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Embryonic stem cells (ESCs), such as those 
derived from mouse and human blastocysts 
(1, 2), are pluripotent and can give rise to 
any cell type in the body. Understanding 
how the interplay between intracellular 
transcriptional networks and extracellular 
signaling cues governs the pluripotent state 
of ESCs (3, 4) could provide insight into the 
basic mechanisms of mammalian develop-
ment and direct the potential uses of ESCs 
in regenerative medicine. Extensive evi-
dence implicates a positive, context-depen-
dent role of Wnt signaling in self-renewal of 
ESCs (5). For example, chemical inhibition 
or genetic deletion of glycogen synthase 
kinase 3 (GSK3), an inhibitor of the Wnt 
pathway, promotes the self-renewal of ESCs 
(6–9). Moreover, several Wnts seem to sup-
port the maintenance of an undifferentiated 
state in ESCs (8, 10–12). Given the diverse 
molecular responses elicited by GSK3 inhi-
bition and Wnt ligands (13, 14), one might 
question whether these effects in ESCs re-
quire the canonical Wnt signaling pathway, 
which uses β-catenin and transcription fac-
tors of the lymphoid enhancer factor (LEF) 
and T cell factor (TCF) families (LEF/TCF) 
as downstream effectors (15), or whether 
they are mediated through β-catenin– and 
LEF/TCF-independent mechanisms. Fur-
thermore, several studies have yielded 
inconsistent results regarding the role of 
β-catenin in ESC self-renewal (16–18), 
and LEF/TCF-independent functions have 
been proposed (19). Is β-catenin’s canonical 
mode of action in Wnt signaling still at play 
in ESCs, or do alternative mechanisms take 
center stage? Recent work (12, 20–22) of-
fers insights into these issues and challeng-
es some of the prevailing notions regarding 

β-catenin and TCF functions in Wnt signal-
ing and ESC biology.

As illustrated by ten Berge et al. (12), 
Wnt signals prevent differentiation of ESCs 
into epiblast stem cells and facilitate the der-
ivation of ESC lines from mice. However, 
the question of whether β-catenin is required 
for ESC self-renewal arises from the appar-
ently normal early development, including 
blastocyst formation, of β-catenin–null mice 
(23). Analysis of different β-catenin–defi-
cient ESC lines has not always supported 
a stemness-promoting role for β-catenin 
(16–18). Lyashenko et al. and Wray et al. 
have independently established and charac-
terized new β-catenin–deficient ESC lines 
using Cre-mediated recombination to elimi-
nate adaptation or commitment of ESCs 
during the selection process (20, 21). Both 
groups showed that when ESCs are cultured 
in appropriate conditions (3, 9), the loss of 
β-catenin does not alter self-renewal expres-
sion of genes encoding pluripotency factors. 
However, in serum-free media, β-catenin–
deficient cells exhibit a near-obligatory need 
for leukemia inhibitory factor (LIF) and, to 
a lesser extent, mitogen-activated protein 
kinase (MAPK) inhibition to maintain clo-
nogenicity and stemness. β-catenin deletion 
abolishes the ability of GSK3 inhibition to 
prevent exit from the so-called naïve plu-
ripotent state. Together, these results dem-
onstrate that β-catenin is not required for 
ESC self-renewal per se, but it is an impor-
tant (although not exclusive) mediator of the 
effect of GSK3 inhibition in resisting early 
differentiation (Fig. 1) (21). This notion is 
consistent with the finding that the Wnt3a 
ligand can substitute for GSK3 inhibition 
in supporting ESC self-renewal when LIF is 
present and MAPK is inhibited, as reported 
by ten Berge et al. (12). Hence, the appar-
ently different conclusions drawn from vari-
ous studies probably reflect differences in 
derivation and culturing conditions that af-

fect the intrinsic state of the cell lines under 
study. Depending on the strain or species of 
origin of ESC lines and the exact signaling 
milieu they are in, ESCs may be in a naive 
ground state of pluripotency corresponding 
to that of the inner cell mass of blastocysts, 
or they may more closely resemble epiblast 
stem cells, which are in a primed pluripo-
tent state with an increased readiness to 
differentiate (3, 24, 25). Because inner cell 
mass–to–epiblast development spans several 
days, there may be more intermediate states 
than are operationally defined. As our under-
standing of the cellular heterogeneity and 
resolution within an overall pluripotency 
framework improves, previously unknown 
aspects of β-catenin’s function in pluripo-
tency may unfold.

In canonical Wnt signaling, cytoplasmic 
β-catenin is stabilized and translocates to 
the nucleus, where it facilitates LEF/TCF-
dependent gene expression, in part through its 
C-terminal transcriptional activation (CTA) 
domain (26). Reconstitution experiments car-
ried out by Wray et al. revealed that the CTA 
domain is not required for β-catenin’s ability 
to rescue ESC self-renewal in response to 
GSK inhibition (21). This opens at least two 
possibilities regarding β-catenin’s role in ESC 
self-renewal: (i) It acts through nontranscrip-
tion mechanisms such as cell adhesion, or (ii) 
it regulates transcription, but via noncanoni-
cal mechanisms.

