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Wnt signaling and stem cell control
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Wnt signaling has been implicated in the control over various types of stem cells and may act as a niche factor to
maintain stem cells in a self-renewing state. As currently understood, Wnt proteins bind to receptors of the Frizzled and
LRP families on the cell surface. Through several cytoplasmic relay components, the signal is transduced to ß-catenin,
which then enters the nucleus and forms a complex with TCF to activate transcription of Wnt target genes. Wnts can
also signal through tyrosine kinase receptors, in particular the ROR and RYK receptors, leading to alternative modes
of Wnt signaling. During the growth of tissues, these ligands and receptors are dynamically expressed, often transcriptionally controlled by Wnt signals themselves, to ensure the right balance between proliferation and differentiation.
Isolated Wnt proteins are active on a variety of stem cells, including neural, mammary and embryonic stem cells. In
general, Wnt proteins act to maintain the undifferentiated state of stem cells, while other growth factors instruct the
cells to proliferate. These other factors include FGF and EGF, signaling through tyrosine kinase pathways.
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How can the differentiation and self-renewal of stem
cells, including embryonic stem cells, be controlled? This
is a central question in applying stem cell technology to
regenerative medicine. From embryological experiments,
it has become clear that commitment to developmental
lineages is a stepwise process, involving a succession of
changes in cell state. In order to guide stem cells towards
deﬁned  fates,  it  will  be  essential  to  know  how  these  changes  
are regulated and how to manipulate the cells in such a way
that they change in a predictable and reproducible way. Factors  that  deﬁne  or  control  developmental  stages  have  been  
discovered, and include transcriptional regulators. Ideally
however, the state of differentiation of stem cells is accomplished by supplying outside signals, extra-cellular factors,
rather than genetic manipulation. In vivo, these signals and
the micro-environment constitute a niche in which stem
cells are present and compete for limiting concentrations
of growth factors, thereby maintaining a balance between
self-renewal and differentiation of the cells (Figure 1). The
best candidate factors are the ones that regulate cell fate
decisions in normal embryos and those include members
of the BMP, Hedgehog, FGF and Wnt molecules, plus

Correspondence: Roel Nusse
Tel: +1-650-723-7769; Fax: +1-650-723-1399
E-mail: rnusse@stanford.edu

www.cell-research.com | Cell Research

small molecules such as retinoic acid. In that group, the
class of Wnt proteins stands out because of numerous functions during development. Indeed, Wnt signaling and Wnt
proteins are important for the maintenance of stem cells of
various lineages. The classic example is in the digestive
tract, where in the crypt of the colon the loss of transcription
factor TCF4 leads to depletion of stem cells [1]. The Wnt
pathway has also been implicated as a self-renewal signal
in the hematopoietic system [2, 3]. Alternatively, loss of the
tumor suppressor APC or gain of -catenin activity leads
to excess of stem cells and cancer [4, 5]. In this review, I
will give an overview of Wnt signaling, emphasizing the
potential role for Wnt proteins as stem cell factors.

Wnt signaling, Wnt proteins
The Wnts comprise a large family of protein ligands
that affect diverse processes such as embryonic induction,
generation of  cell  polarity,  and  the  speciﬁcation  of  cell  fate  
[6].  Wnts  are  deﬁned  by  amino  acid  sequence  rather  than  
by functional properties [7, 8]. As many as 19 mammalian
Wnt  homologues  are  known  and  are  expressed  in  temporal-
spatial patterns (www.stanford.edu/~rnusse/wntwindow.
html). Shared features of all Wnts include a signal sequence
for secretion, several highly charged amino acid residues,
and many glycosylation sites. Wnt proteins also display a
characteristic distribution of 22 cysteine residues. Upon
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Figure 1 Model of a niche (upper layer of grey cells) maintaining
nearby stem cells (green) in a self-renewing state. Cells outside
of the direct contact with the niche will differentiate.

overexpression in tissue culture cells, several different Nlinked  glycosylated  intermediate  Wnt  protein  products  are  
observed in cell lysates [9-11], suggesting that Wnt protein
processing and secretion are highly regulated processes.

