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From individual Wnt pathways towards
a Wnt signalling network
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Wnt proteins play important roles during vertebrate and invertebrate development. They obviously
have the ability to activate different intracellular signalling pathways. Based on the characteristic
intracellular mediators used, these are commonly described as the Wnt/b-catenin, the Wnt/calcium
and the Wnt/Jun N-terminal kinase pathways (also called planar cell polarity pathway). In the past,
these different signalling events were mainly described as individual and independent signalling
branches. Here, we discuss the possibility that Wnt proteins activate a complex intracellular signalling
network rather than individual pathways and suggest a graph representation of this network.
Furthermore, we discuss different ways of how to predict the specific outcome of an activation of this
network in a particular cell type, which will require the use of mathematical models. We point out that
the use of deterministic approaches via the application of differential equations is suitable to model
only small aspects of the whole network and that more qualitative approaches are possibly a suitable
starting point for the prediction of the global behaviour of such large protein interaction networks.

Keywords: Wnt; signal transduction; signalling networks; graphs
1. INTRODUCTION
Wnt proteins are important signalling molecules
regulating diverse developmental processes such as
differentiation, cell migration or proliferation. Mis-
regulation of Wnt signalling can lead to tumour

formation as well as metastasis. Wnt genes code for
secreted glycoproteins approximately 350 amino acids
in length (Logan & Nusse 2004; Clevers 2006). These
proteins have a conserved pattern of cysteine residues

and recent work indicates additional lipid modifi-
cations (Willert et al. 2003; Takada et al. 2006).
Nineteen members of this family have been described
in higher vertebrates. To activate intracellular signal
transduction pathways, Wnt proteins interact with

seven transmembrane receptors of the Frizzled family
(Wodarz & Nusse 1998) of which 10 members were
found in vertebrates. In addition, co-receptors of the
LRP-5/6 type (Pinson et al. 2000; Tamai et al. 2000;

Wehrli et al. 2000) and the receptor protein tyrosine
kinases ror2 (Hikasa et al. 2002; Mikels & Nusse 2006)
or ryk (Inoue et al. 2004; Lu et al. 2004) were indicated
to be involved in Wnt signalling in certain conditions.
These proteins may form heteromeric receptor

complexes upon Wnt binding to elicit specific intra-
cellular responses (Semenov et al. 2001; Cadigan & Liu
2006). Based on the rather high number of ligands
belonging to the Wnt family and Frizzled receptors, the

question arose whether all Wnts activate identical
signal transduction pathways and thus are redundant
or whether different signalling pathways can be
ntribution of 11 to a Discussion Meeting Issue ‘Calcium
nd developmental patterning’.
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activated by Wnt proteins pointing towards functional
heterogeneity. Indeed, the work of many laboratories
indicates that several signalling pathways can be
activated by Wnt proteins as discussed below in more
detail: the Wnt/b-catenin, the Wnt/Calcium and the
Wnt/Jun N-terminal kinase ( JNK) pathways, respect-
ively. But if so, where does specificity arise? In the past,
specificity has been assigned to the Wnt ligand or the
Frizzled receptor type used; however, nowadays it
seems rather probable that specificity comes from a
particular combination of Wnt ligands, Frizzled
receptors, co-receptors and even intracellular signalling
components. Here, we first describe the idea of
individual Wnt pathways as developed in the past by
functional biological assays as well as experiments on a
molecular level. We then discuss several recent findings
suggesting an overlap of these different pathways
resulting in the idea of a Wnt signalling network.
Finally, we explore possibilities of how to predict the
outcome of a Wnt stimulation for a particular cell type
and thus come back to the question of specificity.
2. THE HISTORICAL IDEA OF INDIVIDUAL
Wnt signalling pathways
Based on different biological activities, Wnt proteins
were historically divided into two different subclasses.
Whereas members of the Wnt-1/Wg class transform
mammary epithelial C57mg cells and elicit secondary
axis formation in Xenopus laevis embryos, members of
the Wnt-5A class fail in both assays but rather regulate
and influence cell adhesion and inhibit Wnt-1/Wg class
members (Du et al. 1995; Torres et al. 1996). Although
further experiments as discussed below indicate that
this strict classification of Wnt proteins does not hold
This journal is q 2008 The Royal Society
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Figure 1. The classical view of three independent Wnt signalling pathways. Graph representations are given, including the core
components of the (a) canonical Wnt/b-catenin pathway (yellow), (b) the Wnt/calcium pathway (orange) and (c) the Wnt/JNK
pathway (white, also called planar cell polarity pathway). Edges indicate direct protein–protein interactions or may relate to an
epistatic relationship between two components within a signalling pathway.
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any more, it was the basis of the tremendous work of
many laboratories that helped to identify at least three
signalling pathways activated by Wnt proteins. Today,
we know that certain biological effects of Wnt
signalling, such as dorsal axis formation during
embryogenesis, cell transformation or regulation of
cell migration, indeed can mainly be assigned to either
of these signalling pathways.

