

signaling were assessed. Although our study and that of Shimizu et

al. ultimately reach similar conclusions regarding the role of

endogenous c-catenin in Wnt signaling, our studies differ in

certain key ways. First, the F9 line employed by Shimizu et al.

harbors chromosomal abnormalities [53], some of which may

affect intracellular signaling cascades and sensitivity to ligands (e.g.

Wnts). In contrast to our experiments using mESCs, in which we

detect robust cytosolic c-catenin stabilization after treatment with

Wnt3a-conditioned medium (Fig. 1B), Shimizu et al. observed only

very modest c-catenin stabilization, suggesting that the Wnt

pathway does not appreciably affect c-catenin stability in this cell

line. Furthermore, our studies are the first to describe the

functional consequences of c-catenin overexpression and knock-

down in mESCs with respect to their differentiation capacities in

short-term assays.

In a small but significant number of human cancers, c-catenin

protein becomes mislocalized and/or its levels become elevated

[43,46,54–57]. Morgan et al. recently showed that c-catenin is

frequently overexpressed and mislocalized to the nucleus in acute

myeloid leukemia [46]. Based on their findings, they suggested that

c-catenin might synergize with nuclear b-catenin activity, ampli-

fying transcription of target genes. In mESCs, c-catenin overex-

pression does not appear to alter the stability of cytosolic b-catenin

(Fig. 4F), suggesting that in this system, synergism with b-catenin is

not a requirement for target gene activation. Interestingly, in NCI-

H28 cells, which lack b-catenin expression, c-catenin has been

shown to upregulate the TCF target gene Survivin [57], which is in

keeping with our finding that ectopic expression of c-catenin in b-

cat(2/2) mESCs rescues their ability to regulate TCF target genes.

Kolligs et al. [31] found that c-catenin possesses transforming

activity in a rat kidney epithelial cell line in which c-catenin

strongly activates c-myc expression, whereas b-catenin does not.

We directly interrogated whether a form of c-catenin, analogous

to that harboring the S28A missense mutation identified by Caca et

al. [43], could transactivate a TCF reporter construct and

established Wnt target genes (Axin2, Brachyury, Cdx1) when stably

expressed in mESCs. Indeed, this form of c-catenin robustly

activated the TCF reporter and Wnt target genes (Fig. 4D,E),

supporting the hypothesis that it may play an important role in the

pathogenesis of cancers in which its expression becomes elevated.

We did not observe a significant increase in c-Myc transcript levels

in WT mESCs overexpressing stabilized b-catenin or c-catenin;

indeed, slightly decreased c-Myc expression was detected (Fig. 4E).
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This suggests that the regulation of target genes by c-catenin is

likely dependent on the cellular context.

Interestingly, previous studies have suggested that c-catenin

variants harboring the S28A mutation do not exhibit significantly

enhanced stability relative to wild-type c-catenin, which is itself

inherently more stable than b-catenin [35]. We found that c-

catS28A transactivated b-catenin/TCF target genes slightly more

efficiently than wild-type c-catenin when ectopically expressed in

b-cat(2/2) mESCs (Fig. 3D). As proposed by others [35], this may

explain why ‘‘activating’’ c-catenin mutations (e.g. S28A) are

rarely detected in human cancers. Nonetheless, it is worth noting

that according to the Wellcome Trust Sanger Institute COSMIC

database (http://www.sanger.ac.uk/re-sources/databases/cosmic.

html), mutations in the gene encoding c-catenin (Jup) occur in a

small proportion of lung, ovarian and breast cancers. Whether

these mutations give rise to forms of c-catenin with altered

signaling activity and/or expression patterns, remains to be

determined.

There is accumulating evidence that small molecule-mediated

inhibition of GSK-3, or activation of Wnt/b-catenin signaling by

other means, reinforces mESC self-renewal and enhances iPSC

derivation [9–19,38,45,49]. Through the combined efforts of

various groups, it is now apparent that b-catenin is a key mediator

of these effects [2,9,17–19,44,45]. Several recent studies have

proposed mechanisms through which b-catenin regulates the

pluripotent state. Our laboratory demonstrated that b-catenin

interacts with the core pluripotency regulator, Oct-4, thereby

enhancing its activity and reinforcing self-renewal [9]. A recent

study has revealed that b-catenin and Oct-4 interact in

membrane-associated complexes, which correlate with ground

state pluripotency in mESCs [19]. Other studies have shown that

b-catenin derepresses the activity of TCF3 [17,18], an established

transcriptional repressor of Nanog, a key target of which, Esrrb, has

been linked to the effects of GSK-3 inhibition in mESCs [48,49].

