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Towards an integrated view of Wnt signaling in development
Renée van Amerongen and Roel Nusse*

Introduction
Whether the outcome is a roundworm of the species C. elegans,
consisting of exactly 959 somatic cells, or a newborn baby, in which
a fertilized oocyte eventually gives rise to trillions of cells, the proper
execution of any developmental program remains awe-inspiring. At
the cellular level, all developmental processes are ultimately
controlled by the cooperative actions of different signal transduction
pathways. Among them, Wnt signaling is indispensable for
orchestrating the complex cell behaviors that occur throughout
development (reviewed by Croce and McClay, 2008). Wnt signaling
controls cell proliferation, stem cell maintenance and cell fate
decisions, as well as organized cell movements and the
establishment of tissue polarity. It is also frequently deregulated in
human cancers and has been implicated in degenerative diseases. As
a potential target for therapeutic intervention, it thus holds new
promises in the fields of stem cell biology and regenerative
medicine.
As might be inferred from its involvement in such a variety of
biological processes, Wnt signaling is itself inherently complex.
Roughly speaking, this complexity can be attributed to two main
aspects. First, both the ligands and receptors involved in Wnt
signal transduction belong to large multi-gene families, allowing
for a dazzling number of possible ligand-receptor interactions
(reviewed by Kikuchi et al., 2009). Second, Wnt-receptor
interactions can elicit a variety of intracellular responses, the bestknown of which results in the activation of β-catenin/TCF
transcriptional complexes. However, Wnt proteins are also
implicated in the activation of other intracellular messengers,
including calcium fluxes, Jnk and Src kinases, to name but a few.
Over the years, we have come to view the different responses
downstream of Wnt-receptor binding as distinct, linear pathways
(for reviews, see James et al., 2008; Komiya and Habas, 2008)
(Box 1). However, in light of emerging experimental evidence, we
believe that we should move away from this concept, as the current
models are insufficient to explain the complex responses that are
often observed in developing organisms.
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Notably, components at virtually every level of the Wnt signal
transduction cascade have been shown to affect both β-catenindependent and -independent responses, depending on the cellular
context. As we discuss below, this holds true for the Wnt proteins
themselves, as well as for their receptors and some intracellular
messengers. Rather than concluding that these proteins are shared
between pathways, we instead propose that it is the total net
balance of signals that ultimately determines the response of the
receiving cell. In the context of an intact and developing
organism, cells receive multiple, dynamic, often simultaneous and
sometimes even conflicting inputs, all of which are integrated to
elicit the appropriate cell behavior in response. As such, the
different signaling pathways might thus be more intimately
intertwined than previously envisioned. In fact, from a
developmental biologist’s perspective, it would be wrong to look
at them as separate pathways at all. Below, we consider this novel
concept in more detail, focusing on the integration of signals at
the level of Wnt-receptor interactions.
A historical perspective of Wnt signaling in
development
The groundwork for Wnt signal transduction research was
performed in the late 1980s and early 1990s, when the gene products
of the Drosophila wingless (wg) and mouse Int1 (subsequently
Wnt1) genes were found to belong to a large, evolutionarily
conserved family of extracellular signaling molecules (Rijsewijk et
al., 1987). The name ‘Wnt’ is derived from a combination of
wingless and Int1. The Int1 gene was originally identified as an
oncogene that, upon insertional activation by the mouse mammary
tumor virus (MMTV), contributed to the formation of mammary
carcinomas (Nusse and Varmus, 1982). When the Drosophila
developmental gene wg was isolated subsequently, it was shown to
be homologous to Int1 (Baker, 1987; Cabrera et al., 1987; Rijsewijk
et al., 1987).
Other Wnt signal transduction components, identified in forward
genetic screens and functionally mapped by epistasis experiments
(which test the ability of one gene to suppress the effects of another
gene, thereby allowing them to be placed upstream or downstream
of each other) in Drosophila, were also shown to be conserved
across species. These include the Frizzled (Fz) transmembrane
receptor and the downstream effectors Dishevelled (Dsh; Dvl), βcatenin/Armadillo and T cell factor (TCF)/Pangolin (Brunner et al.,
1997; Dominguez et al., 1995; Noordermeer et al., 1994; Peifer et
al., 1991; Siegfried et al., 1994; Sokol et al., 1995; Sussman et al.,
1994; van de Wetering et al., 1997). As such, these studies built the
framework for what has become known as the Wnt/β-catenin
pathway (Box 1).
For a number of years, the Wnt field focused on elucidating the
biochemical mechanisms that control the activity of β-catenin/TCF
(reviewed by Barker, 2008; Huang and He, 2008; Moon et al.,
2004). This was largely driven by the fact that β-catenin was
frequently found to be mutated in human cancers, causing
hyperactivation of Wnt/β-catenin signaling in virtually all intestinal
cancers and in a variety of other malignancies. Only recently has
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Wnt signaling is crucial for embryonic development in all animal
species studied to date. The interaction between Wnt proteins
and cell surface receptors can result in a variety of intracellular
responses. A key remaining question is how these specific
responses take shape in the context of a complex, multicellular
organism. Recent studies suggest that we have to revise some of
our most basic ideas about Wnt signal transduction. Rather than
thinking about Wnt signaling in terms of distinct, linear, cellular
signaling pathways, we propose a novel view that considers the
integration of multiple, often simultaneous, inputs at the level
of both Wnt-receptor binding and the downstream,
intracellular response.
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attention shifted back to the cell membrane, where signal
transduction is initiated by the binding of Wnt proteins to membrane
receptors.
We now know that the genomes of Drosophila, C. elegans,
Xenopus and higher vertebrates harbor multiple Wnt genes (a total
of 19 in mammals). Notably, a remarkably diverse Wnt repertoire
is already present in Cnidarians, an ancient metazoan phylum that
includes fresh water polyps and sea anemones (Guder et al.,
2006). This not only indicates that Wnt gene diversity arose early
in evolution, but also that it has remained essential for the proper
development of multicellular animals. Such genetic complexity is
also found at the level of the prototypical Wnt receptor, Frizzled,
a cell surface receptor with seven transmembrane-spanning
segments and a Wnt-binding site in the form of a cysteine-rich
domain (CRD) (Bhanot et al., 1996). A total of four Frizzled
receptors have been identified in Drosophila and C. elegans, and
ten Frizzled receptors are found in mice and humans [see Table 1
for an overview of the Wnt and receptor proteins that have been
identified in commonly utilized model organisms; a table

providing a detailed overview of different Wnt-receptor
interactions was recently published elsewhere (Kikuchi et al.,
2009)].
From the outset, researchers have attempted to group individual
Wnt proteins into classes to which specific activities could be
assigned. This has resulted in the subdivision of Wnts into
‘canonical’ or ‘non-canonical’ based on the ability of the former,
but not the latter, to induce an ectopic axis in Xenopus embryos
(McMahon and Moon, 1989) and to cause the morphological
transformation of mouse C57MG mammary cells (Wong et al.,
1994). Both of these activities correlate with an increase in the
levels of β-catenin and a concomitant increase in β-catenin/TCF
signaling (Shimizu et al., 1997). Studies in Drosophila had shown
previously that frizzled and dishevelled were required to establish
tissue polarity independently of β-catenin/TCF (Strutt et al., 1997;
Theisen et al., 1994; Vinson and Adler, 1987). When certain noncanonical Wnts were shown to be involved in related processes
that control convergent extension movements during vertebrate
development (Heisenberg et al., 2000; Tada and Smith, 2000;