The primary amino acid sequence of Wnts suggests
that they should be soluble, but secreted Wnt proteins are
hydrophobic and are mostly found associated with cell
membranes and the extracellular matrix (ECM). Following
the  puriﬁcation  of  active  Wnt  proteins,  it  was  discovered  
why they are hydrophobic [3]: mass spectroscopy revealed
that  Wnt  proteins  are  lipid  modiﬁed  by  the  attachment  of  
a  palmitate  on  the  ﬁrst  conserved  cysteine  residue  within  
the protein family and on a serine in the middle of the
protein [12].
While palmitoylation has been shown to be necessary
for   Wnt   signaling,   the   exact   role   of   lipid   modiﬁcation  
remains unclear. A possible function is the targeting of
Wnts to particular domains of the membrane. In addition,
palmitoylation of Wnt proteins may be necessary for their
glycosylation. This proposed role for palmitoylation during  N-linked  glycosylation  might  also  aid  in  Wnt  transport  
between cells as glycosylation might increase Wnt interactions with heparin sulfate proteoglycans (HSPGs) present
on the surface of Wnt responding cells. Alternatively, the
palmitate moiety could potentially anchor Wnt proteins into
the membrane for sustained signaling. In stem cell biology,
the   interactions   between  Wnts   and   membrane   are   likely  
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Figure 2 (A) In Wnt-producing cells, the Wnt protein becomes palmitoylated at 2 sites in the endoplasmic reticulum by the porcupine acyl-transferase. Further transport and secretion of the Wnt protein in secretory vesicles is controlled by the multi-pass
transmembrane protein Wntless/Evi, which is present in the Golgi and/or on the plasma membrane. The retromer complex,
including VPS35, may act within Wnt-producing cells to generate Wnt forms that can be transported outside cells, possibly in
the form of a lipoprotein particle. (B) Wnts can interact with multiple receptors. These include the RYK/Derailed type receptors
that have a tyrosine kinase motif and a WIF (Wnt inhibitory factor) ligand-binding domain. This receptor can mediate signaling
during axon guidance in Drosophila. During Wnt/-catenin signaling, the Wnts interact with Frizzleds through the cysteine-rich
domain (CRD). The LRP5/6 class of transmembrane proteins act as co-receptors, while in Xenopus axis formation FRL1/Cripto
can acts as an additional co-receptor. Finally, Wnts can also interact with the Ror tyrosine kinases to mediate a signal that can
inhibit -catenin TCF activity in the nucleus.
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of great importance in understanding how niches control
stem cell fate, commonly thought to be in close cell to cell
conﬁgurations  (Figure 1).

Wnt secretion
There are other proteins that might be involved in Wnt
protein processing and secretion from producing cells
(Figure 2).  Genetic  screens  have  identiﬁed  the  multipass  
transmembrane protein Wntless (Wls)/Evenness interrupted
(Evi) to be required in the secretory pathway to promote the
release of Wnts from producing cells [13]. In Drosophila
and  mammalian  tissue  culture,  RNAi  knock-down  of  wls/
evi/mom-3 in cells overexpressing Wnt inhibits a Wnt-responsive luciferase reporter in co-cultured responding cells,
showing that Wls/Evi acts in a cell non-autonomous fashion
[14].  Lack  of  wls/evi inhibits Wnt transport to the surface of
cells [15]. These phenotypes are similar to those observed
in porcupine mutants. In contrast to Porcupine’s function,
however, the secretory activity mediated by Wls/Evi does
not depend on the palmitoylation status of Wnt proteins:
the secretion of Wnt proteins in which the palmitoylation
site is mutated is still impaired in wls/evi mutants.