Our current study suggests that similar to b-catenin, c-catenin

overexpression can potentiate the transcription of markers of the

pluripotent ground state when mESCs are maintained in medium

containing LIF (Fig. 6). In conditions that promote mESC

differentiation though, b-catenin overexpression is much more

efficient than c-catenin overexpression at sustaining the expression

of markers of naı̈ve pluripotency (Fig. 6). Thus, mESCs

overexpressing stabilized c-catenin appear to be susceptible to

differentiating into an EpiSC-like state, unlike mESCs overex-

pressing stabilized b-catenin. Nonetheless, overexpression of both

b-catenin and c-catenin in mESCs effectively blocks their efficient

tri-lineage differentiation capacity, especially towards the neur-

ectodermal lineage.

The precise mechanisms through which overexpressed c-

catenin exerts different effects from overexpressed b-catenin on

mESC pluripotency and differentiation remain to be elucidated. It

has been previously reported that c-catenin is less efficient than b-

catenin in forming a ternary complex with LEF1 and the LEF1-

binding sequence [58]. Thus, less efficient complexing of c-catenin

with the TCF/LEFs may underlie the diminished ability of c-

catenin overexpression, compared with b-catenin overexpression,

to sustain pluripotent marker expression in mESCs. Another

possibility is that GSK-3-mediated regulation of c-catenin stability

may influence desmosomal structure and/or signaling. Consider-

ing that c-catenin has emerged as an indispensable regulator of

desmosome assembly, reviewed in [59], perhaps its stabilization or

destabilization due to alterations in GSK-3 activity would affect

intercellular adhesion. It is worth noting that loss of desmosome-

based adhesion has been implicated in the acceleration of

epithelial-mesenchymal transition (EMT) and enhanced tumor

metastasis [60]. Whether the regulation of c-catenin through

GSK-3 and/or Wnt signaling might affect such processes requires

further investigation.

Overall, our study has demonstrated that the b-catenin

homologue, c-catenin, is not an integral component of the Wnt

signaling cascade in mESCs, nor can endogenous c-catenin

substitute for b-catenin in this pathway of b-catenin(2/2) mESCs.

However, in WT mESCs, overexpression of c-catenin is sufficient

to activate Wnt signaling without a requirement for b-catenin

stabilization and knocking down endogenous c-catenin levels

appears to accelerate the exit of WT mESCs from the pluripotent

state, suggesting that c-catenin may aid in the maintenance of

pluripotency. Our data also show that c-catenin is responsive to

GSK-3 inhibition, and can activate TCF target genes when the

levels of its expression reach a critical threshold. Although b-

catenin and c-catenin both appear to function similarly when

overexpressed in mESCs, based on their ability to block

neurectodermal differentiation in embryoid body assays, there

are clear differences in the ability of these proteins to sustain the

expression of pluripotency markers and to prevent ESC-to-EpiSC

differentiation. Taken together, our data suggest a mechanism

through which c-catenin may play a role in the genesis of cancers

in which it becomes mutated and/or misexpressed, whereby it

may promote the sustenance of a more primitive and/or de-

differentiated cellular state.

Acknowledgments

We wish to thank Dr. Osamu Maeda for constructs encoding c-catenin and

derivatives thereof, Dr. Randall Moon for the Super 8X TOPFlash TCF

reporter construct and Deborah Ng for critical reading of the manuscript.

Author Contributions

Conceived and designed the experiments: S. Mahendram KFK BWD.

Performed the experiments: S. Mahendram KFK SPP S. Mahmood EP.

Analyzed the data: S. Mahendram KFK SPP EP BWD. Contributed

reagents/materials/analysis tools: AJC. Wrote the paper: S. Mahendram

KFK BWD.

References

1. Nelson WJ (2008) Regulation of cell-cell adhesion by the cadherin-catenin

complex. Biochem Soc Trans 36: 149–155.

2. Sokol SY (2011) Maintaining embryonic stem cell pluripotency with Wnt

signaling. Development 138: 4341–4350.

Figure 7. Stabilized c-catenin suppresses neuronal differentiation in embryoid body assays and reduces overall tri-lineage
differentiation efficiency. (A and B) Embryoid bodies were generated using control, b-catS33A, and c-catS28A mESCs, and assayed for neuronal
differentiation after 10 days. (A) Only WT EBs displayed immunofluorescent staining for the neuronal marker, b-III-tubulin. (B) The transcript levels of
the neuronal markers b-III-tubulin, Nestin, Map2, Tyrosine hydroxylase, the endoderm marker a-Fetoprotein, and the mesoderm marker Cardiac
Troponin, were reduced in EBs derived from mESCs overexpressing b-catS33A or c-catS28A, as assessed by qRT-PCR analyses. Bars represent means
and error bars indicate s.e.m. (n = 2). Size bar = 200 mm.
doi:10.1371/journal.pone.0065320.g007

Regulation of ESC Differentiation by c-catenin

PLOS ONE | www.plosone.org 14 May 2013 | Volume 8 | Issue 5 | e65320



3. MacDonald BT, Tamai K, He X (2009) Wnt/beta-catenin signaling:

components, mechanisms, and diseases. Developmental Cell 17: 9–26.