Box 1. Intracellular responses downstream of Wnt-receptor binding
Wnt-receptor binding can elicit a variety of intracellular responses. (A) The interaction of Wnt with Frizzled and low-density lipoprotein receptorrelated protein (LRP) results in the activation of β-catenin/T cell factor (TCF) signaling. This requires inactivation of a ‘destruction complex’,
comprising Adenomatosis polyposis coli (APC), Axin, glycogen synthase kinase 3b (Gsk3b) and Casein kinase I (CKI) that normally sequesters and
phosphorylates newly synthesized β-catenin, targeting it for degradation by the proteasome. Phosphorylation of the cytoplasmic tail of LRP has
also been shown to be crucial for Wnt/β-catenin signaling. Although direct evidence demonstrating an endogenous Wnt-Frizzled-LRP complex is
lacking, there are sufficient data to conclude that such a trimeric complex exists in vivo (e.g. Bilic et al., 2007; Holmen et al., 2005; Liu et al., 2005).
(B) Binding of Wnts to the receptor tyrosine kinase (RTK) Ror2 can inhibit β-catenin/TCF signaling and activate Jnk. The mechanisms that underlie
these activities are still incompletely understood. (C) Frizzled receptors are implicated in the establishment of planar cell polarity (PCP) and in the
control of polarized cell migration (reviewed by Simons and Mlodzik, 2008). In flies, but not vertebrates, these responses appear to occur
independently of a Wnt-Frizzled interaction (as indicated by a question mark in the figure). Rather than β-catenin/TCF complexes, the establishment
of PCP is thought to involve a set of distinct downstream messengers that include Dishevelled (Dvl), small Rho GTPases and Jnk. In some cases,
Frizzled receptors can induce Ca2+ fluxes. (D) Wnt proteins have also been shown to bind to Ryk RTKs, mostly in the context of neuronal
development, resulting in the activation of Src proteins.
Although this article focuses on the integration of signals at the level of Wnt-receptor binding, it is important to note that integration also occurs
further downstream, as it is a general feature of any signaling network. Many of the depicted players have been implicated in more than one
cellular response. For instance, Dvl is generally thought to function at the crossroad of Wnt/β-catenin and Frizzled/PCP signaling (Boutros and
Mlodzik, 1999), whereas Rac and Jnk, which have been implicated in a β-catenin-independent response downstream of Dvl, were recently shown
to activate β-catenin/TCF (Wu et al., 2008). Other proteins, such as Nkd, Inversin and Diversin, have been considered to function as molecular
‘switches’, by inhibiting one intracellular response and promoting another (Schwarz-Romond et al., 2002; Simons et al., 2005; Yan et al., 2001),
and they too might be prime examples of nodes in the network that integrate different signaling inputs.
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Table 1. Conservation of Wnt and Frizzled proteins across metazoan species
Hydra

Nematostella*

Drosophila

C. elegans†

Xenopus‡

Mouse and human

XWnt1

Wnt1

Wnt proteins from major subfamilies

HyWnt1

NvWnt1

Wg

HyWnt2

NvWnt2

XWnt2
XWnt2B

Wnt2
Wnt2B

HyWnt3

NvWnt3

XWnt3
XWnt3A

Wnt3
Wnt3A

CWN-1

XWnt4

Wnt4

CWN-2

XWnt5A
XWnt5B

Wnt5A
Wnt5B

NvWnt4
HyWnt5

NvWnt5

Dwnt5

NvWnt6

Dwnt6

XWnt6

Wnt6

HyWnt7

NvWnt7A
NvWnt7B

Dwnt2

XWnt7A
XWnt7B
XWnt7C

Wnt7A
Wnt7B

HyWnt8

NvWnt8A
NvWnt8B

XWnt8A
XWnt8B

Wnt8A
Wnt8B
Wnt9A
Wnt9B

HyWnt10A
HyWnt10B
HyWnt10C

NvWnt10

HyWnt11

NvWnt11

HyWnt16

NvWnt16

Dwnt10

XWnt10A

Wnt10A
Wnt10B

XWnt11

Wnt11

EGL-20

Wnt16

Orphan Wnt proteins (not related to one another)

NvWntA
Dwnt4
DwntD
LIN-44
MOM-2

HyFz

NvFz1

Fz

MOM-5
LIN-17

XFz1
XFz2
XFz3
XFz7

Fz1
Fz2
Fz3
Fz6
Fz7

NvFz2

Dfz2

CFZ-2

XFz5
XFz8

Fz5
Fz8

NvFz3
NvFz4

Dfz3
Dfz4

MIG-1

XFz4
XFz9
XFz10A
XFz10b

Fz4
Fz9
Fz10

Overview of the different Wnt proteins and Frizzled cell surface receptors found in several metazoan species. Orthologs are grouped together based on published
phylogenetic analyses (Huang and Klein, 2004; Kusserow et al., 2005; Lengfeld et al., 2009; Minobe et al., 2000; Momose and Houliston, 2007; Prud’homme et al., 2002;
Schubert et al., 2000).
*Of note, 11 out of the 12 Wnt subfamilies found in mammals are also found in the sea anemone Nematostella vectensis, which suggests that the high genetic complexity
that was present in a common metazoan ancestor has been lost in Drosophila and C. elegans.
†
The nomenclature of Wnt proteins and receptors in C. elegans (and, to a lesser extent, Drosophila) does not follow that of vertebrate species.
‡
The Xenopus genome has not yet been sequenced completely; therefore, additional Wnt proteins and/or receptors might still be identified.

Wallingford et al., 2001), the distinction between the two groups
of ligands appeared clean-cut: canonical Wnts bound to Frizzled
and activated β-catenin/TCF, whereas non-canonical Wnts bound
to Frizzled and activated small Rho GTPases, c-Jun N-terminal
kinase (Jnk) and other β-catenin-independent signaling events.
However, the intrinsic properties of individual Wnt proteins are

only part of the story, and in light of today’s knowledge, it seems
incongruous to refer to a given Wnt as canonical or noncanonical.
First, members of the low-density lipoprotein receptor-related
protein (LRP; Arrow in Drosophila) family have been identified as
single-pass transmembrane co-receptors for Frizzled (Mao et al.,
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2001; Tamai et al., 2000; Wehrli et al., 2000) (Fig. 1A). In fact, the
phosphorylation of LRP/Arrow, as well as its ability to form large
aggregates or ‘signalosomes’, both of which require Frizzled
function, have recently been shown to be indispensable for the
accumulation of β-catenin upon Wnt stimulation in many species
(Bilic et al., 2007; Tamai et al., 2004; Zeng et al., 2008). In addition,
certain non-Frizzled receptors have been shown to be capable of
transmitting Wnt signals. Single-pass transmembrane receptor
tyrosine kinases (RTKs) of the Ryk and Ror families appear to
function as genuine Wnt receptors, with Wnt interactions mediated
by Wnt inhibitory factor (Wif) domains in the case of Ryk receptors
and by CRD domains in the case of Ror receptors (Forrester et al.,
2004; Green et al., 2007; Inoue et al., 2004; Lu et al., 2004; Mikels
and Nusse, 2006; Oishi et al., 2003) (Fig. 1B,C). With the
identification of this novel class of Wnt receptors, old questions have
come to the fore again: what determines the specificity of Wntreceptor interactions, and what dictates the downstream cellular
response?
Context-specific responses to Wnt
Essentially all of the experiments on which the classification of Wnt
proteins has been based were performed prior to the identification
of LRP co-receptors or of the alternative Wnt receptors Ryk and Ror.
With hindsight, these studies should therefore be viewed as
reflecting receptor expression in the model system under study, as
much as the activities of the Wnts themselves. For instance, in an
effort to determine ligand-receptor specificity, Takada and
colleagues studied the effect of mammalian Wnt3A (traditionally

considered a canonical Wnt) and Wnt5A (the prototypical noncanonical Wnt) on a number of mammalian Frizzled receptors
heterologously expressed in Drosophila S2 cells (Takada et al.,
2005). Whereas Wnt3A clearly stabilized the levels of the
Drosophila β-catenin homolog Armadillo in combination with
specific Frizzled receptors, Wnt5A failed to do so in any of the
conditions tested. However, rather than an intrinsic difference in the
capacity of Wnt3A and Wnt5A to activate signaling through βcatenin, this outcome might instead reflect an inability of Wnt5A to
recruit the LRP homolog Arrow. Indeed, Wnt5A is able to induce
signaling through β-catenin/TCF in cells of the human 293
embryonic kidney cell line that express Fz4 and LRP5 (Mikels and
Nusse, 2006). Similarly, Wnt5A can induce an ectopic axis in
Xenopus embryos in a system in which Fz5 is expressed (He et al.,
1997; Holmen et al., 2002). These studies underscore the fact that
subtle differences in the affinities of individual Wnt proteins for
different receptors and co-receptors can influence experimental
outcomes.
One might argue that the ability of Wnt5A to induce βcatenin/TCF signaling through Fz4 or Fz5 is an experimental
overexpression artifact: in a normal biological context, Wnt5A
might never encounter the combination of receptors that is required
for this activity. The fact that this perspective is an oversimplification is best illustrated by the more recent finding that
Wnt11, which is also typically considered to be a non-canonical
Wnt, indeed appears to fulfill a dual role during development.
Wnt11 is clearly required for convergent extension movements
during gastrulation in amphibians (Heisenberg et al., 2000; Marlow
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Fig. 1. Wnt proteins and their interaction partners. Depending on the developmental time-point, as well as on the tissue and cell type, Wnt
proteins (with different family members depicted in blue and yellow) can encounter a multitude of different interaction partners that determine the
response of the signal-receiving cell, with most Wnt signal transduction components not dedicated to a single intracellular response. Proteins that
promote Wnt-Frizzled activity are depicted in green; proteins that impede Wnt-Frizzled activity are in red. See text for details. (A) Wnt proteins can
engage with a variety of cell surface receptors, including members of the Frizzled seven-transmembrane-spanning receptor family. In order for βcatenin/TCF signaling to occur, the LRP co-receptor must be recruited into the Wnt-Frizzled complex. LRP availability is determined by the balance
between its internalization and plasma membrane presentation (mediated by Dkk and Kremen). Other co-factors, such as R-Spondin and Wise, also
affect Wnt-receptor complex activity, with R-Spondin competing with Dkk for binding to Kremen (Binnerts et al., 2007), and with Wise capable of
both promoting and inhibiting Wnt signaling. Finally, non-Wnt proteins, such as the unrelated ligand Norrin, can compete for binding to Frizzled
receptors (Xu et al., 2004). (B,C) Wnt proteins can also bind to single-pass transmembrane RTKs of the Ryk and Ror families. (D) In some cases, the
Wnt-receptor interaction might require the recruitment of additional co-factors. For instance, Cthrc1 can promote the formation of a Wnt-FrizzledRor complex (see text for details). (E) Little is known about the active conformation of Wnt proteins. They might signal as monomers, or in homo-,
hetero- or oligomeric complexes. (F) In the extracellular space, Wnt proteins can encounter secreted inhibitors, such as Wifs and Sfrps, both of
which bind and inhibit Wnt proteins directly.

