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Maintaining embryonic stem cell pluripotency with Wnt
signaling

Summary
Wnt signaling pathways control lineage specification in
vertebrate embryos and regulate pluripotency in embryonic
stem (ES) cells, but how the balance between progenitor selfrenewal and differentiation is achieved during axis
specification and tissue patterning remains highly
controversial. The context- and stage-specific effects of the
different Wnt pathways produce complex and sometimes
opposite outcomes that help to generate embryonic cell
diversity. Although the results of recent studies of the Wnt/catenin pathway in ES cells appear to be surprising and
controversial, they converge on the same conserved
mechanism that leads to the inactivation of TCF3-mediated
repression.
Key words: Embryonic stem cells, TCF, -catenin, GSK3, Pluripotency,
Self-renewal, Homeodomain-interacting protein kinase

Introduction
A major goal of developmental and stem cell biology is to elucidate
the mechanisms that allow embryonic progenitor cells to choose a
specific path for differentiation or to maintain their pluripotency.
Pluripotency is a common attribute of the early blastomeres of
vertebrates, and is one that allows these cells to contribute to any
of the three germ layers (ectoderm, mesoderm or endoderm). The
derivation of pluripotent and self-renewing embryonic stem (ES)
cells in the early 1980s established one of the best in vitro models
of early embryonic development (Evans and Kaufman, 1981;
Martin, 1981). Nevertheless, our understanding of the key pathways
that lead to the ES cell-like state is far from complete, mainly due
to the fact that normal blastocyst cells do not undergo the unlimited
self-renewal that is observed in ES cell culture. The question of
how a blastocyst cell is able to differentiate into a cell that belongs
to any of the three germ layers remains unclear. However, recent
progress has provided some insight into this question, with the
identification of several signaling pathways that are crucial for
lineage specification in the early embryo and in ES cells (Arnold
and Robertson, 2009; Boyer et al., 2005; Nichols and Smith, 2011;
Rossant and Tam, 2009; Schier and Talbot, 2005; Ying et al., 2008).
Another critically important process in the embryo is the
acquisition by cells of positional information. In the simplest case,
this information corresponds to the specification of axes in the
whole embryo and in specific organs. Proper positional values are
essential for normal embryogenesis and need to be reconstituted
during regeneration for proper organ function (Brockes and Kumar,
2008; Kragl et al., 2009). Whereas animal pole blastomeres of the
Xenopus embryo appear to ‘remember’ their position in the embryo
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from which they originated (Savage and Phillips, 1989; Sokol and
Melton, 1991), there is no clear evidence that such positional
information exists within the mammalian blastocyst from which ES
cells are derived (Arnold and Robertson, 2009; Gardner et al.,
1992; Rossant and Tam, 2009). Nevertheless, some studies argue
that such information can arise by a stochastic mechanism de novo,
during formation of ES cell aggregates called embryoid bodies (ten
Berge et al., 2008b). Other experiments indicate that cell-cell
signaling mediated in vivo by secreted molecules endows cells with
positional information, which can be reconstituted to a limited
degree in vitro, in embryoid bodies (ten Berge et al., 2008b).
One of the main signaling pathways that functions in the early
embryo is the Wnt pathway, which is employed repeatedly during
development and fulfils multiple roles (Clevers, 2006; van
Amerongen and Nusse, 2009). Not only does Wnt signaling specify
the anteroposterior (AP) body axis in most metazoan animals, but
it has also been reported to promote ES cell pluripotency (Nusse et
al., 2008; Wend et al., 2010), to specify the mesendodermal lineage
and to inhibit neuroectodermal differentiation in mouse ES cells
(Aubert et al., 2002; Bakre et al., 2007; Haegele et al., 2003;
Lindsley et al., 2006; Sato et al., 2004) and in vertebrate embryos
(Yoshikawa et al., 1997; Itoh and Sokol, 1999). Strikingly, whether