4. Valenta T, Hausmann G, Basler K (2012) The many faces and functions of b-

catenin. The EMBO Journal.

5. Cadigan KM, Waterman ML (2012) TCF/LEFs and Wnt Signaling in the
Nucleus. Cold Spring Harbor perspectives in biology 4: a007906.

6. Anastas JN, Moon RT (2012) WNT signalling pathways as therapeutic targets in
cancer. 13: 11–26.

7. Marson A, Foreman R, Chevalier B, Bilodeau S, Kahn M, et al. (2008) Wnt

signaling promotes reprogramming of somatic cells to pluripotency. Cell Stem
Cell 3: 132–135.

8. Lluis F, Pedone E, Pepe S, Cosma MP (2008) Periodic activation of Wnt/beta-
catenin signaling enhances somatic cell reprogramming mediated by cell fusion.

Cell Stem Cell 3: 493–507.

9. Kelly KF, Ng DY, Jayakumaran G, Wood GA, Koide H, et al. (2011) beta-
catenin enhances Oct-4 activity and reinforces pluripotency through a TCF-

independent mechanism. Cell Stem Cell 8: 214–227.

10. Sato N, Meijer L, Skaltsounis L, Greengard P, Brivanlou AH (2004)

Maintenance of pluripotency in human and mouse embryonic stem cells

through activation of Wnt signaling by a pharmacological GSK-3-specific
inhibitor. Nat Med 10: 55–63.

11. Sato H, Amagai K, Shimizukawa R, Tamai Y (2009) Stable generation of
serum- and feeder-free embryonic stem cell-derived mice with full germline-

competency by using a GSK3 specific inhibitor. Genesis 47: 414–422.

12. Gertsenstein M, Nutter LM, Reid T, Pereira M, Stanford WL, et al. (2010)

Efficient generation of germ line transmitting chimeras from C57BL/6N ES cells

by aggregation with outbred host embryos. PLoS One 5: e11260.

13. Ying QL, Wray J, Nichols J, Batlle-Morera L, Doble B, et al. (2008) The ground

state of embryonic stem cell self-renewal. Nature 453: 519–523.

14. Ye S, Tan L, Yang R, Fang B, Qu S, et al. (2012) Pleiotropy of glycogen

synthase kinase-3 inhibition by CHIR99021 promotes self-renewal of embryonic

stem cells from refractory mouse strains. PLoS One 7: e35892.

15. Ten Berge D, Kurek D, Blauwkamp T, Koole W, Maas A, et al. (2011)

Embryonic stem cells require Wnt proteins to prevent differentiation to epiblast
stem cells. 13: 1070–1075.

16. Doble BW, Patel S, Wood GA, Kockeritz LK, Woodgett JR (2007) Functional

redundancy of GSK-3alpha and GSK-3beta in Wnt/beta-catenin signaling
shown by using an allelic series of embryonic stem cell lines. Dev Cell 12: 957–

971.

17. Wray J, Kalkan T, Gomez-Lopez S, Eckardt D, Cook A, et al. (2011) Inhibition

of glycogen synthase kinase-3 alleviates Tcf3 repression of the pluripotency

network and increases embryonic stem cell resistance to differentiation. Nat Cell
Biol 13: 838–845.

18. Yi F, Pereira L, Hoffman JA, Shy BR, Yuen CM, et al. (2011) Opposing effects
of Tcf3 and Tcf1 control Wnt stimulation of embryonic stem cell self-renewal.

Nat Cell Biol 13: 762–770.

19. Faunes F, Hayward P, Descalzo SM, Chatterjee SS, Balayo T, et al. (2013) A

membrane-associated b-catenin/Oct4 complex correlates with ground-state

pluripotency in mouse embryonic stem cells. 140: 1171–1183.

20. Cowin P, Kapprell HP, Franke WW, Tamkun J, Hynes RO (1986) Plakoglobin:

a protein common to different kinds of intercellular adhering junctions. Cell 46:
1063–1073.

21. Knudsen KA, Wheelock MJ (1992) Plakoglobin, or an 83-kD homologue distinct

from beta-catenin, interacts with E-cadherin and N-cadherin. J Cell Biol 118:
671–679.