et al., 2002; Smith et al., 2000; Tada and Smith, 2000), yet
maternally contributed Wnt11 also initiates axis formation in the
early Xenopus embryo by causing a local accumulation of β-catenin
(Tao et al., 2005). Recent work suggests that maternal Wnt5A
similarly activates β-catenin/TCF signaling during Xenopus axis
formation, as the depletion of maternal Wnt5A phenocopies the loss
of maternal Wnt11 (Cha et al., 2008). Of course, great care should
be taken when generalizing the function of individual Wnts based
on data obtained using vastly different model organisms. Thus, until
we have mapped all of the Wnt-receptor interactions that occur in
the context of an intact organism and across different species, we
cannot rule out the possibility that Wnts have multiple activities
during development, and current evidence supports the notion that
they do. It is interesting to speculate, then, how Wnt signaling can
generate such diverse outputs. In doing so, however, it is important
to realize that in addition to species-specific differences, many of the
observed responses are likely to be stage dependent and tissue
specific. The outcome of Wnt-receptor binding will depend as much
on the developmental history of the receiving cell as on the stimulus
it receives. For instance, Wnt/β-catenin signaling has been shown to
promote self-renewal and proliferation of various stem cells (Reya
et al., 2003; Sato et al., 2004), but it regulates distinct cell fate
decisions in neural crest stem cells (Lee et al., 2004).
Observations such as those above raise the question of why we
need so many Wnt and Frizzled proteins at all. The mere fact that all
animal species have retained a large number of different Wnt
proteins throughout evolution suggests that their functions are not
redundant. However, whereas the deletion of wg in Drosophila
results in defective β-catenin/TCF signaling, deletion of the other
Drosophila Wnt genes does not cause gross developmental defects.
In fact, with the exception of Wnt2 mutants, which have a gonadal
phenotype, functions for the other Wnt genes have mostly been
observed in the context of wg co-deletion (Kozopas et al., 1998;
Llimargas and Lawrence, 2001). This could indicate that the other
Drosophila Wnts merely serve as co-factors that fine-tune the
activities of Wg, but experimental evidence to support this
hypothesis is lacking.
Unfortunately, it has remained a challenge to map the precise
differences in protein structure and receptor-binding properties of
the different Wnt proteins. Efforts to crystallize them and to
determine their three-dimensional structure have been unsuccessful,
and their hydrophobic nature has, until recently, hampered
purification efforts (Willert et al., 2003; Willert, 2008). Overall,
studies that have directly addressed Wnt-Frizzled binding affinities
are limited. Experiments that use membrane-tethered Drosophila,
C. elegans or Xenopus Wnt proteins and soluble, secreted Frizzled
CRD domains have revealed that certain Wnt-Frizzled combinations
appear to be favored over others (Bhanot et al., 1996; Green et al.,
2007; Hsieh et al., 1999; Rulifson et al., 2000; Wu and Nusse, 2002).
However, it is still far from clear to what extent specific Wntreceptor pairings truly have distinct functions. Moreover, these
experiments have the caveat that they do not take into account any
potential modulation of Wnt-receptor interactions by co-receptors
or by modifications to the Wnts themselves, both of which might
influence the responses that occur in the context of an intact,
developing organism.
Context-specific functions for cell surface
receptors
The cellular response to a given Wnt-receptor interaction appears to
depend, at least in part, on the signaling specificity of the receptor. In
particular, sequences in the C-terminus of the Frizzled protein affect
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the ability of the receptor to activate β-catenin/TCF signaling. In
Drosophila, Fz is involved in the establishment of planar cell polarity
(PCP). It has a lower affinity for Wg than does Fz2, which is involved
in β-catenin/TCF signaling rather than PCP (Bhanot et al., 1996; Bhat,
1998; Tomlinson et al., 1997). Exchanging the C-terminal sequences
of Fz and Fz2 reverses their behaviors (Boutros et al., 2000).
Although such distinct signaling activities are in line with a model
in which the outcome of a Wnt signal transduction event is
determined by the receptors that are encountered on the cell surface,
there are now many examples demonstrating that it would be too
simplistic to view the receptor as the sole determinant of Wnt
signaling activation. For instance, Xenopus Fz7 has been shown to
mediate multiple intracellular responses. Fz7 affects convergent
extension movements in a β-catenin/TCF-independent manner that
involves Dishevelled, Syndecan 4 and Cdc42, but it is also required
for dorsoventral mesoderm specification upstream of β-catenin/TCF
(Medina et al., 2000; Munoz et al., 2006; Sumanas and Ekker, 2001;
Sumanas et al., 2000). Similarly, many studies have demonstrated a
role for Ror2 in the transmission of a Wnt5A signal that ultimately
inhibits β-catenin/TCF signaling. Ror2 appears to function as a
genuine RTK in this case (Billiard et al., 2005) (Fig. 1C). Recent
reports, however, suggest that in a different cellular context, Ror2
might function to potentiate β-catenin/TCF signaling induced by
Wnt1 or Wnt3A (Li et al., 2008; Winkel et al., 2008). The latter does
not appear to require Ror2 tyrosine kinase activity, raising the
possibility that Ror2 could also function as a co-receptor that merely
aids in presenting Wnts to Frizzled (Fig. 1D). Work in C. elegans
suggests yet another possible function for Ror2. The C. elegans Ror2
homolog CAM-1 antagonizes β-catenin/TCF signaling non-cellautonomously (meaning that it functions on cells other than the Wnt
target cell) and independently of its cytoplasmic domain (Green et
al., 2007). As CAM-1 is able to interact with multiple C. elegans
Wnts, the authors propose a model in which CAM-1 functions as a
sink to sequester Wnt proteins, thereby limiting their effective range
and concentration. It remains to be determined whether Ror2 has a
similar role in other organisms. As illustrated by these examples, just
as Wnt proteins cannot be strictly divided into classes with specific
activities, the function of Frizzleds and of other Wnt receptors and
co-receptors is also context dependent.
Dynamic interactions determine the cellular
response to Wnts
In addition to Wnt proteins having the potential to engage a variety
of different transmembrane receptors, both Wnts and their receptors
encounter a host of co-regulators in the intra- and extracellular
space, many of which appear to fulfill dual roles. Below we discuss
some of these context-dependent modifiers in more detail in order
to illustrate how the cumulative interactions between these different
factors allow for flexible and dynamic cellular responses to the
presence of a Wnt signal. It is by no means an exhaustive list, but
serves to underscore the dynamic interactions that are likely to exist
between many of the players involved.
As mentioned above, the canonical β-catenin-dependent and noncanonical β-catenin-independent responses to Wnt stimulation have
generally been viewed as separate pathways. Specifically, the
recruitment of the LRP co-receptor appears to be a prerequisite for
inducing β-catenin/TCF signaling (Tamai et al., 2000; Wehrli et al.,
2000). Recently, however, LRP6 has also been implicated in
convergent extension movements and in the establishment of tissue
polarity in vertebrates (Bryja et al., 2009; Tahinci et al., 2007). The
LRP co-receptor can be prevented from engaging the Wnt-Frizzled
complex by Kremen, a single-pass transmembrane receptor, and by
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Dickkopf (Dkk), a soluble secreted protein that, when bound to LRP,
mediates its internalization (Fig. 1A). By helping to promote this
Dkk-mediated internalization of LRP, Kremen negatively regulates
Wnt/β-catenin signaling (Mao et al., 2002). In the absence of Dkk,
however, Kremen instead promotes the cell surface localization of
LRP (Hassler et al., 2007). As pointed out by Cselenyi and Lee
(Cselenyi and Lee, 2008), the stimulatory activities of Kremen on
the one hand, and its inhibitory activities on the other hand, would
allow it to generate a biphasic response: in regions of lower Dkk
concentration Kremen could augment Wnt/β-catenin signaling,
whereas it might actively inhibit Wnt/β-catenin signaling once a
critical Dkk concentration has been surpassed.
Similar to LRP6, Dkk has now been linked to canonical as well
as to non-canonical signaling events. The depletion of maternal Dkk