Wnt ligands and receptors themselves have a proven role in
pluripotency continues to be the subject of ongoing debate (Nusse
et al., 2008; Wend et al., 2010). Although the major molecular
players of the Wnt pathway are conserved, the mechanisms that
endow this signaling pathway with stage-specific and cell contextdependent outcomes often remain unclear (Hoppler and Kavanagh,
2007; MacDonald et al., 2009; van Amerongen and Nusse, 2009).
Further complexity has come with the realization that the
individual components of this pathway have both Wnt-dependent
and Wnt-independent functions. For example, glycogen synthase
kinase 3 (GSK3), a central player in Wnt signaling, is also known
to phosphorylate many cellular substrates and to modulate several
pathways unrelated to Wnt (MacDonald et al., 2009). Thus, until a
specific mechanism is unraveled, it remains formally possible that
any of the Wnt pathway components could function to control ES
cell pluripotency in a Wnt-independent manner.
In this review, I discuss the roles of Wnt proteins and the
downstream components of the pathway, in particular -catenin
and T-cell factors (TCFs), in maintaining progenitor pluripotency
and in allowing specific lineage decisions to be made in both ES
cells and vertebrate embryos. Conclusions drawn from studies of
Xenopus and mouse embryos highlight the existing controversies
in the ES cell field and provide further insight into contextdependent TCF signaling mechanisms, which are likely to operate
in all vertebrates. Although Wnt signaling has also been implicated
in many morphogenetic processes, this subject has been extensively
reviewed elsewhere (e.g. Angers and Moon, 2009; van Amerongen
and Nusse, 2009; Wallingford et al., 2002), and as such will not be
covered in this review.
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The Wnt pathway in axis and germ layer
specification
The main body plan of all vertebrate embryos is similar and
involves the specification of the dorsoventral (DV) and AP axes
and the proper positioning of the three germ layers (ectoderm,
mesoderm and endoderm) during gastrulation. This is achieved
primarily by cell-cell interactions mediated by the bone
morphogenetic protein (BMP), fibroblast growth factor (FGF),
Nodal and Wnt pathways, which constitute the major embryonic
signaling pathways, the precise functions of which are still under
investigation (Arnold and Robertson, 2009; Conlon et al., 1994;
Harland and Gerhart, 1997; Rossant and Tam, 2009; Schier and
Talbot, 2005; Sokol, 1999). Wnt signaling is widely utilized during
early development to regulate body axis specification, germ layer
formation and organogenesis (Clevers, 2006; van Amerongen and
Nusse, 2009) (Fig. 1). The Wnt pathway also regulates the selfrenewal of ES cells, one of the best in vitro models for studying
pluripotency and lineage commitment (Nusse et al., 2008; Wend et
al., 2010).
According to the commonly accepted scheme of the canonical
Wnt signaling pathway, -catenin is rapidly degraded by the
complex of Axin, adenomatous (or adenomatosis) polyposis coli
(APC) and GSK3 in the absence of a Wnt signal (Fig. 2). Wnt
proteins act through various Frizzled receptors and LRP5/6 coreceptors to trigger downstream events, leading to the inactivation
of this -catenin-degradation complex. Stabilized -catenin
associates with transcription factors of the TCF/lymphoid enhancer
factor 1 (LEF1) family, and this binding is thought to be essential
for target gene activation (Arce et al., 2006; Archbold et al., 2011;
Clevers, 2006). TCF proteins are the most distal components of the
Wnt/-catenin signaling cascade; they directly interact with target
promoter DNA and as such are a key regulatory point in the
pathway. The traditional view of this pathway has been that TCF
proteins repress gene targets in the absence of the Wnt signal, but
upon interaction with -catenin are converted into transcriptional
activators (Daniels and Weis, 2005; van de Wetering et al., 1997).
In contrast to TCF proteins in Drosophila and C. elegans, which
are represented by single genes, the four existing vertebrate TCF
family members [TCF1 (also known as TCF7), LEF1, TCF3 (also
known as TCF7L1) and TCF4 (also known as TCF7L2)] have
acquired divergent functions, as revealed in depletion analyses (Liu