(a) The Wnt/b-catenin pathway

The major player of this pathway is the cytoplasmic
protein b-catenin. In the absence of a Wnt ligand, the
cytoplasmic concentration of free b-catenin is kept low
due to the action of the destruction complex consisting
of the proteins adenomatous polyposis coli (APC), axin
and glycogen synthase kinase 3b (GSK3b). Upon
binding to this complex, b-catenin is phosphorylated
by casein kinase Ia (CKIa) and GSK-3b, which is a
signal for ubiquitination and proteasomal degradation
(Liu et al. 2002). Binding of a Wnt ligand to a Frizzled
receptor and LRP-5/6 co-receptor leads to a signalling
cascade that finally results in the disassembly of the
destruction complex. In detail, LRP is phosphorylated
by membrane-bound CKIg and membrane-associated
GSK-3b (Davidson et al. 2005; Zeng et al. 2005),
which creates a docking site for axin. The cytoplasmic
protein dishevelled can interact with the Frizzled
receptor as well as with axin. During this process,
dishevelled is modified itself, probably through
CKI3, which increases its affinity to the GSK-3b
inhibitor GBP/FRAT. As a result, the destruction
complex disintegrates and cytoplasmic b-catenin can
accumulate. Subsequently, b-catenin interacts with
Phil. Trans. R. Soc. B (2008)
transcription factors of the TCF/LEF family of HMG
box transcription factors turning them from a repressor
into an activator of transcription. Within the nucleus,
both LEF/TCF and b-catenin interact with additional
proteins such as bcl9, pontin, SWI/SNF, PIASy,
groucho or CtBP (Logan & Nusse 2004; Clevers
2006; Willert & Jones 2006).

As just exemplified for the Wnt/b-catenin pathway,
intracellular signal transduction is based on the
interaction of certain entities including proteins, lipids
and ions. These interactions during signal transduction
are widely presented by schematic cartoons that
result—in a more mathematical sense—in a graph
representation with nodes/vertices. Here, the partici-
pating entities are given as nodes, and edges drawn
between these nodes represent interactions between the
vertices. Such a graph can be drawn for the core
components of the Wnt/b-catenin pathway as indicated
in figure 1a. Within this static graph, potential
interactions of entities are shown, whereas post-
translational modifications of these components occur-
ring during signal transduction, though possible, are
not normally explicitly highlighted.