22. McCrea PD, Turck CW, Gumbiner B (1991) A homolog of the armadillo
protein in Drosophila (plakoglobin) associated with E-cadherin. Science 254:

1359–1361.

23. Butz S, Stappert J, Weissig H, Kemler R (1992) Plakoglobin and beta-catenin:
distinct but closely related. Science 257: 1142–1144.

24. Ozawa M, Ringwald M, Kemler R (1990) Uvomorulin-catenin complex
formation is regulated by a specific domain in the cytoplasmic region of the cell

adhesion molecule. Proc Natl Acad Sci U S A 87: 4246–4250.

25. Karnovsky A, Klymkowsky MW (1995) Anterior axis duplication in Xenopus
induced by the over-expression of the cadherin-binding protein plakoglobin.

Proc Natl Acad Sci U S A 92: 4522–4526.

26. Funayama N, Fagotto F, McCrea P, Gumbiner BM (1995) Embryonic axis

induction by the armadillo repeat domain of beta-catenin: evidence for
intracellular signaling. J Cell Biol 128: 959–968.

27. Kodama S, Ikeda S, Asahara T, Kishida M, Kikuchi A (1999) Axin directly

interacts with plakoglobin and regulates its stability. J Biol Chem 274: 27682–
27688.

28. Shibata T, Gotoh M, Ochiai A, Hirohashi S (1994) Association of plakoglobin
with APC, a tumor suppressor gene product, and its regulation by tyrosine

phosphorylation. Biochem Biophys Res Commun 203: 519–522.

29. Rubinfeld B, Souza B, Albert I, Munemitsu S, Polakis P (1995) The APC protein
and E-cadherin form similar but independent complexes with alpha-catenin,

beta-catenin, and plakoglobin. J Biol Chem 270: 5549–5555.

30. Papkoff J, Rubinfeld B, Schryver B, Polakis P (1996) Wnt-1 regulates free pools

of catenins and stabilizes APC-catenin complexes. Mol Cell Biol 16: 2128–2134.

31. Kolligs FT, Kolligs B, Hajra KM, Hu G, Tani M, et al. (2000) gamma-catenin is
regulated by the APC tumor suppressor and its oncogenic activity is distinct from

that of beta-catenin. Genes Dev 14: 1319–1331.

32. Li L, Chapman K, Hu X, Wong A, Pasdar M (2007) Modulation of the

oncogenic potential of beta-catenin by the subcellular distribution of
plakoglobin. Mol Carcinog 46: 824–838.

33. Shimizu M, Fukunaga Y, Ikenouchi J, Nagafuchi A (2008) Defining the roles of

beta-catenin and plakoglobin in LEF/T-cell factor-dependent transcription
using beta-catenin/plakoglobin-null F9 cells. Mol Cell Biol 28: 825–835.

34. Maeda O, Usami N, Kondo M, Takahashi M, Goto H, et al. (2004) Plakoglobin
(gamma-catenin) has TCF/LEF family-dependent transcriptional activity in

beta-catenin-deficient cell line. Oncogene 23: 964–972.

35. Williams BO, Barish GD, Klymkowsky MW, Varmus HE (2000) A comparative
evaluation of beta-catenin and plakoglobin signaling activity. Oncogene 19:

5720–5728.
36. Huelsken J, Vogel R, Brinkmann V, Erdmann B, Birchmeier C, et al. (2000)

Requirement for beta-catenin in anterior-posterior axis formation in mice. J Cell
Biol 148: 567–578.

37. Haegel H, Larue L, Ohsugi M, Fedorov L, Herrenknecht K, et al. (1995) Lack of

beta-catenin affects mouse development at gastrulation. Development 121:
3529–3537.

38. Wagner RT, Xu X, Yi F, Merrill BJ, Cooney AJ (2010) Canonical Wnt/b-
catenin regulation of liver receptor homolog-1 mediates pluripotency gene

expression. Stem cells (Dayton, Ohio) 28: 1794–1804.

39. Ying QL, Smith AG (2003) Defined conditions for neural commitment and
differentiation. Methods Enzymol 365: 327–341.

40. Yoshida-Koide U, Matsuda T, Saikawa K, Nakanuma Y, Yokota T, et al. (2004)
Involvement of Ras in extraembryonic endoderm differentiation of embryonic

stem cells. Biochem Biophys Res Commun 313: 475–481.
41. Klenova E, Chernukhin I, Inoue T, Shamsuddin S, Norton J (2002)

Immunoprecipitation techniques for the analysis of transcription factor

complexes. Methods 26: 254–259.
42. Veeman MT, Slusarski DC, Kaykas A, Louie SH, Moon RT (2003) Zebrafish

prickle, a modulator of noncanonical Wnt/Fz signaling, regulates gastrulation
movements. Curr Biol 13: 680–685.