in Xenopus embryos results in the ectopic activation of βcatenin/TCF signaling, but also disturbs convergent extension
movements in a β-catenin-independent fashion as a result of
enhanced Jnk activity (Caneparo et al., 2007; Cha et al., 2008).
These and other studies suggest that canonical and non-canonical
responses might be far more intimately linked than previously
envisioned.
The LRP6-binding protein Wise (Sostdc1) is another prominent
example of a context-dependent modifier (Fig. 1A). Early
experiments in Xenopus revealed both stimulatory and inhibitory
activities for the protein with regard to Wnt/β-catenin signaling, as
well as a role in the regulation of convergent extension movements
(Itasaki et al., 2003). In a follow-up study, Wise was shown to inhibit
the activities of some Wnt proteins, but to augment the activity of
others. Furthermore, Wise was found to have extracellular as well
as intracellular functions (Guidato and Itasaki, 2007). A mutant Wise
protein that is retained in the endoplasmic reticulum resulted in
reduced cell surface expression of LRP6. Although it is currently
unknown whether endogenous Wise is produced in a secreted as
well as in an intracellular form in vivo, it is important to note that
some of the phenotypes observed upon overexpression or
knockdown of wild-type Wise are better recapitulated by a secreted
form of the protein, but others by an endoplasmic, reticulumretained form.
The recent identification of collagen triple helix repeat-containing
protein 1 (Cthrc1) as a modifier of Wnt signal transduction
illustrates the importance of extracellular co-factors for the
generation of a functional Wnt-receptor unit (Yamamoto et al.,
2008). Functionally, Cthrc1 interacts with the core PCP protein
Vangl2 in mice, which suggests a role in the establishment of tissue
polarity. In overexpression experiments, Cthrc1 physically interacts
with a number of Wnts (Wnt3A, Wnt5A and Wnt11) and Frizzleds
(Fz3, Fz5 and Fz6) as well as with Ror2. Moreover, Cthrc1
specifically enhances Wnt-Fz-Ror2 complex formation at the
expense of Wnt-Fz-LRP6 complexes – an activity that the authors
speculate might result in the simultaneous inhibition of βcatenin/TCF signaling and activation of intracellular signaling
events that contribute to the establishment of tissue polarity.
Although Ror2 functions as a genuine Wnt receptor by virtue of its
own CRD domain (Fig. 1C), the study by Yamamoto et al., suggests
that Ror2 might also function as part of a larger complex in which it
collaborates with a Frizzled receptor (Fig. 1D) (Yamamoto et al.,
2008). This would be in agreement with previously published data
that show a physical interaction between Ror2 and Frizzled (Oishi
et al., 2003).
In light of the Wnt-Fz-Ror2 complex formation described by
Yamamoto et al. (Yamamoto et al., 2008) and of reports on the
dimerization of individual receptors (Carron et al., 2003; Liu et al.,
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2008), the presence of multiple Wnt receptors in a single complex
raises the possibility that Wnt proteins act as multimers instead of
monomers (Fig. 1E). A recent study by Heasman and co-workers
demonstrates just that: both Wnt5A and Wnt11 were shown to form
homodimers, which then interact to form a functional, oligomeric
Wnt5A-Wnt11 complex (Cha et al., 2008).
Finally, an additional level of regulation comes in the form of
secreted Wnt inhibitors, such as the Wif proteins, the Wntinteracting domain of which is similar to that of the Ryk receptors,
and the secreted frizzled-related proteins (Sfrps), which contain a
CRD that is similar to the Wnt-interacting domains of both Frizzled
and Ror receptors (Fig. 1F). Wifs and Sfrps can directly bind to Wnt
proteins in the extracellular space, thereby affecting receptor
occupancy and, ultimately, the cellular response (Bovolenta et al.,
2008; Kawano and Kypta, 2003).
Challenges in studying Wnt signaling in
development
Whereas in vitro studies and biochemical approaches are invaluable
for dissecting the functions of individual Wnt signal transduction
components, their relevance for development must ultimately be
demonstrated in vivo. Here, the situation quickly becomes very
complicated, as cells can receive multiple inputs at the same time,
and these might function together to elicit the desired effect. For
instance, in C. elegans, two opposing Wnt signaling events
collaborate in orienting cell polarity (Green et al., 2008). On the one
hand, Wnt/LIN-44 and Wnt/MOM-2, acting through Fz/LIN-17 and
Ryk/LIN-18, induce signaling through β-catenin/TCF. On the other
hand, Wnt/EGL-20 acts through Ror2/CAM-1, in collaboration with
the PCP protein Vangl1/VANG-1. All of these inputs simultaneously
direct the oriented cell divisions that are required to polarize cells
properly during vulval development. When interpreting these
results, however, we should bear in mind that the roles of different
proteins and the specific cell behavior they elicit, are likely to have
become diversified over the course of evolution. For instance, the
function of Arrow in Drosophila appears to be limited to Wnt/βcatenin signaling. No apparent homologs of LRP/Arrow have been
identified in C. elegans. Yet in vertebrates, LRP6 has been
implicated in both β-catenin-dependent and -independent responses,
as discussed above. Also, the establishment of tissue polarity in
Drosophila appears to require Frizzled, but not Wnt (Chen et al.,
2008). Conversely, Wnt proteins have been implicated in convergent
extension and tissue polarity in vertebrates (Dabdoub et al., 2003;
Heisenberg et al., 2000; Kilian et al., 2003; Qian et al., 2007).
Given the large number of Wnt and Frizzled homologs in higher
vertebrates, it remains a daunting task to determine the role of each
of them in a given developmental process. Even in Drosophila,
exhaustive studies of this nature have yet to be performed. In C.
elegans, however, Zinovyeva et al. have recently investigated the
involvement of all five Wnt proteins and all four Frizzled receptors
in embryonic and post-embryonic cell migrations (Zinovyeva et al.,
2008). They found all of them to be involved, as was Ror2/CAM-1.
Moreover, a comparison of the phenotypes observed in quintuple
Wnt mutants and in quadruple Frizzled mutant worms suggests the
existence of additional Frizzled-independent roles for Wnt, and
Wnt-independent roles for Frizzled. As proposed by the authors, the
simultaneous expression of multiple Wnt homologs in the same
tissue could provide increased positional and directional information
and help in the fine-tuning of the cellular responses.
In C. elegans, as well as in other animal species ranging from
Drosophila to Xenopus and mice, Wnt proteins and their receptors
are expressed in a tightly regulated spatiotemporal manner from
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early development onwards. During the implantation of the mouse
blastocyst, for instance, Wnts and Frizzleds are already expressed in
very distinct and dynamic patterns, which suggest an equally
dynamic regulation of downstream signaling events (Hayashi et al.,
2009). Only recently have more advanced high-throughput
approaches and quantitative analyses enabled the construction of a
more detailed picture of the dynamic expression patterns of Wnt
genes, their receptors and co-regulators during development. In the
mouse limb, for instance, Witte and colleagues have performed a
detailed analysis of the localization of transcripts that encode Wnt
proteins and their secreted antagonists, revealing a dynamic
distribution pattern (Witte et al., 2009). A similar situation was
observed for expression of the different Frizzled receptor genes in
the mouse brain (Fischer et al., 2007). Yet for many of the newly
identified Wnt receptors and co-receptors, as well as for most
anatomical sites, the expression characteristics remain largely
undetermined. Public databases, such as the Gene Paint Atlas
(http://www.genepaint.org) and the Edinburgh Mouse Atlas
(http://genex.hgu.mrc.ac.uk/intro.html), will become increasingly
informative with regard to Wnt signaling as these data accumulate.
Finally, more advanced techniques should allow us to find the
answers to a wide range of pressing questions. What are the signals
that regulate the expression of the different ligands and receptors
themselves? What are the feedback mechanisms by which Wnt
proteins might affect the expression of the receptor repertoire? In
Drosophila, for instance, fz3 is a target of Wg, and its upregulation
in turn attenuates Wg signaling (Sato et al., 1999). In vertebrates,
several negative regulators of Wnt signal transduction, such as Axin2
and Dkk4, have also been identified as Wnt target genes (Bazzi et
al., 2007; Jho et al., 2002). Such negative-feedback loops can have