(b) The Wnt/calcium pathway

Approximately 10 years ago, it was shown that
injection of RNA coding for certain Wnts or Frizzleds
into early zebrafish embryos triggered intracellular
calcium release (Slusarski et al. 1997a,b). Loss of Wnt-
11 or Wnt-5A function resulted in reduced intracellular
calciumsignalling (Eisenberg & Eisenberg2002; Westfall
et al. 2003). This finding was subsequently expanded
by the observation that the Wnt-induced release of

http://rstb.royalsocietypublishing.org/
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intracellular calcium is sufficient to activate different
intracellular calcium-sensitive enzymes such as protein
kinase C, PKC (Sheldahl et al. 1999; Winklbauer et al.
2001; Kinoshita et al. 2003; Tu et al. 2007), calcium–
calmodulin-dependent kinase II, CamKII (Kuhl et al.
2000; Robitaille et al. 2002; Ishitani et al. 2003; Topol
et al. 2003; Ouko et al. 2004; Kremenevskaja et al.
2005) and the calcium-sensitive phosphatase calci-
neurin that subsequently can activate the transcription
factor NF-AT (Saneyoshi et al. 2002; Dejmek et al.
2006). Calcium signalling is a rapid event upon
receptor stimulation. Within some of the above
mentioned papers, however, assays were used and
experimental designs were chosen that monitor cellular
changes minutes or even hours after manipulation.
The existence of such a calcium-mediated pathway
directly activated by Wnt proteins was therefore
debated over past years. Just recently, this issue has
been resolved by the finding that purified Wnt-5A or
Wnt-5A-derived peptides are able to trigger calcium
release in several cell types (Kremenevskaja et al. 2005;
Dejmek et al. 2006; Ma & Wang 2006; Safholm et al.
2006). As expected, the release of intracellular calcium
is a rapid response of a cell within seconds upon ligand
binding and depends on heterotrimeric G-proteins
(Ma & Wang 2006) and the activation of the
phosphatidyl inositol cycle (Slusarski et al. 1997a).
Through the regulation of PDE6, a cGMP-specific
phosphodiesterase, this pathway is also linked to the
regulation of protein kinase G in some cell types
(Ahumada et al. 2002; Ma & Wang 2006). The Wnt/
calcium pathway has been linked to the activation of
nemo-like kinase (NLK) that is able to phosphorylate
TCF transcription factors and thereby inhibits
canonical Wnt signalling (Ishitani et al. 1999, 2003;
Meneghini et al. 1999). This pathway is involved
in dorsoventral patterning of early X. laevis and
zebrafish embryos (Kuhl et al. 2000; Saneyoshi et al.
2002; Westfall et al. 2003), regulation of the Wnt/
b-catenin pathway (Ishitani et al. 2003), tumour
formation (Weeraratna et al. 2002; Liang et al. 2003;
Kremenevskaja et al. 2005) and more recently the
regulation of epithelial–mesenchymal transitions
(Garriock & Krieg 2007). The graph representation
including the major components of this pathway is
given in figure 1b.

(c) The Wnt/JNK or PCP pathway

Finally, the Wnt/JNK pathway forms the third signalling
pathway activated by Wnts. This pathway was described
earlier in Drosophila melanogaster as the planar cell
polarity pathway. This pathway regulates the polarity of
epithelial cells within the plane of the epithelium, e.g.
orienting Drosophila wing hairs or regulating the
organization of the ommatidia in the fly eye (Strutt
2003). In vertebrates, a similar pathway has been
described regulating convergent extension movements
during gastrulation or neurulation and cell migration of
neural crest cells (Veeman et al. 2003a; De Calisto et al.
2005; Matsui et al. 2005). Whereas a distinct Wnt
(wingless) ligand has not been assigned to this pathway
inDrosophila, in vertebrates Wnt-11 or Wnt-5A is able to
activate this signalling cascade. The core element of the
Wnt/JNK pathway includes the activation of rho
Phil. Trans. R. Soc. B (2008)
GTPases such as rhoA, rac or cdc42 downstream of
dsh. The GTPases can activate more downstream
mediators like JNK or rho kinase (ROK). In planar
cell polarity signalling, this cascade of events is
complemented by transmembrane proteins such as
strabismus (stbm), diego (dgo) or prickle (pk) that
also can bind dishevelled (Bastock et al. 2003; Strutt
2003; Jenny et al. 2005). It is thought that the
asymmetric distribution of proteins such as stbm and
pk within epithelial cells is involved in setting up planar
polarity (Strutt 2003). In vertebrates, the receptor
tyrosine kinase ror-2 has been shown to regulate
convergent extension movements and bind to Wnt
protein (Hikasa et al. 2002). Ror-2 was found to be
upstream of cdc42 and to regulate JNK activity (Oishi
et al. 2003). A graph representation including the major
components of this pathway is indicated in figure 1c.