In addition to its role as an effector of 
canonical Wnt signaling, β-catenin is also 
a component of adherens junctions, where 
it links cadherins to actin filaments through 
α-catenin (27). Loss of β-catenin in vivo in-
duces increased abundance of plakoglobin, 
another cadherin-associated protein that 
can compensate for β-catenin in cell adhe-
sion (23). Hence, β-catenin loss-of-function 
phenotypes have often been attributed to 
its signaling role. In self-renewing ESCs, 
β-catenin ablation leads to cell adhesion 
defects; however, they are subtle and tran-
sient, owing to partial compensation from 
plakoglobin, and do not seem to affect ESC 
self-renewal (20, 21). During in vitro dif-
ferentiation (embryoid body formation) of 
ESCs, adhesion defects become prominent, 
possibly due to decreased abundance of 
plakoglobin (20). Because β-catenin lack-
ing the CTA domain can rescue defects in 
endoderm and neuronal differentiation in-
duced by β-catenin deficiency, Lyashenko 
et al. concluded that the adhesion function 
of β-catenin, rather than its ability to regu-
late LEF/TCF-dependent signaling, is more 
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important in these processes 
(Fig. 1) (20). Although these 
correlation-based claims are 
reasonable, they warrant ad-
ditional evidence that more 
directly links β-catenin–me-
diated cell adhesion to these 
lineage differentiation pro-
cesses. A lack of requirement 
for the CTA domain alone is 
insuffi cient to favor cell ad-
hesion function and exclude 
the involvement of LEF/
TCF-dependent mechanisms 
in β-catenin action. Other 
regions in β-catenin possess 
transactivation function or in-
teract with transcriptional co-
activators, such as Bcl9 and 
Pygopus (28, 29). Moreover, 
as illustrated by additional 
studies from Wray et al., 
β-catenin displays CTA-in-
dependent signaling activity 
that involves derepression of 
TCF3. We also urge caution 
in interpreting fi ndings based 
on the use of transgenes for 
the obvious reason of non-
physiological abundance and 
possible intracellular mis-
localization of the encoded 
proteins. Because different 
dosages of β-catenin can 
elicit different biological out-
comes (30), a fi ner dissection 
of the relative contribution 
of cell adhesion and signal-
ing mechanisms to β-catenin 
function awaits the deletion 
of the CTA domain from the 
endogenous β-catenin locus 
(and additional mutations of 
this locus), as well as a quantitative assess-
ment of how these genetic alterations affect 
endoderm and neuron formation.

An answer as to whether β-catenin 
uses noncanonical mechanisms to regulate 
transcription in ESCs comes from focused 
studies of TCF3 by Wray et al. and Yi et al. 
(21, 22). Of the four LEF/TCF transcrip-
tion factors, TCF3 is the most abundant 
in ESCs (22, 31) and co-occupies a set of 
target promoters with the core group of 
Oct4, Sox2, and Nanog pluripotency fac-
tors (32). A twofold overexpression of 
TCF3 suppresses ESC self-renewal, an ef-
fect that is counteracted by the addition 
of Wnt3a (22). Ablation of TCF3 replaces 

the need for GSK3 inhibition in support-
ing ESC self-renewal and delaying differ-
entiation regardless of the presence or ab-
sence of β-catenin (21, 22). An emerging 
consensus is that TCF3 restricts ESC self-
renewal by acting as a β-catenin–indepen-
dent transcriptional repressor of genes en-
coding factors that promote self-renewal 
and pluripotency to restrict ESC self-renew-
al (Fig. 1) (21, 22, 31, 33, 34). Upon GSK3 
inhibition or Wnt3a stimulation, this repres-
sor function is abrogated in a β-catenin–
dependent manner, facilitating the self-
renewal of ESCs. Evidence is, in part, pro-
vided by the failure of ESC lines with a 
form of TCF3 lacking the β-catenin binding 

domain (21, 22) to self-renew in re-
sponse to GSK3 inhibition or Wnt3a 
stimulation.

Does Wnt-stabilized β-catenin 
convert TCF3 from a repressor to an 
activator, a scenario in line with the 
classical model of Wnt–β-catenin 
signaling (35, 36), or is a distinct TCF 
factor responsible for Wnt-induced 
activation of LEF/TCF target genes 
in ESCs? Bioinformatic studies by 
Yi et al. suggest the latter (22). Wn-
t3a stimulation and TCF3 deletion in 
ESCs converge on the regulation of 
a common set of genes, a substantial 
portion of which is also under the in-
fl uence of the core pluripotency fac-
tors Oct4 and Nanog (22, 33). Deple-

tion of TCF1 reduces Wnt-mediated gene 
expression and self-renewal, highlighting 
TCF1 as a pivotal mediator of Wnt-induced 
transcriptional activation in ESCs. Func-
tional contributions to Wnt3a-stimulated 
ESC self-renewal and target expression 
have been identifi ed from both β-catenin–
dependent derepression of TCF3 and TCF1-
mediated activation. Hence, it appears that 
a balance between the repressor function of 
TCF3 and the activator function of TCF1 is 
critical in controlling ESC self-renewal and 
that Wnt–β-catenin signaling tips this bal-
ance by both countering TCF3 repression 
and facilitating TCF1 activation. That two 
different TCF factors oppose each other in 

