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Alternative Wnt Signaling Is Initiated
by Distinct Receptors
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Owing to gene duplication events throughout evolution, mammalian genes often have
one or more closely related relatives. On
the basis of sequence similarity, such genes
are grouped into families. Although the
proteins encoded by different family members can share biochemical activities, they
often also display quite divergent functions. Such differences can be either intrinsic, which are related to specific-sequence
variations in the protein, or context-dependent, which are related to the presence or
absence of specific interaction partners in a
given tissue or at a given time.
Because signal transduction is often initiated at the level of extracellular ligands
and their cell-surface receptors, any intrinsic differences between proteins from the
same ligand or receptor family would be a
failsafe way to ensure pathway specificity.
Alternatively, context-dependent ligandreceptor pairings would greatly increase
the possible number of combinations by
which pathway activation is achieved,
allowing for greater sensitivity and finetuning of the response.
Thus, an outstanding question in the
signal transduction field is whether individual ligands or receptors within a family
activate different pathways, culminating in
the recruitment of different downstream effector molecules. If so, do different classes
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of protein ligands, membrane receptors, or
both exist? Are specific ligand-receptor
combinations favored over others? Answering these and related questions remains a
daunting task. However, addressing them
will eventually lead to understanding more
precisely how different signaling pathways
can be activated reliably in a temporally
and spatially controlled manner. With the
Wnt pathway as our example, we discuss
how these fundamental questions affect our
view of signal transduction in general.
Wnt Proteins
Wnt genes encode lipid-modified, secreted
signaling molecules that constitute a large
family. They are highly conserved across
the metazoan kingdom, with orthologs of
individual Wnts found in animal species
ranging from Cnidaria and Porifera
(sponges) to flies and vertebrates—thus
spanning 600 million years of evolution. In
this diverse range of organisms, Wnts play
fundamental roles in controlling cell proliferation, cell-fate determination, and differentiation during embryonic development
and adult homeostasis (1–4). The high degree of conservation and evolutionary constraint of individual family members suggests that particular Wnts are likely to have
specific functions.
The mammalian genome encodes 19
Wnt proteins and 10 Frizzled (Fz) sevenpass transmembrane receptors, which suggests that, in theory, 190 potential WntFrizzled combinations exist. It has been
proposed that Wnts activate a number of
different signaling pathways (5–7), each of
which has been shown to intersect with numerous other intracellular signal transduction pathways (8). That activation of some,

Canonical
Wnts

Noncanonical
Wnts

Wnt

Wnt

Wnt

Wnt

Wnt

Wnt

Cell membrane
Cytosol

Fz

β-catenin–
dependent
signaling

β-catenin–
independent
signaling

Fig. 1. Previous view of Wnt signaling. Historically, Wnt proteins have been divided into
“canonical” and “noncanonical” classes,
which activate -catenin–dependent and
–independent signaling pathways, respectively. However, in recent years, the lines between the different Wnts have begun to blur.
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An unanswered question in the field of signal transduction research is how different signaling pathways are activated with strict specificity in a temporally
and spatially controlled manner. Because extracellular ligands and membrane
receptors constitute the first signaling modalities for most pathways, selectivity
in ligand-receptor binding likely dictates the outcome of downstream signaling
events. Unfortunately, possible complexities underlying ligand-receptor interactions are often overlooked. Here, we discuss basic principles of signal transduction initiated at the cell membrane, with the Wnt pathway, which harbors a
multitude of ligands and receptors, as an example.