(d) Novel aspects: G-proteins in Wnt signalling

Whereas it has been thought for a long time that the
Wnt/b-catenin signalling pathway does not involve
heterotrimeric G-proteins, recent findings indicate
their involvement in canonical signalling as well as
planar cell polarity type of signalling. Activation of
Frizzled-1 signalling through inducible Frizzled
receptors in F9 teratocarcinoma cells required the
function of Gaq and Gao (Liu et al. 1999a), whereas
triggering Frizzled-2 signalling through the corre-
sponding inducible Frizzled receptor requires the
action of Gao and Gat (Liu et al. 1999b). Further
evidence for an involvement of G-proteins in canonical
Wnt signalling was provided by the observation that
overexpression of RGS4, a regulator of G-protein
signalling, in early Xenopus embryos interferes with
Wnt-8-induced secondary axis formation (Wu et al.
2000). TCF/b-catenin-mediated reporter gene activity
as well as endogenous Wnt/b-catenin target genes can
be induced by constitutively active Gao and Gaq

subunits (Liu et al. 2001). Depletion of G-proteins by
the use of antisense oligonucleotides or siRNA
interferes with Wnt- and Frizzled-induced activation
of the Wnt/b-catenin pathway (Liu et al. 2001). In
Drosophila, genetic epistasis experiments are indicative
of the involvement of G-proteins downstream of
Frizzled but upstream of dishevelled in both canonical
and non-canonical Wnt signalling (Katanaev et al.
2005). These findings were complemented by the
observation of a ligand-dependent association/dis-
sociation of Gao and Gaq subunits with Frizzled
receptors (Liu et al. 2005). Moreover, also dsh and
axin have been linked directly to G-proteins. The bg
subunits were found to associate with dishevelled
(Angers et al. 2006) whereas Ga12 binds to axin
(Stemmle et al. 2006). Interestingly, Ga12 and Ga13

have also been implicated in regulating convergent
extension movements (Lin et al. 2005). This list of
G-protein subunits involved in Wnt signalling becomes
even longer if one takes into account the finding that
some Wnts probably activate protein kinase A through
the classical Gas pathway (Chen et al. 2005; Pourquie
2005) whereas a non-canonical Wnt ligand-like Wnt-11
reduces PKA activity through Gai (Park et al. 2006).
PKA has been correlated to the regulation of b-catenin
stability as well as JNK activity (Hino et al. 2005;

http://rstb.royalsocietypublishing.org/


Table 1. G-proteins implicated in Wnt and Frizzled signalling. (PCP, planar cell polarity; PDE, cGMP-specific
phosphodiesterase; PKC, protein kinase C; PLC, phospholipase Cb; AC, adenylate cyclase; PKA, protein kinase A; CamKII,
calcium–calmodulin-dependent kinase II.)