43. Caca K, Kolligs FT, Ji X, Hayes M, Qian J, et al. (1999) Beta- and gamma-

catenin mutations, but not E-cadherin inactivation, underlie T-cell factor/
lymphoid enhancer factor transcriptional deregulation in gastric and pancreatic

cancer. Cell Growth Differ 10: 369–376.
44. Lyashenko N, Winter M, Migliorini D, Biechele T, Moon RT, et al. (2011)

Differential requirement for the dual functions of beta-catenin in embryonic
stem cell self-renewal and germ layer formation. Nat Cell Biol 13: 753–761.

45. Takao Y, Yokota T, Koide H (2007) Beta-catenin up-regulates Nanog

expression through interaction with Oct-3/4 in embryonic stem cells. Biochem
Biophys Res Commun 353: 699–705.

46. Morgan RG, Pearn L, Liddiard K, Pumford SL, Burnett AK, et al. (2013)
gamma-Catenin is overexpressed in acute myeloid leukemia and promotes the

stabilization and nuclear localization of beta-catenin. Leukemia 27: 336–343.

47. Hayashi K, Lopes SMCdS, Tang F, Surani MA (2008) Dynamic Equilibrium
and Heterogeneity of Mouse Pluripotent Stem Cells with Distinct Functional

and Epigenetic States. 3: 391–401.
48. Festuccia N, Osorno R, Halbritter F, Karwacki-Neisius V, Navarro P, et al.

(2012) Esrrb Is a Direct Nanog Target Gene that Can Substitute for Nanog
Function in Pluripotent Cells. 11: 477–490.

49. Martello G, Sugimoto T, Diamanti E, Joshi A, Hannah R, et al. (2012) Esrrb is a

pivotal target of the gsk3/tcf3 axis regulating embryonic stem cell self-renewal.
11: 491–504.

50. Niwa H, Ogawa K, Shimosato D, Adachi K (2009) A parallel circuit of LIF
signalling pathways maintains pluripotency of mouse ES cells. 460: 118–122.

51. Brons IGM, Smithers LE, Trotter MWB, Rugg-Gunn P, Sun B, et al. (2007)

Derivation of pluripotent epiblast stem cells from mammalian embryos. 448:
191–195.

52. Zhurinsky J, Shtutman M, Ben-Ze’ev A (2000) Plakoglobin and beta-catenin:
protein interactions, regulation and biological roles. J Cell Sci 113 (Pt18): 3127–

3139.

53. Alonso A, Breuer B, Steuer B, Fischer J (1991) The F9-EC cell line as a model
for the analysis of differentiation. Int J Dev Biol 35: 389–397.

54. Shiina H, Breault JE, Basset WW, Enokida H, Urakami S, et al. (2005)
Functional Loss of the gamma-catenin gene through epigenetic and genetic

pathways in human prostate cancer. Cancer Res 65: 2130–2138.
55. Ueda M, Gemmill RM, West J, Winn R, Sugita M, et al. (2001) Mutations of the

beta- and gamma-catenin genes are uncommon in human lung, breast, kidney,

cervical and ovarian carcinomas. Br J Cancer 85: 64–68.
56. Sarrio D, Moreno-Bueno G, Sanchez-Estevez C, Banon-Rodriguez I,

Hernandez-Cortes G, et al. (2006) Expression of cadherins and catenins
correlates with distinct histologic types of ovarian carcinomas. Hum Pathol 37:

1042–1049.

57. Kim YM, Ma H, Oehler VG, Gang EJ, Nguyen C, et al. (2011) The gamma
catenin/CBP complex maintains survivin transcription in beta-catenin defi-

cient/depleted cancer cells. Curr Cancer Drug Targets 11: 213–225.
58. Zhurinsky J, Shtutman M, Ben-Ze’ev A (2000) Differential mechanisms of LEF/

TCF family-dependent transcriptional activation by beta-catenin and plakoglo-
bin. Molecular and Cellular Biology 20: 4238–4252.

59. Delva E, Tucker DK, Kowalczyk AP (2009) The desmosome. Cold Spring Harb

Perspect Biol 1: a002543.
60. Chidgey M, Dawson C (2007) Desmosomes: a role in cancer? Br J Cancer 96:

1783–1787.

Regulation of ESC Differentiation by c-catenin

PLOS ONE | www.plosone.org 15 May 2013 | Volume 8 | Issue 5 | e65320