A Xenopus gastrula

et al., 2005; Standley et al., 2006) and in genetic double knockouts
(Galceran et al., 1999; Gregorieff et al., 2004; Nguyen et al., 2009)
(Table 1).
Previous studies have established an important role for Wnt/catenin signaling in the regulation of vertebrate axis and germ layer
specification. A requirement for -catenin in AP axis formation has
been demonstrated in Xenopus, zebrafish and mouse embryos
(Grigoryan et al., 2008; Heasman et al., 1994; Schier and Talbot,
2005). In mouse embryos that lack the Wnt3 (Liu et al., 1999),
Lrp5/6 (Kelly et al., 2004) and -catenin (Ctnnb1) (Haegel et al.,
1995; Huelsken et al., 2000) genes, the body axis does not form
properly and anterior neuroectoderm develops in excess.
Conversely, the genetic inactivation of the negative regulators of
the pathway, Axin1 (Zeng et al., 1997), Tcf3 (Kim et al., 2000;
Merrill et al., 2004) or dickkopf 1 (Dkk1) (Mukhopadhyay et al.,
2001), results in the development of ectopic axial structures and in
posteriorization of the embryo, leading to microcephaly or the
absence of the head. These studies highlight that Wnt signaling
specifies the posterior region of the embryo, whereas inhibition of
Wnt signaling is needed to specify the anterior. Studies in other
animals, such as planarians, have revealed that this role of the
Wnt/-catenin pathway in AP axis specification is conserved in
most metazoans (Petersen and Reddien, 2009). Whether and how
this known function of Wnt signaling in embryonic development
relates to the regulation of pluripotency and lineage decisions in ES
cells remain important questions, which are discussed below.
Wnt signaling in ES cell pluripotency and lineage
specification
ES cells are derived from the inner cell mass (ICM) of the
mammalian blastocyst and represent a unique self-renewing
embryonic progenitor population that has been ‘frozen’ in its
pluripotent state. ICM cells are also pluripotent, but quickly lose
this property by committing to one of the three germ layers during
gastrulation. The ability of mouse ES cells to self-renew has been
attributed to the protein regulatory network that includes the
pluripotency factors NANOG, OCT4 (also known as OCT3/4 or
POU5F1 – Mouse Genome Informatics) and SOX2 (Boyer et al.,
2005; Chambers et al., 2003; Jaenisch and Young, 2008; Loh et al.,
2006; Mitsui et al., 2003; Niwa et al., 2000; Rosner et al., 1990;
van den Berg et al., 2010). By contrast, human ES cells differ
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Fig. 1. Wnt signaling regulates vertebrate body axis and germ layer formation. (A)Schematic of a Xenopus embryo at stage 10 (early
gastrula). The animal pole (future anterior) is at the top and dorsal is to the right. During gastrulation, Wnt signaling antagonizes anterior
neuroectoderm (ANE) development, but promotes posterior mesendoderm (PME, green) in the presence of Nodal-like signals. The dashed line
indicates the prospective boundary between the ectoderm (orange) and the mesendoderm (yellow). The arrow indicates the direction of
mesodermal cell movement towards the anterior end of the embryo during gastrulation. (B)The Wnt signaling gradient aligns with the
anteroposterior (AP) embryonic axis. A stage 39 Xenopus tadpole, with posterior (P) to the left, anterior (A) to the right. Wnt signaling activity is
graded from high (green) at the posterior to low (red) at the anterior. (C)Schematic of a mouse embryo at the primitive streak (PS) stages (E6.0E7.0). The AP axis is indicated (left to right); the distal pole is at the bottom. The PS forms in a Wnt3-dependent manner at the posterior of the
embryo and serves as the site of nascent mesoderm and definitive endoderm formation. The arrow indicates the direction of PS expansion towards
the future anterior of the embryo. (A-C)Green dots represent nuclei with enriched -catenin; green shading reflects high levels of Wnt signaling.
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Fig. 2. Schematic of the canonical vertebrate Wnt signaling
pathway. Wnt proteins stimulate signaling via the Frizzled receptors,
the LRP5/6 co-receptor and the Dishevelled protein to inactivate the catenin degradation complex, which consists of Axin, APC and GSK3.
DKK1 is a secreted Wnt antagonist. (A)The inhibition of GSK3 activity
results in -catenin stabilization (green arrow) and in the transcriptional
activation of target genes mediated by -catenin in complex with TCF
proteins. (B)Wnt signaling also stimulates the HIPK2-dependent
elimination of TCF3-mediated target repression, during which -catenin
appears to act as a scaffold for TCF3 phosphorylation. Negative
interactions are shown in red; dashed lines represent a hypothetical
effect. APC, adenomatous polyposis coli; DKK1, dickkopf 1; Dvl,
Dishevelled; GSK3, glycogen synthase kinase 3; HIPK2, homeodomaininteracting protein kinase 2; LRP5/6, low density lipoprotein receptorrelated protein 5/6; TCF, T-cell factor.

significantly from mouse ES cells in their required culture
conditions (for which FGF2, but not LIF, is required) and contain
lower levels of the pluripotency markers KLF4 and REX1 (ZFP42
– Human Genome Nomenclature Committee) (Nichols and Smith,
2011). Human ES cells are similar to mouse epiblast-derived stem
cells (EpiSCs), which have a narrower developmental potential
than ES cells, in support of the idea that they are captured at a later
stage of development (Nichols and Smith, 2011).
In addition to its known function in the early vertebrate
embryo, Wnt signaling has been proposed to maintain the selfrenewal and pluripotency of mouse ES cells (Anton et al., 2007;
Hao et al., 2006; Kielman et al., 2002; Miyabayashi et al., 2007;
Ogawa et al., 2006; Singla et al., 2006; ten Berge et al., 2011)
(Fig. 3). Additionally, the Wnt pathway increases the efficiency
with which differentiated cells can be reprogrammed toward
pluripotency (Lluis et al., 2008; Marson et al., 2008). By
contrast, the roles of the Wnt pathway in human ES cells remain
controversial and lack supporting genetic data, warranting
further, in-depth analysis (Dravid et al., 2005; Sato et al., 2004).
In support of Wnt signaling having a role in maintaining the
pluripotency of mouse ES cells, the genetic ablation of both
Gsk3a and Gsk3b or the pharmacological inhibition of GSK3 in
these cells promotes their self-renewal and blocks neural
differentiation (Aubert et al., 2002; Doble et al., 2007; Haegele
et al., 2003; Sato et al., 2004; Ying et al., 2008). Consistent with
this notion, experiments in Xenopus and mouse embryos have