Textbook representation of
a signal transduction pathway

important developmental consequences. For instance, they can result
in the stable oscillations that are observed during somitogenesis,
when periods of high and low Wnt signaling activity alternate
(Aulehla et al., 2003; Aulehla et al., 2008; Suriben et al., 2006), or
in the regular spacing of hair follicles in the skin (Sick et al., 2006).
Do different signaling events really occur within the same cell?
How do signaling events in neighboring cells, or even in cells that
are further removed, affect the response of the tissue as a whole? As
exemplified by the non-cell-autonomous role of Ror2/CAM-1 in C.
elegans (Green et al., 2007), proteins may affect the response to Wnt
by functioning in cells adjacent to, but different from, the Wnt target
cell. How far do the different Wnt signals spread in vivo? Can we
distinguish between direct responses and secondary effects? The
latter is an important, yet often neglected, source of confusion. It is
crucial to realize that the ultimate developmental read-out (i.e. the
phenotype) and the direct, initial response to Wnt ligand stimulation
(e.g. receptor complex formation, or the stabilization of β-catenin)
are vastly separated in developmental time and should therefore be
distinguished from one another.
Novel imaging tools should provide us with sufficient resolution
to zoom in on Wnt signal transduction events in vivo. The Cterminal tails of the Drosophila Fz and Fz2 proteins, for instance,
determine their subcellular localization (Wu et al., 2004). The Fz Cterminus directs apical localization in epithelial cells of the
Drosophila wing imaginal disc, where it promotes PCP signaling but
inhibits signaling through β-catenin/TCF. By contrast, the Fz2 Cterminus promotes a more basolateral localization, where it binds
Wg and promotes signaling through β-catenin/TCF. This
observation suggests that different intracellular responses might take
place in distinct subcellular compartments. Likewise, the polarized

Representation of a signal transduction network
based on more detailed experimental evidence
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Fig. 2. Signal transduction networks. Textbook molecular biology ascribes that a signal transduction cascade begins with the binding of an
extracellular ligand to a membrane receptor, after which cytoplasmic second messengers transduce the signal to the nucleus, resulting in the
transcription of a given set of target genes. In reality, the situation is not that simple, and complications exist at practically every level. A wide variety
of ligands exists. The mammalian genome, for instance, encodes 19 different Wnt ligands. The same holds true at the receptor level. Multiple
receptor homologs (ten Frizzled receptor homologs in mammals), different receptor families and additional co-receptors further diversify the signal
transduction cascade. To think of intracellular signaling events as linear pathways is another over-simplification. In reality, biology does not follow a
straight line. Signals can branch off at virtually every step, modifiers can represent a parallel input that affects the outcome of signal transduction
independently of extracellular ligand stimulation, intense cross-talk (depicted by double-headed arrows) exists between different signaling cascades,
and feedback mechanisms provide an additional layer of control. So, although we often still think in very linear terms, we are actually dealing with
ever-evolving and intertwined signal transduction networks in which multiple inputs are integrated at virtually every level.
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distribution of LRP6 observed in cells that undergo convergent
extension movements (Tahinci et al., 2007) suggests that close
observation might be required to reveal subtle differences that could
have important developmental consequences.
Conclusions
For many years, most of our efforts in studying Wnt signal
transduction have focused on resolving the biochemical nature of
downstream signaling events. In the past decade, however, attention
has shifted back to the plasma membrane. How all the various pieces
of information obtained from these studies fit together in the puzzle
of a complete signal transduction network within the context of a
living organism remains to be resolved. These studies have revealed
the existence of extensive cross-talk between the numerous ligands,
receptors, co-receptors and additional regulators, as well as between
downstream intracellular messengers. As a result, the outcome of a
given Wnt signal is highly unpredictable. As much as we still like to
think of signal transduction pathways in terms of linear cascades and
stable, well-defined interactions, reality teaches us that things are
more flexible, dynamic and, as a result, more complicated (Fig. 2).
This is especially true in an intact organism, where cells exist in the
context of complex tissues in which numerous cell types
communicate with one another. An important feature of a system
that depends on the proper integration of multiple inputs is its
sensitivity to small changes in the dose or gradient of extracellular
factors, as well as to the absolute levels of the different receptors and
co-receptors involved. This realization brings with it the requirement
for a new way of thinking about signaling events that also integrates
more advanced experimental analyses and novel bioinformatic
modeling tools (Kestler and Kuhl, 2008).
As the response to a specific signal is cell type specific and
context dependent, we urge caution in concluding which particular
molecular components are recruited for this purpose within a cell.
Whereas multiple tools exist to monitor the involvement of βcatenin/TCF signaling, many of the other downstream signaling
events still lack specific read-outs. We strongly emphasize that we
should no longer think of Wnt signal transduction in terms of linear
pathways, either intracellularly or extracellularly. As helpful as
breaking down the signaling cascade into different pieces has been
for resolving the functions of its core components, it is now time to
see Wnt signal transduction for what it truly is: a complex network
of protein interactions, with multiple outcomes, cross-talk and
regulatory inputs at practically every level.
Acknowledgements
We thank T. Blauwkamp and J. Green for helpful discussions and reading of
the manuscript. R.v.A. is supported by a long-term fellowship from the
European Molecular Biology Organization (EMBO) and by a KWF fellowship
from the Dutch Cancer Society. R.N. is an investigator of the Howard Hughes
Medical Institute (HHMI).
References
Aulehla, A., Wehrle, C., Brand-Saberi, B., Kemler, R., Gossler, A., Kanzler, B.
and Herrmann, B. G. (2003). Wnt3a plays a major role in the segmentation
clock controlling somitogenesis. Dev. Cell 4, 395-406.
Aulehla, A., Wiegraebe, W., Baubet, V., Wahl, M. B., Deng, C., Taketo, M.,
Lewandoski, M. and Pourquie, O. (2008). A beta-catenin gradient links the
clock and wavefront systems in mouse embryo segmentation. Nat. Cell Biol. 10,
186-193.
Baker, N. E. (1987). Molecular cloning of sequences from wingless, a segment
polarity gene in Drosophila: the spatial distribution of a transcript in embryos.
EMBO J. 6, 1765-1773.
Barker, N. (2008). The canonical Wnt/beta-catenin signalling pathway. Methods
Mol. Biol. 468, 5-15.
Bazzi, H., Fantauzzo, K. A., Richardson, G. D., Jahoda, C. A. and Christiano,
A. M. (2007). The Wnt inhibitor, Dickkopf 4, is induced by canonical Wnt
signaling during ectodermal appendage morphogenesis. Dev. Biol. 305, 498-507.