but not all, Wnt pathways requires coreceptors such as low-density lipoprotein
receptor–related protein 5 (LRP5) and
LRP6 further complicates matters. Thus,
an ongoing question in the Wnt field is
whether all Wnt family members signal in
the same manner or whether intrinsic differences between Wnt family members dictate their signaling capabilities.
The biochemical behavior of Wnts has
been difficult to study in detail because
these proteins have been notoriously tricky
to manipulate. Consequently, initial research designed to study the effects of Wnt
proteins usually involved performing genetransfer experiments in animal models or in
cell culture systems. From these studies, it
appeared that Wnt family members could
be divided into two distinct classes (Fig. 1).
For example, overexpression of some Wnts,
such as Wnt1, Wnt3a, and Wnt8, is sufficient to induce a secondary dorsal-ventral
axis in Xenopus embryos and to morphologically transform C57MG mouse mammary epithelial cells, whereas expression of
other Wnts, such as Wnt4, Wnt5a, and
Wnt11, is not (9–13). Both of these activities correlate with the ability of these Wnts
to induce an increase in the abundance of
the cytoplasmic protein -catenin. In contrast, overexpression of Wnt5a and Wnt11
is associated with the convergence and extension (the developmental process that
causes tissues to undergo simultaneous narrowing and lengthening as a result of inter-
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Fig. 2. Current model of receptor-dependent
Wnt signaling. Different lines of evidence
support a model in which the receptors
present at the cell surface determine the
outcome of Wnt activity. For most catenin–independent pathways, the downstream signaling events following pathway
activation are still unclear. For instance, although Src has been implicated in the WntRyk pathway, its true involvement remains to
be established (see text for further details).
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calated cell movements) of the Xenopus and
zebrafish body axes in a manner that is not
phenocopied by the other Wnts and that
seems to be independent of -catenin signaling (8, 14—16).
From these early studies, a view has
emerged of the existence of so-called
“canonical” Wnts (including Wnt1,
Wnt3A, and Wnt8) and “noncanonical”
Wnts (including Wnt5A and Wnt11),
which activate “canonical” and “noncanonical” signaling pathways, respectively.
However, a more careful inspection of the
literature suggests that the subdivision of
Wnts into these two categories does not
hold up to scrutiny and that the organization of Wnt signaling pathways into canonical or noncanonical categories is not very
useful. Instead, we and others have proposed that Wnts themselves are not intrinsically canonical or noncanonical but that
the multiple pathways that these ligands
initiate are determined by distinct sets of
receptors (17–22) (Fig. 2).
Although differing signaling capabilities are often considered to be specific to
distinct Wnts, most notably Wnt5a, the experimental evidence suggests otherwise.
First, even though Wnt5a is the Wnt most
often associated with noncanonical Wnt
signaling, Wnt5a also activates -catenin
signaling. Coinjection of Wnt5a RNA with
Frizzled 5 results in axis duplication in
Xenopus embryos, and treatment of tissue
culture cells with Wnt5a following coexpression of Frizzled 4 and LRP5 induces a
-catenin–responsive luciferase reporter
construct (17, 19). Moreover, Wnt-Frizzled
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fusion constructs of presumed noncanonical Wnts do the same (22). Likewise, Wnt1
signals to -catenin in various contexts,
causing the activation of T cell factor
(TCF)–dependent transcription, and acts as
an oncogene (17, 19, 23). However, from
overexpression experiments in various cell
lines, Smit et al. presented evidence that
Wnt1 can also inhibit the activity of TCF
(24, 25). Another example of a Wnt with
dual signaling capabilities is Wnt11, which
is most often implicated in the noncanonical convergence-extension pathway in
zebrafish (24). In contrast, recent work
demonstrated that Wnt11 is the longsought ligand that activates the -catenin
signaling cascade in the early Xenopus embryo, which confirms the idea that a single
Wnt protein can activate multiple pathways, most likely by activating different
receptors (26).
Wnt Signaling Pathways
Since the discovery of Wnts as a conserved
class of signaling molecules in the early
1980s, the activation of -catenin downstream of Wnt-receptor binding is the cellular response that has received the most
attention. Historically called “canonical
Wnt signaling,” this response will hereafter
be referred to by us as “Wnt–-catenin signaling.” Briefly, Wnt–-catenin signaling
involves the binding of Wnts to two receptors: Frizzled, through the receptor’s cysteine-rich domain (CRD), and LRP5 or
LRP6 (27–29). Through a cascade of
events involving the Dishevelled protein,
and the inhibition of a multiprotein com-