revealed that Wnt signaling prevents neural development
(Haegele et al., 2003; Heeg-Truesdell and LaBonne, 2006; Itoh
and Sokol, 1999; Yoshikawa et al., 1997).
By contrast, other studies of modulated Wnt pathway activity in
Xenopus and mouse embryos in vivo and in mouse ES cells in vitro
have concluded that Wnt signaling promotes mesendodermal
differentiation (Bakre et al., 2007; Gadue et al., 2006; Lindsley et
al., 2006; Sokol, 1993; Takada et al., 1994). Adding to the
confusion, TCF3, a binding partner of -catenin that represses cell
differentiation in multiple tissues (Nguyen et al., 2006), has also
been proposed to restrict mouse ES cell self-renewal (Cole et al.,
2008; Tam et al., 2008; Yi et al., 2008). These results do not fit the
simple ‘pluripotency equals inhibited differentiation’ model and
highlight the ongoing debate concerning the roles of Wnt/-catenin
signaling in pluripotency versus lineage commitment.
How can the same pathway promote the mesendoderm
specification of ES cells and enhance their self-renewal and
pluripotency? One explanation comes from the analysis of
embryonic development, in which the Wnt pathway functions at
different developmental stages. The dynamic expression of
numerous Wnt ligands, receptors, secreted antagonists and other
signaling components is consistent with the idea that the pathway
functions differently at different times during embryonic
development (Hoppler and Kavanagh, 2007; Lindsley et al., 2006).
Indeed, in the zebrafish embryo and in mouse ES cells, the early
activation of Wnt signaling promotes heart mesoderm
development, whereas the same treatment at a later time point
inhibits cardiogenesis (Ueno et al., 2007), possibly due to
competition with Wnt antagonists that are activated by the Wnt
pathway via feedback regulation (Foley and Mercola, 2005; Naito
et al., 2006; Pandur et al., 2002; Tzahor and Lassar, 2001).
Consistent with this context- and time-dependent regulation,
exogenous WNT3A protein prevents mouse ES cells from
expressing the markers of the less-primitive EpiSCs, whereas Wnt
antagonists stimulate the transition of ES cells to the epiblast stage
(ten Berge et al., 2011). The interactions of the Wnt pathway with
other spatially and temporally restricted signaling pathways, such
as those triggered by Nodal/Activin, FGF and BMP, must also
affect the outcome of signaling (Hoppler and Moon, 1998;
McGrew et al., 1997; Sokol and Melton, 1992; ten Berge et al.,
2008a). Thus, Wnt signaling plays different and sometimes
opposite roles at different stages of the same process, although it is
unclear whether these roles reflect instructive or permissive
functions. In the latter case, rather than directing ES cells to switch
from pluripotency to mesendodermal differentiation, or vice versa,
the Wnt pathway might function to reinforce either cell fate
decision, once it has been made.
In addition to the control of ES cell self-renewal and
differentiation, Wnt signaling has been implicated in AP axis
specification. Mouse ES cells cultured as embryoid bodies are able
to undergo epithelial-to-mesenchymal transition and to locally
activate a Wnt reporter (ten Berge et al., 2008b). This phenomenon
resembles primitive streak formation during gastrulation and leads
to polarized mesendoderm development. The stimulation of mouse
ES cells with WNT3A protein upregulates the mesendodermal
markers brachyury (T) and Foxa2, while reducing the anterior
neuroectoderm markers Otx2 and Sox1 (ten Berge et al., 2008b).
By contrast, the Wnt antagonist DKK1 causes the opposite effect
(ten Berge et al., 2008b). As mesoderm is the key germ layer that
regulates axis specification during gastrulation (Arnold and
Robertson, 2009), the stimulatory effect of Wnt signaling on
mesendoderm is intimately linked to axis specification in both early
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Table 1. Roles of vertebrate TCF/LEF genes in embryonic development
Gene

Model organism

Lef1

Mouse

Tcf1

Xenopus
Mouse

Tcf3

Xenopus
Zebrafish
Mouse
Xenopus
Zebrafish

Tcf4

Mouse
Xenopus
Zebrafish

Process affected

References

Skin, somite, brain and mammary gland formation; limb
and tail development; immune system
Ventroposterior development
Thymocyte development; neural, genital, limb, tail,
intestine and somite formation
Ventroposterior development
Dorsal development
Excess of neuroectoderm; neural tube formation; skin
development
Anteroposterior development
Brain and CNS development; anteroposterior
development
Intestine, limb, skin and tail development
Mesoderm development; brain patterning
Intestine development