G-protein subunit downstream mediators references

ao b-catenin Katanaev et al. (2005)
b-catenin Liu et al. (2001)
b-catenin Liu et al. (2005)
PCP signalling Katanaev et al. (2005)
PDE Ma & Wang (2006)
PKC Liu et al. (1999a)
differentiation assay Liu et al. (1999b)

at2 PDE Ma & Wang (2006)
PDE Ahumada et al. (2002)
differentiation assay Liu et al. (1999b)

aq b-catenin Liu et al. (2001)
b-catenin Liu et al. (2005)
PLC/PKCd Tu et al. (2007)
PKC Liu et al. (2001)

a11 PLC/PKCd Tu et al. (2007)
as AC/PKA Chen et al. (2005)
ai AC/PKA Park et al. (2006)
bg PLC/PKC/cdc42 Penzo-Mendèz et al. (2003)

PLC Slusarski et al. (1997a)
PLC/CamKII Kuhl et al. (2000)
PLC/PKC Sheldahl et al. (1999)
differentiation assay Liu et al. (1999b)
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Park et al. 2006). Considering the fact that the Wnt/
calcium pathway also involves G-proteins as outlined
above, it seems very probable that all three Wnt
signalling branches involve heterotrimeric G-proteins.
Currently, a total of 16 Ga subunits with specific
signalling activities are known in addition to 4b and 7b
subunits (Birnbaumer 2007a,b). The latter subunits
form different bg heterodimers with obvious identical
signalling activities. As outlined, several Ga subtypes as
well as bg heterodimers have been linked to different
biochemical downstream events during Wnt signalling as
summarized in table 1. Considering Wnt signalling to be
G-protein coupled, indeed leaves us with a plethora of
different Wnt/Frizzled/G-Protein and co-receptor com-
binations for potential downstream effects.
3. TOWARDS A Wnt SIGNALLING NETWORK:
OVERLAPPING ACTIVITIES OF INDIVIDUAL
COMPONENTS
(a) Evolving a novel concept of Wnt signalling

as a network

As mentioned before, the current model of Wnt
signalling is based on the assumption that different
independent Wnt signalling pathways exist, e.g.
canonical and non-canonical pathways, which rep-
resent the underlying molecular mechanism of certain
biological effects. However, in some cases, as listed and
discussed below, it has been observed that (i) particular
proteins are involved in more than one of these
signalling pathways, (ii) individual proteins have been
shown to be involved in regulating different biological
processes that were originally assigned to either Wnt
pathways and finally, (iii) different Wnt pathways seem
to act in vivo in one particular cell type to regulate each
other at the same time. In an expansion of the
Phil. Trans. R. Soc. B (2008)
individual pathway model, we would like to suggest
instead that Wnt proteins activate a signalling network.
The outcome of a Wnt stimulation in this model would
depend on the molecular signature of the system used
as well as the recent history of the system (i.e. presence
and influence of other growth factors that might
interfere with Wnt signal transduction or regulate
mediators of Wnt signalling transcriptionally). The
points for this line of argument in favour of a Wnt
signalling network can be listed as follows:

(i) The original classification of Wnts into
different functional classes cannot hold any
more. Wnt-5A is able to activate not only
calcium signalling (Slusarski et al. 1997a;
Dejmek et al. 2006; Ma & Wang 2006; Safholm
et al. 2006) and JNK (Yamanaka et al. 2002),
but also functions in the b-catenin pathway if
the correct receptor is present, i.e. Fz-5
(He et al. 1997). Also, Frizzled receptors have
the ability to activate different signalling
pathways. Fz-5 has been shown to activate
b-catenin signalling (He et al. 1997) and also
is involved in PKC activation (Weeraratna et al.
2002). Furthermore, Fz-4 has been shown to
activate different signalling pathways (Robitaille
et al. 2002; Mikels & Nusse 2006). Finally, Fz-7
can also activate canonical as well as non-
canonical signalling branches (Medina et al.
2000). Thus, activation of different Wnt signal-
ling aspects by Wnts or Frizzled receptors seems
to be highly context dependent.

(ii) The phosphoprotein dishevelled has been
involved in canonical b-catenin and non-
canonical JNK activations (Boutros et al.
1998) as well as in the Wnt/calcium pathway

http://rstb.royalsocietypublishing.org/


Wnt network H. A. Kestler & M. Kühl 1337
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(Sheldahl et al. 2003) indicating an overlap of
intracellular signalling pathway mediators.