plex containing axin, glycogen synthase kinase 3 (GSK-3), and adenomatous polyposis coli (APC), the -catenin protein is stabilized, enabling it to interact with nuclear
TCF/Lymphoid Enhancer Factor (LEF)
proteins, resulting in changes in gene transcription (30). Remarkable progress has
been made on this pathway, which has revealed the importance of Wnt–-catenin
signaling not only in metazoan development, but also in degenerative diseases and
cancer (31–35). Whereas extensive study
of Wnt–-catenin signaling has resulted in
its understanding in great (though incomplete) detail, noncanonical Wnt signaling
has remained less well defined, with multiple -catenin–independent pathways potentially existing side by side.
The best-understood variant Wnt pathway was f irst described in Drosophila,
where it was shown to be instrumental for
the establishment of planar cell polarity
(PCP), a process in which fields of cells
orient themselves relative to the plane of
the tissue in which they reside. However,
whereas there are clear roles for frizzled
(which was discovered because of its polarity phenotype) and dishevelled in this pathway, neither LRP, -catenin, nor TCF is involved. Most strikingly, current evidence in
Drosophila strongly suggests that no Wnt
protein operates in the PCP pathway
(36–38). Thus, it would be a misnomer to
call the PCP pathway a noncanonical Wntsignaling pathway; instead, it might be referred to as “Frizzled-PCP” signaling.
Conserved components that are specific
to the PCP pathway, such as Frizzled,
Van Gogh–like (Vangl), Prickle, and Celsr
(epidermal growth factor–like laminin A
G-repeat homology domain–like EGF LAG
seven-pass G-type receptor), have revealed
a common role for this pathway in the regulation of tissue polarity as well as convergent extension movements in vertebrates
(39, 40). In contrast to Drosophila, however, it appears that Wnt proteins may
be involved in this pathway in higher
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Receptors Dictate Wnt Activity
Despite the role that Frizzled receptors
play in both -catenin–dependent and –independent Wnt signaling, increasing evidence demonstrates that other membrane
proteins that contain known Wnt-binding
domains serve as equally important receptors for Wnts. The atypical tyrosine kinase
Ryk, for instance, possesses a Wntinhibitory factor (WIF) domain, which was
first discovered as a module present in secreted inhibitors of Wnt–-catenin signaling that act by sequestering Wnts away

from Frizzled and other cell-surface receptors (51). Although structurally distinct
from the Frizzled CRD domain, the Ryk
WIF module also binds to Wnt proteins
with high affinity (52). In Drosophila, the
Ryk ortholog Derailed binds to Wnt5 to
promote commissural axon guidance and
proper salivary gland migration, possibly
through the activation of members of the
Src family of tyrosine kinases (53–55).
Currently, there is no evidence indicating
that Wnt–-catenin pathway components,
other than the Wnts themselves, are involved in Wnt-Ryk signaling, which suggests that this truly is an independent
signal transduction pathway.
Lastly, yet another alternative Wnt signaling pathway is mediated by the singlepass receptor tyrosine kinase Ror2. Unlike
Ryk, the Ror2 receptor, although structurally distinct from Frizzled receptors,
contains a CRD and induces intracellular
signaling in response to Wnt5a (19,
56–59). In Xenopus embryos and mouse
tissue culture cells, Ror2 influences convergence and extension movements and inhibits Wnt–-catenin signaling, possibly
through the activation of the mitogenactivated protein kinase c-Jun N-terminal
kinase (JNK). Moreover, a recent study
showed clear defects in PCP in the inner
ear of mice deficient in Ror2 (60). Hopefully, we will gain more insight into the
signaling pathway responsible for these
phenotypes as more research into the Ror2
receptor is performed.
When these data are examined together,
a picture emerges of different pathways
eliciting unique responses, which are initiated by distinct receptor-ligand pairings:
Wnt-Frizzled-LRP leading to -catenin
signaling; Frizzled-mediated initiation of
the PCP pathway and potentially Ca2+ signaling; Wnt-Ryk–mediated direction of axon
guidance, possibly involving Src proteins;
and Wnt-Ror2 signaling through the potential activation of JNKs. When compared in this way, it becomes clear that it
is receptor configuration and not properties intrinsic to various Wnt family members that dictates which pathway is activated (Fig. 2).
Once this model is taken into account,
many of our old observations and hypotheses require reexamination. For instance,
given that Wnt5-Derailed directs axon
guidance, studies in vertebrate systems
might also have to examine Ryk before
concluding that the effects of Wnts on axon
guidance are mediated through Frizzled re-