Galceran et al., 1999; van Genderen et al.,
1994; Reya et al., 2000; Gregorieff et al., 2004
Liu et al., 2005; Standley et al., 2006
Verbeek et al., 1995; Roose et al., 1999;
Galceran et al., 1999
Liu et al., 2005; Standley et al., 2006
Bonner et al., 2008
Merrill et al., 2004; Nguyen et al., 2009
Liu et al., 2005; Standley et al., 2006; Houston
et al., 2002; Hikasa et al., 2010
Kim et al., 2000; Gribble et al., 2009; Bonner et
al., 2008; Ro and Dawid, 2011
Gregorieff et al., 2004; Korinek et al., 1998;
Nguyen et al., 2009
Standley et al., 2006; Kunz et al., 2004
Muncan et al., 2007

embryos and embryoid bodies (Fig. 1). Since individual ES cells
are clonally derived and appear to possess the same developmental
potential and molecular characteristics, the observed axis
specification in embryoid bodies is likely to reflect a stochastic,
self-organizing process. In contrast to mouse ES cells, the
developmental potential of Xenopus embryonic ectoderm depends
on the location of Wnt pathway activity, which becomes apparent
only after Activin stimulation (Sokol and Melton, 1991; Sokol and
Melton, 1992). Of note, the Wnt-dependent axis formation in
embryoid bodies also requires external stimulation by Activin or
BMP proteins, indicating the existence of pathway crosstalk in this
context as well (ten Berge et al., 2008b). Thus, pluripotent mouse
(and possibly human) ES cells are not fundamentally different from
Xenopus blastomeres and are capable of acquiring specific
positional cues in the presence of the relevant extrinsic signals,
such as WNT3A or Activin. These spatially restricted signals that
provide positional information to the ICM cells in the mouse
blastocyst are likely to be lost by ES cells during in vitro culture
and are, possibly, replaced by cell-cell interactions in the embryoid
body (Rossant and Tam, 2009).
-catenin in ES cell self-renewal and
differentiation
Despite the vital role of -catenin in vertebrate axis specification,
mouse ES cell lines can be established in the absence of Ctnnb1,
indicating that -catenin is not essential for ES cell self-renewal
(Haegel et al., 1995; Huelsken et al., 2000; Lyashenko et al., 2011;
Wray et al., 2011). Although this result is surprising, it is possible
that ES cell self-renewal and axis formation are controlled by
different mechanisms. Moreover, the requirement for -catenin
could be masked by the compensatory upregulation of plakoglobin,
a protein that is closely related to -catenin (Lyashenko et al.,
2011). Finally, specific ES cell culture conditions might eliminate
the need for -catenin. One of the essential factors for mouse ES
cell self-renewal is leukemia inhibitory factor (LIF) (Smith et al.,
1988; Williams et al., 1988). Wnt stimulation of mouse ES cells
upregulates signal transducer and activator of transcription 3
(STAT3), a downstream effector of LIF (Hao et al., 2006; Ogawa
et al., 2006), revealing a crosstalk between Wnt and LIF signaling.
Although this interaction between the two pathways could be

indirect, culturing mouse ES cells in the presence of LIF effectively
replaces the need for -catenin in ES cell self-renewal and,
conversely, the requirement for LIF is reduced in GSK3 inhibitorcontaining medium (Wray et al., 2011).
ES cell pluripotency is facilitated by the inhibition of GSK3
(Aubert et al., 2002; Doble et al., 2007; Sato et al., 2004), a protein
kinase that phosphorylates -catenin, marking it for ubiquitindependent degradation (Clevers, 2006; MacDonald et al., 2009)
(Fig. 2). Because GSK3 is known to have numerous substrates
(Doble and Woodgett, 2003; Wu and Pan, 2010), whether this
effect on ES cell self-renewal is due to the Wnt/-catenin pathway
has been unclear. To address this issue, the requirement of catenin for ES cell pluripotency has been examined in mouse ES
cells that are genetically deficient in GSK3 (Kelly et al., 2011) and
in those cultured with a GSK3 inhibitor (Wray et al., 2011). In both
cases, -catenin deficiency disrupted ES cell self-renewal and
pluripotency and restored neuroectodermal differentiation (Doble
et al., 2007; Kelly et al., 2011; Wray et al., 2011; Ying et al., 2008).
These observations are consistent with the view that GSK3 limits
mouse ES cell self-renewal through -catenin degradation.
At the next stage of analysis, different studies have reported
distinct and surprising conclusions. Given the important role of
Wnt signaling in promoting ES cell pluripotency (Anton et al.,
2007; Lluis et al., 2008; Marson et al., 2008; Ogawa et al., 2006;
Singla et al., 2006), one would expect that GSK3 inhibition and catenin stabilization function by upregulating canonical Wnt/catenin target genes. However, dominant interfering TCF proteins
that effectively block a Wnt reporter and several common Wnt
target genes, including Axin2, Cdx1 and T, did not interfere with
the ability of ES cells to self-renew (Kelly et al., 2011). Also, a
mutant -catenin protein with a C-terminal truncation that renders
it unable to activate canonical Wnt targets (Hsu et al., 1998; Kolligs
et al., 1999; Takao et al., 2007) rescued the effect of -catenin
deletion, indicating a novel function for -catenin in ES cell selfrenewal distinct from its signaling function as a transcriptional
coactivator (Kelly et al., 2011; Wray et al., 2011).
One possible explanation for these results comes from studies of
OCT4, a key regulator of the pluripotency network (Babaie et al.,
2007; Hanna et al., 2010; Jaenisch and Young, 2008; Loh et al.,
2008; Niwa et al., 2000) (Fig. 4). -catenin can form a complex
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Fig. 3. Signaling pathways that control pluripotency and lineage
commitment in mouse ES cells. Schematic of a pluripotent mouse
embryonic stem cell (mESC, blue) undergoing lineage decisions to (A)
mesendoderm and to (B) ectoderm, which is further subdivided into
neural and epidermal embryonic tissues. The effects of several signaling
pathways, including those triggered by Wnt, LIF, FGF, Nodal and BMP4,
which control self-renewal (curved blue arrow) and differentiation in a
stage- and context-dependent manner, are color coded. (A)Together
with Nodal signaling, BMP4 and Wnt proteins promote mesendoderm
formation but inhibit neural tissue development. (B)By contrast, FGF is
required for neural development but inhibits pluripotency. LIF and Wnt
signaling together with FGF/ERK inhibitors support mouse ES cell
pluripotency, but these pluripotency maintenance conditions differ for
human ES cells (see main text for details). Dashed line indicates a
hypothetical effect. BMP, bone morphogenetic protein; ERK,
extracellular signal-regulated kinase; FGF, fibroblast growth factor; LIF,
leukemia inhibitory factor.