Wnt extracellular transport
Recently, large molecules required for lipid transport
called lipoprotein particles have been implicated in moving
Wnts  and  other  lipid-modiﬁed  proteins  such  as  Hedgehogs  
(Figure 2).  While  previously  postulated  to  be  exosome-like  
particles, these structures termed “argosomes” are now
thought to be exogenously derived lipoproteins [16].
A model is proposed wherein palmitoylated proteins
associate with lipoprotein particles on the extracellular
face  of  cells.  Trafﬁc  of  Wnt  proteins  from  one  cell  to  the  
next   requires   this   association,   as   RNAi   knock-down   of  
Lipophorin, a Drosophila lipoprotein, narrows the range of
Wg signaling in the wing disc [16]. It will be interesting to
see what mechanism underlies these lipoprotein particles’
aiding in Wnt transport and whether this mechanism of
Wnt transport is conserved across all species.
In addition, transcytosis may regulate Wnt movement. In
yeast, proteins of the retromer complex direct endosometo-Golgi retrieval of proteins. In vertebrate systems, the
retromer complex functions in basal-to-apical transcytosis
[17]. In Caenorhabditis elegans, the ortholog of the yeast
retromer complex subunit Vps35p is required for the longrange signaling capabilities of Egl-20 (C. elegans Wnt
ortholog) [18, 19]. It has been proposed that the retromer
complex promotes the association of secreted Wnts with
other proteins required for ligand transport, such as lipoprotein particles (Figure 2).
www.cell-research.com | Cell Research

Wnt reception
The seven-pass transmembrane protein Frizzled (Fz)
protein   was   the   ﬁrst   receptor   found   to   transduce   a   Wnt  
signal [20] (Figure 2). Fz proteins contain a large extracellular domain containing a conserved motif comprised of 10
cysteine residues called the cysteine-rich domain (CRD).
The CRD domains from various Fz receptors have been
shown  to  bind  multiple  Wnts  with  high  afﬁnity  [21, 22].
At the cytoplasmic side, Fzs may interact directly with the
Dishevelled  protein,  a  known  mediator  of  Wnt  signaling  
[23].
Much remains to be discovered regarding the mechanism
of Wnt receptor signaling in receiving cells (Figure 2).
There is a requirement for the single-pass transmembrane
proteins of the low-density lipoprotein (LDL) family called
Lrp5 and -6 [24]. Following Wnt binding, it is thought
that Fzs form a co-receptor complex with Lrp proteins
to transduce the canonical Wnt signal [25]. Lrp5 and -6
proteins have a relatively small intracellular domain and
a large extracellular domain containing several potential
protein interaction domains [26]. Truncated proteins that
lack  the  extracellular  portion  of  the  protein,  but  still  contain  
the transmembrane and intracellular domains, produce a
constitutively active canonical Wnt signal [27].
Interestingly, the Axin protein, a negative regulator of
Wnt signaling, can bind to the cytoplasmic tail of LRP6,
providing a mechanism by which Axin is released from catenin [28]. This interaction changes the fate of -catenin;
instead of being destroyed, it accumulates to execute
Wnt-induced gene expression. The binding of Axin to the
LRP6 tail is promoted by phosphorylation of LRP6. Phosphorylation of LRP6 occurs on several clusters of serines
and  threonines,  with  a  central  PPPSP  motif  as  a  hallmark.  
The  serine  in  the  PPPSP  motif  is  modiﬁed  by  GSK3,  leading to activation of signaling [29]. In addition, a member
of  the  CK1  family,  CK1  gamma,  phosphorylates  residues  
next to the PPPSP motif [30].  CK1  gamma,  interestingly,  
has a membrane anchor in the form of a palmitoylation
domain.
There   are   other   proteins   with   known   Wnt-binding  
domains that can serve as receptors for Wnt ligands. The
single-pass   tyrosine   kinase   Ror2,   although   structurally  
distinct from Fz receptors, is involved in other forms of
Wnt signaling [31-35].  In  the  mouse,  Ror2  and  Ror1  knock-
out phenotypes resemble those of Wnt5a/ null mice [36,
37].  In  line  with  this  common  phenotype  is  the  ﬁnding  that  
Ror2 can mediate the Wnt5a signal that is responsible for
inhibition of -catenin-TCF signaling [31]. Thus, the CRD
domain may enable other alternative signaling cascades to
be initiated in response to Wnt ligand stimulation.
Another well-characterized Wnt-binding domain is the
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Wnt inhibitory factor (WIF) module, which is also found
in  the  cell  surface  atypical  receptor  tyrosine  kinase  Ryk  
[38]. In Drosophila,   the   Ryk   ortholog   Derailed   binds   to  
Wnt5 to control commissural axon guidance in a potentially
non-canonical fashion [39].  In  mammalian  systems,  Ryk  is  
required for Wnt3a-mediated canonical Wnt signaling [40].
Understanding the ways in which alternative Wnt receptors
such  as  Ryk  and  Ror2  interact  with  known  Wnt  signaling  
components and what intracellular signaling cascades they
initiate  will  lead  to  exciting  advances  in  the  ﬁeld.  