Fig. 1. Model  of  the  Wnt–β-catenin/
TCF  pathway  in  ESC  self-renew-
al  and  differentiation.  (a)  In  self-
renewing  ESCs,  TCF/LEF  target 
genes  are  bound  by  transcriptional 
repressor TCF3, which limits their ac-
tivation  by  the  core  regulatory  circuit 
to  ensure  differentiation  competence 
(top).  Upon Wnt  stimulation  or  GSK3 
inhibition  (middle),  β-catenin  is  stabi-
lized and enters the nucleus to remove 
TCF3 repression and facilitate the ac-
tivation  of  target  genes  by  transcrip-
tional  activator  TCF1.  This  enables 
ESCs  to  maintain  self-renewal  and 
resist  differentiation  when  other  plu-
ripotency-  or  self-renewal–promoting 
infl uences—such  as  the  presence  of 
LIF, activation of signal transducer and 
activator of transcription 3 (STAT3), or 
MAPK inhibition—are lacking. (B) Dur-
ing differentiation, β-catenin at cell-cell 
junctions  appears  critical  for  ESCs 
to give  rise  to defi nitive endoderm or 
neurons  (through  neuroectoderm), 
whereas its signaling role is important 
for mesoderm formation. 
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determining ESC fate is somewhat remi-
niscent of a familiar theme in Wnt biology, 
namely, the opposing effects of dominant-
negative and full-length LEF/TCF isoforms 
in normal and cancer cells (37). Whether so-
matic stem cells use a similar mechanism to 
control their fate is an intriguing issue that 
merits future investigation. Along this line, 
we note that during the lineage progression 
of adult hair follicle stem cells, TCF3 and 
TCF4 are present in quiescent bulge stem 
cells, whereas LEF1 is active in committed 
hair follicle progenitor cells (38–40).

Does TCF1 physically displace TCF3 
from Wnt target promoters upon signaling 
activation? Alternatively, there may not be 
distinct TCF1-on-target or TCF3-on-target 
ESC populations; instead, in any given ESC, 
both TCF1 and TCF3 dynamically associ-
ate and dissociate with the same set of tar-
get promoters, but Wnt-stabilized β-catenin 
may alter the equilibrium to stabilize TCF1 
occupancy. The genetic and molecular data 
from Yi et al. do not distinguish between 
these possibilities. It would be necessary 
to examine TCF3 and TCF1 occupancy 
at target promoters with and without Wnt 
stimulation, preferably over a time scale 
that allows the visualization of dynamic 
factor exchange (41). Do TCF3 and TCF1 
associate with distinct transcriptional regu-
latory complexes, such as corepressor and 
coactivator complexes, respectively, in 
ESCs? Regardless of the underlying bio-
chemical mechanisms, work by Yi et al. 
and Wray et al. extends our current think-
ing on how β-catenin–LEF/TCF complexes 
regulate transcription. In particular, their 
observation that disruption of TCF3 repres-
sion mediated by Wnt–β-catenin requires 
the β-catenin–interacting domain in TCF3 
offers a clue to the underlying biochemi-
cal basis. Wnt signals induce the phos-
phorylation of Xenopus TCF3 (xTCF3) in 
a β-catenin– and homeodomain-interacting 
protein kinase 2 (HIPK2)–dependent man-
ner, leading to xTCF3 dissociation from tar-
get promoters (42, 43). In contrast, xTCF1 
does not undergo Wnt-HIPK2–mediated 
phosphorylation and remains bound to its 
target promoter upon HIPK2 overexpres-
sion (43), providing a possible biochemi-
cal explanation for the differential effects 
of β-catenin on TCF1 and TCF3 function. 
It will be interesting to test whether these 
findings in Xenopus are applicable to Wnt–
β-catenin regulation of TCF3 function in 
ESCs, and possibly somatic stem cells, 
such as those in the hair follicle bulge. If 

so, perhaps the textbook model of canoni-
cal Wnt signaling will need to be expanded 
to include a β-catenin–assisted, HIPK2-
mediated TCF3-TCF1 switch.

An intriguing paradox arises from recent 
and previous studies, regarding why TCF3 
is abundant in pluritent ESCs if its role is 
to restrict self-renewal (22, 33, 39). One ex-
planation is that it builds an intrinsic mech-
anism that confers to the cells competence 
to differentiate in response to appropriate 
cues. Controlling the expression of genes 
encoding self-renewal or pluripotency fac-
tors through opposing forces—including 
TCF3, TCF1, and the core pluripotency cir-
cuitry—may be advantageous in coordinat-
ing self-renewal with differentiation  as well 
as in providing sensitivity and robustness to 
extracellular signals such as Wnts.
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