with OCT4 to lead to the activation of OCT4-dependent reporters
(Kelly et al., 2011; Takao et al., 2007) (Fig. 4B). Consistent with
these observations, OCT4 has been proposed to promote the
commitment of mouse ES cells to mesendoderm in response to
Wnt signaling (Thomson et al., 2011). By contrast, a recent study
found that -catenin occupancy of OCT4-dependent promoters
requires TCF proteins, implying that the effect of -catenin on
OCT4 targets is unlikely to be mediated by the direct interaction of
-catenin with OCT4 (Yi et al., 2011). The binding of OCT4 to catenin has been previously reported to antagonize Wnt pathway
activity in axis formation (Abu-Remaileh et al., 2010; Cao et al.,
2007), whereas its presumed stimulatory role in Wnt-dependent ES
cell self-renewal awaits more direct experimental support.
Inactivation of TCF3-mediated repression by Wnt
signaling
Another explanation for how -catenin might maintain ES cell
pluripotency has recently emerged from studies into the role of
TCF3 in Xenopus embryos (Hikasa et al., 2010). TCF3 is
abundantly expressed during early vertebrate development and in
ES cells (Hikasa et al., 2010; Kelly et al., 2011; Kim et al., 2000;
Merrill et al., 2004; Pereira et al., 2006; Roel et al., 2002). In ES
cells, TCF3 was found to occupy the same promoters as those
occupied by the key pluripotency factors OCT4 and NANOG, and
is likely to be responsible for much of the repression of ES cellspecific transcription (Cole et al., 2008; Tam et al., 2008; Yi et al.,
2008). Loss-of-function studies in zebrafish, mouse and Xenopus
embryos indicate that TCF3 is a transcriptional repressor (Hikasa
et al., 2010; Houston et al., 2002; Kim et al., 2000; Merrill et al.,
2004). Zebrafish headless embryos, which have a non-functional