Wnt signaling and embryonic stem cells
Since the isolation of human ES cells, the use of ES
cells as a regenerative tool has become closer to reality.
But a problem to date is that most embryonic stem cells
(mouse and human) are cultured in the presence of mouse
embryonic   ﬁbroblasts   (MEFs),   serum   and   other   animal  
products, which can introduce unwelcome pathogens into
the ES cell culture. To be able to culture ES cells animal
product-free,  it  is  of  critical  importance  to  deﬁne  all  factors that maintain ES cells in an undifferentiated state.
Although progress has been made toward culturing mouse
and human ES cells serum- and feeder-free, only a few of
the  presumably  many  factors  have  been  deﬁned,  such  as  
leukemia  inhibitor  factor  (LIF)  and  BMP4  for  mouse  and  
basic   ﬁbroblast   growth   factor   for   human   ES   cells   [41].
Given its prominent role in adult stem cell systems, it is
plausible that Wnt signaling plays a role in ES cell culture.
Although recent reports indeed implicate Wnt signaling
in  keeping  ES  cells  pluripotent,  contradicting  results  have  
been published [42]. Consequently, further research is
necessary  to  deﬁne  the  exact  role  of  Wnt  signaling  in  ES  
cell maintenance.
There are many lines of evidence, mostly coming from
mouse ES cell research, that Wnt signaling components
are involved in ES cell control. For example, Pereira et al.
showed that TCF3, a Wnt controlled transcription factor,
repressed nanog, one of the genes required for ES cell
self-renewal [43].  Furthermore,  Jeanisch  and  co-workers  
have shown that overexpression of Oct-4, another selfrenewing gene, causes dysplastic lesions of progenitor
cells and increased -catenin transcriptional activity [44].
Other evidence includes that activation of Wnt signaling,
by genetically eliminating the function of the negative
regulator APC, promotes the undifferentiated phenotype
of mouse ES cells [42].

Wnt signaling and neural stem cells
During the development of the nervous system, primitive
cells act as a source of various types of specialized cells

that   make   up   the   functioning   brain.   Neurons,   astrocytes  
and oligodendrocytes are derived a single type of precursor
cell. Several studies have suggested that these precursor
cells  are  able  to  self-renew,  a  hallmark  of  stem  cells  [45].
Neural stem cells are also implicated in adult neurogenesis,
a process that is restricted to two regions of the central
nervous system: the subventricular zone of the lateral
ventricle and the subgranular zone of the hippocampal
dentate  gyrus.  In  the  embryo,  neurogenesis  is  likely  to  be  
less restricted anatomically; but, in both cases, signals provided by the microenvironment regulate the maintenance,
proliferation and neuronal fate commitment of the local
stem cell populations. While much effort has been devoted
to understanding the development of the central nervous
system in both the adult and embryonic settings, the identity
of  the  signals  regulating  neurogenesis  is  largely  unknown.  
Identifying these factors may increase opportunities to grow
and expand neural stem cells in culture, a prerequisite for
tissue engineering.
In the nervous system, phenotypes of mouse Wnt mutants,  the  Wnt1  knockout  which  results  in  loss  of  midbrain  
for example, suggest that Wnts are candidates for neural
stem  cells’  self-renewal  and  are  major  players  in  blocking  
their differentiation. Wnt3a mutant mice exhibit underdevelopment  of  the  hippocampus  due  to  lack  of  proliferation  
[45],  and  recent  work  demonstrating  enhanced  neurogenesis in vivo via exogenous expression of Wnt3a via lentiviral vectors strengthens the model that the Wnt signaling
pathway is a major regulator of adult neurogenesis in the
hippocampus [46]. A -catenin gain-of function study by
Walsh et al. shows that continuous Wnt signaling results in
expansion of the brain [47]. Together, these studies imply
that using the Wnt pathways in regeneration of cells in the
nervous system will be an exciting area of research.
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