Development 136 (19)
Bhanot, P., Brink, M., Samos, C. H., Hsieh, J. C., Wang, Y., Macke, J. P.,
Andrew, D., Nathans, J. and Nusse, R. (1996). A new member of the
frizzled family from Drosophila functions as a Wingless receptor. Nature 382,
225-230.
Bhat, K. M. (1998). frizzled and frizzled 2 play a partially redundant role in
wingless signaling and have similar requirements to wingless in neurogenesis.
Cell 95, 1027-1036.
Bilic, J., Huang, Y. L., Davidson, G., Zimmermann, T., Cruciat, C. M., Bienz, M.
and Niehrs, C. (2007). Wnt induces LRP6 signalosomes and promotes
dishevelled-dependent LRP6 phosphorylation. Science 316, 1619-1622.
Billiard, J., Way, D. S., Seestaller-Wehr, L. M., Moran, R. A., Mangine, A. and
Bodine, P. V. (2005). The orphan receptor tyrosine kinase Ror2 modulates
canonical Wnt signaling in osteoblastic cells. Mol. Endocrinol. 19, 90-101.
Binnerts, M. E., Kim, K. A., Bright, J. M., Patel, S. M., Tran, K., Zhou, M.,
Leung, J. M., Liu, Y., Lomas, W. E., 3rd, Dixon, M. et al. (2007). R-Spondin1
regulates Wnt signaling by inhibiting internalization of LRP6. Proc. Natl. Acad.
Sci. USA 104, 14700-14705.
Boutros, M. and Mlodzik, M. (1999). Dishevelled: at the crossroads of divergent
intracellular signaling pathways. Mech. Dev. 83, 27-37.
Boutros, M., Mihaly, J., Bouwmeester, T. and Mlodzik, M. (2000). Signaling
specificity by Frizzled receptors in Drosophila. Science 288, 1825-1828.
Bovolenta, P., Esteve, P., Ruiz, J. M., Cisneros, E. and Lopez-Rios, J. (2008).
Beyond Wnt inhibition: new functions of secreted Frizzled-related proteins in
development and disease. J. Cell Sci. 121, 737-746.
Brunner, E., Peter, O., Schweizer, L. and Basler, K. (1997). pangolin encodes a
Lef-1 homologue that acts downstream of Armadillo to transduce the Wingless
signal in Drosophila. Nature 385, 829-833.
Bryja, V., Andersson, E. R., Schambony, A., Esner, M., Bryjova, L., Biris, K. K.,
Hall, A. C., Kraft, B., Cajanek, L., Yamaguchi, T. P. et al. (2009). The
extracellular domain of Lrp5/6 inhibits noncanonical Wnt signaling in vivo. Mol.
Biol. Cell 20, 924-936.
Cabrera, C. V., Alonso, M. C., Johnston, P., Phillips, R. G. and Lawrence, P. A.
(1987). Phenocopies induced with antisense RNA identify the wingless gene.
Cell 50, 659-663.
Caneparo, L., Huang, Y. L., Staudt, N., Tada, M., Ahrendt, R., Kazanskaya,
O., Niehrs, C. and Houart, C. (2007). Dickkopf-1 regulates gastrulation
movements by coordinated modulation of Wnt/beta catenin and Wnt/PCP
activities, through interaction with the Dally-like homolog Knypek. Genes Dev.
21, 465-480.
Carron, C., Pascal, A., Djiane, A., Boucaut, J. C., Shi, D. L. and Umbhauer, M.
(2003). Frizzled receptor dimerization is sufficient to activate the Wnt/betacatenin pathway. J. Cell Sci. 116, 2541-2550.
Cha, S. W., Tadjuidje, E., Tao, Q., Wylie, C. and Heasman, J. (2008). Wnt5a
and Wnt11 interact in a maternal Dkk1-regulated fashion to activate both
canonical and non-canonical signaling in Xenopus axis formation. Development
135, 3719-3729.
Chen, W. S., Antic, D., Matis, M., Logan, C. Y., Povelones, M., Anderson, G.
A., Nusse, R. and Axelrod, J. D. (2008). Asymmetric homotypic interactions of
the atypical cadherin flamingo mediate intercellular polarity signaling. Cell 133,
1093-1105.
Croce, J. C. and McClay, D. R. (2008). Evolution of the Wnt pathways. Methods
Mol. Biol. 469, 3-18.
Cselenyi, C. S. and Lee, E. (2008). Context-dependent activation or inhibition of
Wnt-beta-catenin signaling by Kremen. Sci. Signal. 1, pe10.
Dabdoub, A., Donohue, M. J., Brennan, A., Wolf, V., Montcouquiol, M.,
Sassoon, D. A., Hseih, J. C., Rubin, J. S., Salinas, P. C. and Kelley, M. W.
(2003). Wnt signaling mediates reorientation of outer hair cell stereociliary
bundles in the mammalian cochlea. Development 130, 2375-2384.
Dominguez, I., Itoh, K. and Sokol, S. Y. (1995). Role of glycogen synthase
kinase 3 beta as a negative regulator of dorsoventral axis formation in Xenopus
embryos. Proc. Natl. Acad. Sci. USA 92, 8498-8502.
Fischer, T., Guimera, J., Wurst, W. and Prakash, N. (2007). Distinct but
redundant expression of the Frizzled Wnt receptor genes at signaling centers of
the developing mouse brain. Neuroscience 147, 693-711.
Forrester, W. C., Kim, C. and Garriga, G. (2004). The Caenorhabditis elegans Ror
RTK CAM-1 inhibits EGL-20/Wnt signaling in cell migration. Genetics 168, 19511962.
Green, J. L., Inoue, T. and Sternberg, P. W. (2007). The C. elegans ROR receptor
tyrosine kinase, CAM-1, non-autonomously inhibits the Wnt pathway.
Development 134, 4053-4062.
Green, J. L., Inoue, T. and Sternberg, P. W. (2008). Opposing Wnt pathways
orient cell polarity during organogenesis. Cell 134, 646-656.
Guder, C., Philipp, I., Lengfeld, T., Watanabe, H., Hobmayer, B. and Holstein,
T. W. (2006). The Wnt code: cnidarians signal the way. Oncogene 25, 74507460.
Guidato, S. and Itasaki, N. (2007). Wise retained in the endoplasmic reticulum
inhibits Wnt signaling by reducing cell surface LRP6. Dev. Biol. 310, 250-263.
Hassler, C., Cruciat, C. M., Huang, Y. L., Kuriyama, S., Mayor, R. and Niehrs,
C. (2007). Kremen is required for neural crest induction in Xenopus and
promotes LRP6-mediated Wnt signaling. Development 134, 4255-4263.

DEVELOPMENT

3212 HYPOTHESIS

Hayashi, K., Erikson, D. W., Tilford, S. A., Bany, B. M., Maclean, J. A., 2nd,
Rucker, E. B., 3rd, Johnson, G. A. and Spencer, T. E. (2009). Wnt genes in the
mouse uterus: potential regulation of implantation. Biol. Reprod. 80, 989-1000.
He, X., Saint-Jeannet, J. P., Wang, Y., Nathans, J., Dawid, I. and Varmus, H.
(1997). A member of the Frizzled protein family mediating axis induction by
Wnt-5A. Science 275, 1652-1654.
Heisenberg, C. P., Tada, M., Rauch, G. J., Saude, L., Concha, M. L., Geisler, R.,
Stemple, D. L., Smith, J. C. and Wilson, S. W. (2000). Silberblick/Wnt11
mediates convergent extension movements during zebrafish gastrulation.
Nature 405, 76-81.
Holmen, S. L., Salic, A., Zylstra, C. R., Kirschner, M. W. and Williams, B. O.
(2002). A novel set of Wnt-Frizzled fusion proteins identifies receptor
components that activate beta -catenin-dependent signaling. J. Biol. Chem. 277,
34727-34735.
Holmen, S. L., Robertson, S. A., Zylstra, C. R. and Williams, B. O. (2005). Wntindependent activation of beta-catenin mediated by a Dkk1-Fz5 fusion protein.
Biochem. Biophys. Res. Commun. 328, 533-539.
Hsieh, J. C., Rattner, A., Smallwood, P. M. and Nathans, J. (1999). Biochemical
characterization of Wnt-frizzled interactions using a soluble, biologically active
vertebrate Wnt protein. Proc. Natl. Acad. Sci. USA 96, 3546-3551.
Huang, H. and He, X. (2008). Wnt/beta-catenin signaling: new (and old) players
and new insights. Curr. Opin. Cell Biol. 20, 119-125.
Huang, H. C. and Klein, P. S. (2004). The Frizzled family: receptors for multiple
signal transduction pathways. Genome Biol. 5, 234.
Inoue, T., Oz, H. S., Wiland, D., Gharib, S., Deshpande, R., Hill, R. J., Katz, W.
S. and Sternberg, P. W. (2004). C. elegans LIN-18 is a Ryk ortholog and
functions in parallel to LIN-17/Frizzled in Wnt signaling. Cell 118, 795-806.
Itasaki, N., Jones, C. M., Mercurio, S., Rowe, A., Domingos, P. M., Smith, J. C.
and Krumlauf, R. (2003). Wise, a context-dependent activator and inhibitor of
Wnt signalling. Development 130, 4295-4305.
James, R. G., Conrad, W. H. and Moon, R. T. (2008). Beta-catenin-independent
Wnt pathways: signals, core proteins, and effectors. Methods Mol. Biol. 468,
131-144.
Jho, E. H., Zhang, T., Domon, C., Joo, C. K., Freund, J. N. and Costantini, F.
(2002). Wnt/beta-catenin/Tcf signaling induces the transcription of Axin2, a
negative regulator of the signaling pathway. Mol. Cell. Biol. 22, 1172-1183.
Kawano, Y. and Kypta, R. (2003). Secreted antagonists of the Wnt signalling
pathway. J. Cell Sci. 116, 2627-2634.
Kestler, H. A. and Kuhl, M. (2008). From individual Wnt pathways towards a Wnt
signalling network. Philos. Trans. R. Soc. Lond. B Biol. Sci. 363, 1333-1347.
Kikuchi, A., Yamamoto, H. and Sato, A. (2009). Selective activation mechanisms
of Wnt signaling pathways. Trends Cell Biol. 19, 119-129.
Kilian, B., Mansukoski, H., Barbosa, F. C., Ulrich, F., Tada, M. and
Heisenberg, C. P. (2003). The role of Ppt/Wnt5 in regulating cell shape and
movement during zebrafish gastrulation. Mech. Dev. 120, 467-476.
Komiya, Y. and Habas, R. (2008). Wnt signal transduction pathways.
Organogenesis 4, 68-75.
Kozopas, K. M., Samos, C. H. and Nusse, R. (1998). DWnt-2, a Drosophila Wnt
gene required for the development of the male reproductive tract, specifies a
sexually dimorphic cell fate. Genes Dev. 12, 1155-1165.
Kusserow, A., Pang, K., Sturm, C., Hrouda, M., Lentfer, J., Schmidt, H. A.,
Technau, U., von Haeseler, A., Hobmayer, B., Martindale, M. Q. et al.
(2005). Unexpected complexity of the Wnt gene family in a sea anemone.
Nature 433, 156-160.
Lee, H. Y., Kleber, M., Hari, L., Brault, V., Suter, U., Taketo, M. M., Kemler, R.
and Sommer, L. (2004). Instructive role of Wnt/beta-catenin in sensory fate
specification in neural crest stem cells. Science 303, 1020-1023.
Lengfeld, T., Watanabe, H., Simakov, O., Lindgens, D., Gee, L., Law, L.,
Schmidt, H. A., Ozbek, S., Bode, H. and Holstein, T. W. (2009). Multiple
Wnts are involved in Hydra organizer formation and regeneration. Dev. Biol.
330, 186-199.
Li, C., Chen, H., Hu, L., Xing, Y., Sasaki, T., Villosis, M. F., Li, J., Nishita, M.,
Minami, Y. and Minoo, P. (2008). Ror2 modulates the canonical Wnt
signaling in lung epithelial cells through cooperation with Fzd2. BMC Mol. Biol.
9, 11.
Liu, G., Bafico, A. and Aaronson, S. A. (2005). The mechanism of endogenous
receptor activation functionally distinguishes prototype canonical and
noncanonical Wnts. Mol. Cell. Biol. 25, 3475-3482.
Liu, Y., Rubin, B., Bodine, P. V. and Billiard, J. (2008). Wnt5a induces
homodimerization and activation of Ror2 receptor tyrosine kinase. J. Cell.
Biochem. 105, 497-502.
Llimargas, M. and Lawrence, P. A. (2001). Seven Wnt homologues in
Drosophila: a case study of the developing tracheae. Proc. Natl. Acad. Sci. USA
98, 14487-14492.
Lu, W., Yamamoto, V., Ortega, B. and Baltimore, D. (2004). Mammalian Ryk is
a Wnt coreceptor required for stimulation of neurite outgrowth. Cell 119, 97108.
Mao, B., Wu, W., Li, Y., Hoppe, D., Stannek, P., Glinka, A. and Niehrs, C.
(2001). LDL-receptor-related protein 6 is a receptor for Dickkopf proteins. Nature
411, 321-325.