tcf3 (tcf7l1a) gene, have been rescued by the expression of a Tcf3Engrailed fusion protein (Kim et al., 2000). Since the rescuing
construct contains the Engrailed domain that functions to repress
transcription, this result strongly suggests that Tcf3 is a
transcriptional repressor. This conclusion contrasts with earlier
observations, in which target genes were activated when TCF3 was
complexed with -catenin (Cole et al., 2008; Molenaar et al., 1996;
van de Wetering et al., 1997). Tcf3–/– mouse ES cells show
increased NANOG expression and do not undergo efficient
differentiation in standard conditions, consistent with the view that
TCF3 is a negative regulator of the ES cell pluripotency network
(Cole et al., 2008; Pereira et al., 2006; Tam et al., 2008; Yi et al.,
2008). In fact, TCF3 has been identified as an inhibitor of
pluripotency in unbiased forward genetic screens in mouse ES cells
(Guo et al., 2011; Schaniel et al., 2009) and during cell
reprogramming (Han et al., 2010; Lluis et al., 2011). The majority
of the genes repressed by TCF3 differ from those activated in
response to Wnt proteins, indicating that TCF3 might have Wntindependent functions (Cole et al., 2008; Merrill et al., 2004;
Nguyen et al., 2006; Yi et al., 2011). Conversely, in Xenopus
embryos, some Wnt/-catenin targets, including the Cdx, Vent/Vox
and Meis genes, are negatively controlled by TCF3 but are
activated in response to Wnt proteins (Hikasa et al., 2010). The
opposite regulation of ES cell self-renewal by TCF3 and Wnt
signaling agonists has given rise to a hypothesis that the Wnt
pathway acts to eliminate TCF3-mediated repression.
This hypothesis has been supported by the discovery of a specific,
novel mechanism for Wnt signaling (Hikasa et al., 2010; Hikasa and
Sokol, 2011) (Fig. 4C). TCF3 becomes rapidly phosphorylated in
Xenopus ectoderm and in human embryonic kidney (HEK) 293T
cells stimulated by WNT3A (Hikasa et al., 2010). Homeodomaininteracting protein kinase 2 (HIPK2) was identified in this study as
being both necessary and sufficient for this phosphorylation.
Additionally, -catenin was found to serve as a scaffold that
promotes TCF3 phosphorylation by attracting HIPK2 to TCF3
(Hikasa et al., 2010). This novel role of -catenin is distinct from its
commonly accepted function as a transcriptional coactivator. This
phosphorylation of TCF3 occurred in response to the overexpression
of LRP6 and upon inhibition of GSK3 and resulted in the removal
of TCF3 from target promoters, including those of Vent2, Cdx4 and
Siamois (Hikasa and Sokol, 2011; Hikasa et al., 2010) (Fig. 4C).
Since the inactivation of TCF3 by phosphorylation occurs both in
Xenopus and in mammalian cells (Hikasa et al., 2010; Hikasa and
Sokol, 2011; Sokol, 2011), the phosphorylation model provides a
potential molecular mechanism for the effects of GSK3 inhibition
and loss of the Tcf3 gene on ES cell pluripotency and self-renewal
(Kelly et al., 2011; Wray et al., 2011; Yi et al., 2011).
Consistent with this model, TCF3 depletion phenocopies the
effect of GSK3 inhibitors on ES cell self-renewal (Wray et al.,
2011; Yi et al., 2011). Similarly, the knockdown of Tcf3 by a short
hairpin (sh) RNA rescued the clonogenic ability of ES cells, which
was impaired by the loss of Ctnnb1 (Wray et al., 2011). Moreover,
overexpression of either a stabilized or a C-terminally truncated catenin in mouse ES cells promoted their pluripotency and
inhibited neuronal differentiation (Kelly et al., 2011). These
findings suggest that this truncated form of -catenin, although
unable to activate a standard TCF reporter, acts by stimulating
specific pluripotency target genes. Indeed, the truncated -catenin
rescued the expression of some TCF3 target genes in response to
GSK3 inhibition (Wray et al., 2011). The TCF3 phosphorylation
model predicts that the truncated -catenin will serve as a scaffold
for TCF3 phosphorylation, but this prediction remains to be tested.
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By contrast, the effects of -catenin on mouse ES cell
pluripotency have not been abrogated by different dominant
interfering TCF constructs, which was interpreted to suggest a
TCF-independent mechanism for the self-renewal of these cells
(Kelly et al., 2011). These TCF constructs retain the DNAbinding domain, but not the -catenin-binding domain, and they
can inhibit signaling by displacing a positively acting TCF from
the target promoter. If ES cell pluripotency requires the physical
removal of the TCF3 repressor from the target promoter, the
binding of these constructs to target DNA will not prevent target
activation. On the contrary, in the absence of a Wnt signal, the
competition of these constructs with TCF3 might stimulate gene
targets. This explanation leaves open the question of why the
Wnt target genes Axin2, T and Cdx1, which should be repressed
by TCF3, are efficiently downregulated by dominant interfering
TCF4 in mouse ES cells (Kelly et al., 2011). Clearly, the
interplay between the positive and negative TCF proteins that are
expressed in early development (see below) should be
considered when interpreting these findings. Also, the long-term
effect of -catenin on ES cell self-renewal could be more
resistant to target gene inhibition by the truncated forms of TCF4
or TCF1 than direct transcriptional assays (Kelly et al., 2011).
Of note, none of the above-mentioned interfering TCF constructs
is related to TCF3. A similar construct for TCF3 behaves as a
constitutive repressor (Hikasa et al., 2010) and would be
expected to block the consequences of GSK3 inhibition (Wray
et al., 2011). Thus, detailed molecular comparisons of TCF/LEF
family members are needed to elucidate the protein domains
responsible for the functional differences between TCF3 and the
other TCF proteins.
Despite its attractiveness, the phosphorylation model does not
explain all of the recent observations reported in this field. The
Wnt/HIPK2-dependent phosphorylation of TCF3 has been shown
to activate Wnt target genes that are responsible for posterior
development (Cdx4, Vent2 and Meis) (Hikasa et al., 2010).
However, Wnt target genes and TCF reporters were only poorly