ceptor signaling (61). Similarly, recent
studies regarding a role for Wnt5a in cell
migration cannot simply postulate that this
is mediated through Frizzled-PCP signaling, because the requirement for either
Frizzled or other receptors, such as Ror2,
has not been fully investigated (62). Lastly,
we suggest to researchers that they not
assume that certain pharmacological
inhibitors, such as those that inhibit G
protein–coupled receptors, are acting on
Frizzled receptors in the absence of supporting evidence (63–65).
Conclusion
In summary, we believe that the unfortunate historic division of Wnts into canonical and noncanonical classes has led to a
distorted view of signaling, in which the
binding of Wnt ligands to Frizzled transmembrane receptor complexes results in either canonical or noncanonical signaling.
Research over the past decade suggests that
Wnts from either class are able to elicit
-catenin–dependent and –independent responses and that the outcome is determined
by the receptor context on the cell surface.
Moreover, the discovery of non-Frizzled
proteins as genuine Wnt receptors suggests
that pathway activation is determined at the
level of Wnt-receptor binding and not at a
branching point such as the activation of
Dishevelled further downstream. In this regard, Wnts and Frizzleds might be akin to
interleukins and interleukin receptors,
which also have distinct high-affinity pairings, resulting in individual, yet often related, intracellular responses (66). Future
studies will have to determine to what degree recruitment of specific intracellular
signaling proteins also contributes to the
specificity of the different receptors.
Because both Ryk (67) and Ror2 (60)
have been found to interact with Frizzled proteins, the possibility remains that in a given
context, these proteins function as coreceptors
for Frizzled in -catenin–independent signaling,
similar to the way in which LRP serves as a
coreceptor in Wnt–-catenin signaling.
However, owing to the complexity of these
diverse ligand-receptor interactions, especially when studied in vivo, it is often difficult
to determine whether certain proteins function as coreceptors in the same cell or as
independent receptors on different cells.
Greater understanding of these complexities
should help us to improve our models of how
Wnts function.
Given the highly regulated expression
patterns of different Wnts in different tissues

www.SCIENCESIGNALING.org

2 September 2008

Vol 1 Issue 35 re9

3

Downloaded from stke.sciencemag.org on September 3, 2008

vertebrates. For instance, both Wnt5a knockout mice and Wnt11 zebrafish mutants have
defects in convergence extension movements
(14, 41). Furthermore, secreted Wnt inhibitors disrupt PCP in the neurosensory epithelium of the mouse inner ear by affecting
the orientation of cochlear hair cells (41–43).
In spite of these findings, however, experimental approaches have so far failed to reveal an instructive role for any of the Wnt
proteins in this process. We might therefore
face a situation in which a variant Wnt-pathway (see below) collaborates with a conserved Frizzled-PCP pathway in the establishment of PCP in mammals.
Wnt–-catenin and Frizzled-PCP signaling are not the only proposed signaling
pathways that involve Frizzled. Experiments performed largely in Xenopus and
zebrafish embryonic systems have suggested the existence of a “Wnt-Ca2+” signaling
pathway (44–46), in which the binding of
Wnt promotes Frizzled-mediated activation
of pertussis toxin–sensitive heterotrimeric
guanine nucleotide–binding proteins (G
proteins) (12, 45, 47, 48). This, in turn,
stimulates the release of Ca2+ from intracellular stores, which leads to the activation of Ca2+-dependent effector molecules
such as the transcription factor nuclear factor associated with T cells (NFAT). However, because both Ca2+ flux and activation of
Ca2+-dependent effector proteins have seldom been observed in direct response to
stimulation of cells with Wnts, and because
certain Frizzleds modulate protein kinase C
and Ca2+/calmodulin-dependent kinase II
activity in the absence of exogenous Wnt
(45, 47), it remains to be seen whether, like
Frizzled-PCP signaling, Wnt-Ca2+ signaling indeed requires Wnts. Given that Frizzled 4 also binds to Norrin, a protein ligand wholly unrelated to Wnts, non-Wnt
ligands should also not be excluded from
playing a potential role in the activation of
any of the pathways mentioned (5, 49, 50).
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in both mammals and lower organisms [for
example, during development of the murine
gut (68) and in distinct domains in Cnidarians (69)], their specific functions in vivo
might be influenced by their expression domain. In addition, intrinsic properties of the
Wnts such as binding affinities might also
still contribute to the outcome of signaling.
Moreover, at distinct developmental stages
or at different sites, Wnt-receptor pairing
may have different outcomes depending on
the intracellular signaling competence of the
responding cell or the tissue environment.
Finally, more detailed insight into Wntreceptor affinities can only be truly gained
following intensive biochemical analyses,
which will have to wait until all Wnt proteins are purified and analyzed individually.
In the meantime, as our understanding of
Wnt-Frizzled interactions increases, we urge
others to revisit some of the old assumptions
regarding Wnt-pathway activation. As similar principles will likely apply to other signaling pathways in which large families of
ligands and receptors are present, we hope
that the Wnt signaling pathway will serve as
an example to underscore the complexities
in studying signal transduction.
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