HYPOTHESIS 3213
Mao, B., Wu, W., Davidson, G., Marhold, J., Li, M., Mechler, B. M., Delius, H.,
Hoppe, D., Stannek, P., Walter, C. et al. (2002). Kremen proteins are Dickkopf
receptors that regulate Wnt/beta-catenin signalling. Nature 417, 664-667.
Marlow, F., Topczewski, J., Sepich, D. and Solnica-Krezel, L. (2002). Zebrafish
Rho kinase 2 acts downstream of Wnt11 to mediate cell polarity and effective
convergence and extension movements. Curr. Biol. 12, 876-884.
McMahon, A. P. and Moon, R. T. (1989). Ectopic expression of the protooncogene int-1 in Xenopus embryos leads to duplication of the embryonic axis.
Cell 58, 1075-1084.
Medina, A., Reintsch, W. and Steinbeisser, H. (2000). Xenopus frizzled 7 can
act in canonical and non-canonical Wnt signaling pathways: implications on
early patterning and morphogenesis. Mech. Dev. 92, 227-237.
Mikels, A. J. and Nusse, R. (2006). Purified Wnt5a protein activates or inhibits
beta-catenin-TCF signaling depending on receptor context. PLoS Biol. 4, e115.
Minobe, S., Fei, K., Yan, L., Sarras Jr, M. and Werle, M. (2000). Identification
and characterization of the epithelial polarity receptor ‘Frizzled’ in Hydra
vulgaris. Dev. Genes Evol. 210, 258-262.
Momose, T. and Houliston, E. (2007). Two oppositely localised frizzled RNAs as
axis determinants in a cnidarian embryo. PLoS Biol. 5, e70.
Moon, R. T., Kohn, A. D., De Ferrari, G. V. and Kaykas, A. (2004). WNT and
beta-catenin signalling: diseases and therapies. Nat. Rev. Genet. 5, 691-701.
Munoz, R., Moreno, M., Oliva, C., Orbenes, C. and Larrain, J. (2006).
Syndecan-4 regulates non-canonical Wnt signalling and is essential for
convergent and extension movements in Xenopus embryos. Nat. Cell Biol. 8,
492-500.
Noordermeer, J., Klingensmith, J., Perrimon, N. and Nusse, R. (1994).
dishevelled and armadillo act in the wingless signalling pathway in Drosophila.
Nature 367, 80-83.
Nusse, R. and Varmus, H. E. (1982). Many tumors induced by the mouse
mammary tumor virus contain a provirus integrated in the same region of the
host genome. Cell 31, 99-109.
Oishi, I., Suzuki, H., Onishi, N., Takada, R., Kani, S., Ohkawara, B., Koshida,
I., Suzuki, K., Yamada, G., Schwabe, G. C. et al. (2003). The receptor tyrosine
kinase Ror2 is involved in non-canonical Wnt5a/JNK signalling pathway. Genes
Cells 8, 645-654.
Peifer, M., Rauskolb, C., Williams, M., Riggleman, B. and Wieschaus, E.
(1991). The segment polarity gene armadillo interacts with the wingless
signaling pathway in both embryonic and adult pattern formation. Development
111, 1029-1043.
Prud’homme, B., Lartillot, N., Balavoine, G., Adoutte, A. and Vervoort, M.
(2002). Phylogenetic analysis of the Wnt gene family. Insights from
lophotrochozoan members. Curr. Biol. 12, 1395.
Qian, D., Jones, C., Rzadzinska, A., Mark, S., Zhang, X., Steel, K. P., Dai, X.
and Chen, P. (2007). Wnt5a functions in planar cell polarity regulation in mice.
Dev. Biol. 306, 121-133.
Reya, T., Duncan, A. W., Ailles, L., Domen, J., Scherer, D. C., Willert, K.,
Hintz, L., Nusse, R. and Weissman, I. L. (2003). A role for Wnt signalling in
self-renewal of haematopoietic stem cells. Nature 423, 409-414.
Rijsewijk, F., Schuermann, M., Wagenaar, E., Parren, P., Weigel, D. and
Nusse, R. (1987). The Drosophila homolog of the mouse mammary oncogene
int-1 is identical to the segment polarity gene wingless. Cell 50, 649-657.
Rulifson, E. J., Wu, C. H. and Nusse, R. (2000). Pathway specificity by the
bifunctional receptor frizzled is determined by affinity for wingless. Mol. Cell 6,
117-126.
Sato, A., Kojima, T., Ui-Tei, K., Miyata, Y. and Saigo, K. (1999). Dfrizzled-3, a
new Drosophila Wnt receptor, acting as an attenuator of Wingless signaling in
wingless hypomorphic mutants. Development 126, 4421-4430.
Sato, N., Meijer, L., Skaltsounis, L., Greengard, P. and Brivanlou, A. H. (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.
Schubert, M., Holland, L. Z., Holland, N. D. and Jacobs, D. K. (2000). A
phylogenetic tree of the Wnt genes based on all available full-length sequences,
including five from the cephalochordate amphioxus. Mol. Biol. Evol. 17, 18961903.
Schwarz-Romond, T., Asbrand, C., Bakkers, J., Kuhl, M., Schaeffer, H. J.,
Huelsken, J., Behrens, J., Hammerschmidt, M. and Birchmeier, W. (2002).
The ankyrin repeat protein Diversin recruits Casein kinase Iepsilon to the betacatenin degradation complex and acts in both canonical Wnt and Wnt/JNK
signaling. Genes Dev. 16, 2073-2084.
Shimizu, H., Julius, M. A., Giarre, M., Zheng, Z., Brown, A. M. and
Kitajewski, J. (1997). Transformation by Wnt family proteins correlates with
regulation of beta-catenin. Cell Growth Differ. 8, 1349-1358.
Sick, S., Reinker, S., Timmer, J. and Schlake, T. (2006). WNT and DKK determine
hair follicle spacing through a reaction-diffusion mechanism. Science 314, 14471450.
Siegfried, E., Wilder, E. L. and Perrimon, N. (1994). Components of wingless
signalling in Drosophila. Nature 367, 76-80.
Simons, M. and Mlodzik, M. (2008). Planar cell polarity signaling: from fly
development to human disease. Annu. Rev. Genet. 42, 517-540.