activated in ES cells depleted of TCF3 and in those that
overexpress truncated -catenin (Kelly et al., 2011; Lyashenko et
al., 2011; Wray et al., 2011). In one study, the rescuing effect of the
truncated -catenin correlated with its ability to restore normal cell
adhesion, suggesting that the function of -catenin in cell adhesion,
rather than in signaling, is crucial for germ layer formation in ES
cell aggregates (Lyashenko et al., 2011). An alternative explanation
for these findings is that only a subset of Wnt targets is activated
by TCF3 derepression. The identification of specific TCF3 targets
that are involved in pluripotency should shed light on the
mechanism of their activation.
Another potential explanation for the mechanism of TCF3
derepression in ES cells is that -catenin competes with Groucho
co-repressors for TCF3 binding (Cavallo et al., 1998; Daniels
and Weis, 2005; Roose et al., 1998) (Fig. 4D). A related
mechanism has been proposed to operate in zebrafish embryonic
development, although it has not been directly linked to Wnt
signaling (Ro and Dawid, 2011). According to this model, TCF3
itself remains bound to its transcriptional targets, whereas the
phosphorylation model predicts that TCF3 should be removed
from promoter DNA (Fig. 4C). These mechanisms can be
discriminated in chromatin immunoprecipitation studies by
assessing TCF3 occupancy of relevant target promoters in ES
cells. The co-repressor displacement model postulates that TCF3
represses target genes in the absence of a Wnt signal, but
activates them upon Wnt stimulation. This is supported in
Drosophila and C. elegans embryos, in which a single TCF gene
plays both positive and negative roles in transcription (Brunner
et al., 1997; Cavallo et al., 1998; Phillips and Kimble, 2009).
Nevertheless, existing genetic evidence indicates that TCF3 acts
as a transcriptional repressor rather than as an activator (Hikasa
et al., 2010; Houston et al., 2002; Kim et al., 2000; Merrill et al.,
2004). As shown in Table 1 and discussed further below,
vertebrates have multiple TCF genes, making it essential to
distinguish the roles of individual TCFs in embryonic
development and in ES cell self-renewal.
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Fig. 4. Models for how Wnt signaling maintains pluripotency in ES cells. (A)In the absence of Wnt signaling, -catenin (cat) is degraded,
and TCF3 in complex with transcriptional co-repressors (CoR) constitutively represses Wnt target genes. (B-E)Upon Wnt pathway activation, several
alternative models leading to pluripotency are possible: (B) stabilized -catenin associates with OCT4 to activate OCT4-dependent transcription; (C)
HIPK2 is activated by Wnt signaling, associates with -catenin and phosphorylates TCF3; this phosphorylation results in the removal of TCF3 from
target promoters, leading to transcriptional derepression; (D) stabilized -catenin associates with TCF3, causing the removal of the co-repressors
resulting in target derepression (this model predicts that TCF3 is still bound to the promoter but no longer represses its gene targets); and (E) the
TCF switch model, in which TCF3 repressor is replaced by TCF1 activator, leading to target activation and pluripotency. OCT4, octamer-binding
transcription factor 4.
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Conclusions
Recent studies have uncovered a new mode of Wnt signaling that
is relevant to the ability of this pathway to maintain pluripotency
in ES cells and to regulate cell lineage and body axis specification
in vertebrate embryos. ES cell pluripotency and self-renewal are
promoted when the pathway is upregulated at any level, by adding
exogenous WNT3A ligand, inhibiting GSK3 activity,
overexpressing -catenin or depleting TCF3. The emerging picture
reveals two key molecular events downstream of Wnt signaling
that synergize in promoting ES cell pluripotency through TCF3
inactivation. One event is the stabilization of -catenin, the other
is the inactivation of TCF3. In Xenopus embryos and HEK293
cells, TCF3 is inactivated by HIPK2-mediated phosphorylation in
a process that requires -catenin as a molecular scaffold rather than
as a transcriptional coactivator. This conserved mechanism leads to
TCF3 removal from target promoters and to transcriptional

derepression. Although this pathway is the easiest way to explain
the recent data on the regulation of pluripotency by GSK3, catenin and TCF3, it remains to be proven to operate in ES cells.
Until a specific mechanism is demonstrated, it remains formally
possible that TCF3 functions to control ES cell pluripotency in a
Wnt-independent manner. Nevertheless, based on the available
data, TCF3 phosphorylation appears to be responsible for both
vertebrate AP axis specification and the maintenance of ES cell
pluripotency, and might represent a new drug target for cell-based
disease therapies.
Many of the existing controversies concerning the Wnt pathway
and the maintenance of ES cell pluripotency predominantly arise
from our having an incomplete understanding of the context- and
stage-dependent functions of the TCF protein family members.
Another gap in our knowledge concerns the alternative
mechanisms of TCF3-dependent transcriptional derepression. This
can be addressed by examining the role of transcriptional corepressors in the signaling function of TCF proteins and assessing
TCF occupancy of the relevant promoters during Wnt signaling.
Yet another important question concerns the different molecular
mechanisms that are employed to control distinct Wnt target genes.
Only a subset of WNT3A and TCF3 gene targets appears to be
shared, indicating that TCF3 has both Wnt-dependent and Wntindependent functions (Cole et al., 2008; Yi et al., 2011). Thus, an
important future goal is to identify specific target genes that are
responsible for maintaining ES cell pluripotency. Although the
current literature indicates that these targets are stimulated by Wnt
proteins and are repressed by TCF3, it is also possible that Wnt
ligands and downstream signaling components affect pluripotency
via distinct gene targets. Further studies are needed to address these
questions and to gain a better control over the balance between the
self-renewal and the differentiation of ES cells.
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