DEVELOPMENT

Development 136 (19)

Simons, M., Gloy, J., Ganner, A., Bullerkotte, A., Bashkurov, M., Kronig, C.,
Schermer, B., Benzing, T., Cabello, O. A., Jenny, A. et al. (2005). Inversin,
the gene product mutated in nephronophthisis type II, functions as a molecular
switch between Wnt signaling pathways. Nat. Genet. 37, 537-543.
Smith, J. C., Conlon, F. L., Saka, Y. and Tada, M. (2000). Xwnt11 and the
regulation of gastrulation in Xenopus. Philos. Trans. R. Soc. Lond. B Biol. Sci.
355, 923-930.
Sokol, S. Y., Klingensmith, J., Perrimon, N. and Itoh, K. (1995). Dorsalizing and
neuralizing properties of Xdsh, a maternally expressed Xenopus homolog of
dishevelled. Development 121, 3487.
Strutt, D. I., Weber, U. and Mlodzik, M. (1997). The role of RhoA in tissue
polarity and Frizzled signalling. Nature 387, 292-295.
Sumanas, S. and Ekker, S. C. (2001). Xenopus frizzled-7 morphant displays
defects in dorsoventral patterning and convergent extension movements during
gastrulation. Genesis 30, 119-122.
Sumanas, S., Strege, P., Heasman, J. and Ekker, S. C. (2000). The putative wnt
receptor Xenopus frizzled-7 functions upstream of beta-catenin in vertebrate
dorsoventral mesoderm patterning. Development 127, 1981-1990.
Suriben, R., Fisher, D. A. and Cheyette, B. N. (2006). Dact1 presomitic
mesoderm expression oscillates in phase with Axin2 in the somitogenesis clock
of mice. Dev. Dyn. 235, 3177-3183.
Sussman, D. J., Klingensmith, J., Salinas, P., Adams, P. S., Nusse, R. and
Perrimon, N. (1994). Isolation and characterization of a mouse homolog of the
Drosophila segment polarity gene dishevelled. Dev. Biol. 166, 73-86.
Tada, M. and Smith, J. C. (2000). Xwnt11 is a target of Xenopus Brachyury:
regulation of gastrulation movements via Dishevelled, but not through the
canonical Wnt pathway. Development 127, 2227-2238.
Tahinci, E., Thorne, C. A., Franklin, J. L., Salic, A., Christian, K. M., Lee, L. A.,
Coffey, R. J. and Lee, E. (2007). Lrp6 is required for convergent extension
during Xenopus gastrulation. Development 134, 4095-4106.
Takada, R., Hijikata, H., Kondoh, H. and Takada, S. (2005). Analysis of
combinatorial effects of Wnts and Frizzleds on beta-catenin/armadillo
stabilization and Dishevelled phosphorylation. Genes Cells 10, 919-928.
Tamai, K., Semenov, M., Kato, Y., Spokony, R., Liu, C., Katsuyama, Y., Hess,
F., Saint-Jeannet, J. P. and He, X. (2000). LDL-receptor-related proteins in Wnt
signal transduction. Nature 407, 530-535.
Tamai, K., Zeng, X., Liu, C., Zhang, X., Harada, Y., Chang, Z. and He, X.
(2004). A mechanism for Wnt coreceptor activation. Mol. Cell 13, 149-156.
Tao, Q., Yokota, C., Puck, H., Kofron, M., Birsoy, B., Yan, D., Asashima, M.,
Wylie, C. C., Lin, X. and Heasman, J. (2005). Maternal Wnt11 activates the
canonical Wnt signaling pathway required for axis formation in Xenopus
embryos. Cell 120, 857-871.
Theisen, H., Purcell, J., Bennett, M., Kansagara, D., Syed, A. and Marsh, J. L.
(1994). dishevelled is required during wingless signaling to establish both cell
polarity and cell identity. Development 120, 347-360.
Tomlinson, A., Strapps, W. R. and Heemskerk, J. (1997). Linking Frizzled
and Wnt signaling in Drosophila development. Development 124, 45154521.
van de Wetering, M., Cavallo, R., Dooijes, D., van Beest, M., van Es, J.,
Loureiro, J., Ypma, A., Hursh, D., Jones, T., Bejsovec, A. et al. (1997).
Armadillo coactivates transcription driven by the product of the Drosophila
segment polarity gene dTCF. Cell 88, 789-799.

Development 136 (19)
Vinson, C. R. and Adler, P. N. (1987). Directional non-cell autonomy and the
transmission of polarity information by the frizzled gene of Drosophila. Nature
329, 549-551.
Wallingford, J. B., Vogeli, K. M. and Harland, R. M. (2001). Regulation of
convergent extension in Xenopus by Wnt5a and Frizzled-8 is independent of the
canonical Wnt pathway. Int. J. Dev. Biol. 45, 225-227.
Wehrli, M., Dougan, S. T., Caldwell, K., O’Keefe, L., Schwartz, S., VaizelOhayon, D., Schejter, E., Tomlinson, A. and DiNardo, S. (2000). arrow
encodes an LDL-receptor-related protein essential for Wingless signalling. Nature
407, 527-530.
Willert, K. H. (2008). Isolation and application of bioactive Wnt proteins. Methods
Mol. Biol. 468, 17-29.
Willert, K., Brown, J. D., Danenberg, E., Duncan, A. W., Weissman, I. L.,
Reya, T., Yates, J. R., 3rd and Nusse, R. (2003). Wnt proteins are lipidmodified and can act as stem cell growth factors. Nature 423, 448-452.
Winkel, A., Stricker, S., Tylzanowski, P., Seiffart, V., Mundlos, S., Gross, G.
and Hoffmann, A. (2008). Wnt-ligand-dependent interaction of TAK1 (TGFbeta-activated kinase-1) with the receptor tyrosine kinase Ror2 modulates
canonical Wnt-signalling. Cell Signal. 20, 2134-2144.
Witte, F., Dokas, J., Neuendorf, F., Mundlos, S. and Stricker, S. (2009).
Comprehensive expression analysis of all Wnt genes and their major secreted
antagonists during mouse limb development and cartilage differentiation. Gene
Expr. Patterns 9, 215-223.
Wong, G. T., Gavin, B. J. and McMahon, A. P. (1994). Differential transformation
of mammary epithelial cells by Wnt genes. Mol. Cell. Biol. 14, 6278-6286.
Wu, C. H. and Nusse, R. (2002). Ligand receptor interactions in the Wnt signaling
pathway in Drosophila. J. Biol. Chem. 277, 41762-41769.
Wu, J., Klein, T. J. and Mlodzik, M. (2004). Subcellular localization of frizzled
receptors, mediated by their cytoplasmic tails, regulates signaling pathway
specificity. PLoS Biol. 2, E158.
Wu, X., Tu, X., Joeng, K. S., Hilton, M. J., Williams, D. A. and Long, F. (2008).
Rac1 activation controls nuclear localization of beta-catenin during canonical
Wnt signaling. Cell 133, 340-353.
Xu, Q., Wang, Y., Dabdoub, A., Smallwood, P. M., Williams, J., Woods, C.,
Kelley, M. W., Jiang, L., Tasman, W., Zhang, K. et al. (2004). Vascular
development in the retina and inner ear: control by Norrin and Frizzled-4, a
high-affinity ligand-receptor pair. Cell 116, 883-895.
Yamamoto, S., Nishimura, O., Misaki, K., Nishita, M., Minami, Y., Yonemura,
S., Tarui, H. and Sasaki, H. (2008). Cthrc1 selectively activates the planar cell
polarity pathway of Wnt signaling by stabilizing the Wnt-receptor complex. Dev.
Cell 15, 23-36.
Yan, D., Wallingford, J. B., Sun, T. Q., Nelson, A. M., Sakanaka, C., Reinhard,
C., Harland, R. M., Fantl, W. J. and Williams, L. T. (2001). Cell autonomous
regulation of multiple Dishevelled-dependent pathways by mammalian Nkd.
Proc. Natl. Acad. Sci. USA 98, 3802-3807.
Zeng, X., Huang, H., Tamai, K., Zhang, X., Harada, Y., Yokota, C., Almeida,
K., Wang, J., Doble, B., Woodgett, J. et al. (2008). Initiation of Wnt signaling:
control of Wnt coreceptor Lrp6 phosphorylation/activation via frizzled,
dishevelled and axin functions. Development 135, 367-375.
Zinovyeva, A. Y., Yamamoto, Y., Sawa, H. and Forrester, W. C. (2008).
Complex network of Wnt signaling regulates neuronal migrations during
Caenorhabditis elegans development. Genetics 179, 1357-1371.

DEVELOPMENT

3214 HYPOTHESIS