(iii) As discussed above, it is reasonable to argue that
heterotrimeric G-proteins are involved in some,
if not all, aspects of Wnt signalling. As some Ga
proteins are involved in different Wnt branches
(Katanaev et al. 2005), for example, Gao in
canonical as well as planar cell polarity signal-
ling, there is again an overlap of pathway
activities.

(iv) Wnt-mediated activation of JNK within planar
cell polarity type of signalling has been
shown to require the action of PKC isoforms,
in particular PKCd (Pandur et al. 2002;
Kinoshita et al. 2003). Activation of PKC
requires DAG (and in some cases also calcium
ions), an aspect so far assigned to the
Wnt/calcium pathway. Furthermore, it has
been demonstrated that during Xenopus
gastrulation movements, cdc42 is activated
by PKC downstream of bg subunits of
G-proteins (and thus probably downstream
of PLCb). Cdc42 may also activate JNK
(Tao et al. 2001). Thus, there is an overlap
of Wnt/calcium and Wnt/JNK signalling in
this context.

(v) The calcium-sensitive transcription factor
NF-AT has been linked to Wnt-mediated
dorsal–ventral patterning in Xenopus embryos,
probably due to an inhibitory role onto the
Wnt/b-catenin pathway (Saneyoshi et al.
2002). Interestingly, NF-AT is also required
for regulating neural convergent extension
movements, a process that depends on a
planar cell polarity type signalling pathway
(Borchers et al. 2006).

(vi) CamKII, activated by the Wnt/calcium
pathway, has been shown to be involved in
dorsoventral patterning in Xenopus and zebra-
fish, probably through the inhibition of the
Wnt/b-catenin signalling pathway (Kuhl et al.
2000; Ishitani et al. 2003; Westfall et al. 2003),
as well as in regulating epithelial–mesenchymal
transitions, a prerequisite for cell migration
processes, i.e. neural crest cell migration,
normally linked to the PCP pathway
(De Calisto et al. 2005). Also, PKC activated
by the Wnt/calcium pathway has some ven-
tralizing activity (Busa & Gimlich 1989).

(vii) The PCP pathway component prickle has
been shown to modulate intracellular calcium
signalling (Veeman et al. 2003b).

(viii) The atypical receptor tyrosine kinase ror2 is
activated by CKI3 (Kani et al. 2004) which
itself is regulated through canonical Wnt
signalling and has been shown to be involved
in the Wnt/b-catenin pathway (Cong et al.
2004; Swiatek et al. 2004). CKI3 also seems to
be required for the planar cell polarity
pathway (Klein et al. 2006; Strutt et al.
2006). In line with this is the observation
that the protein diversin (the vertebrate
homologue to Drosophila diego) not only
activates JNK but also recruits CKI3 to the
Phil. Trans. R. Soc. B (2008)
destruction complex of the b-catenin pathway
(Schwarz-Romond et al. 2002).

(ix) JNK is involved not only in regulating cell
movements through the Wnt/JNK/planar cell
polarity pathway, but also in inhibiting the
action of the Wnt/b-catenin pathway (Liao
et al. 2006). Here, it is noteworthy to mention
that Wnt-mediated activation of JNK can
regulate target gene expression through AP-1
(Jun/fos; Li et al. 1999; Weber et al. 2000).

(x) Inhibition of the canonical Wnt branch
through the extracellular inhibitor dickkopf
(dkk; Glinka et al. 1998) results in an
activation of non-canonical Wnt signalling as
indicated by the activation of JNK (Pandur
et al. 2002; Lee et al. 2004; Caneparo et al.
2007), indicating a balance between canonical
and non-canonical branches through extra-
cellular regulation, probably through modify-
ing receptor complex compositions.

(xi) Just recently, it has been shown that the src
kinase family member yes is activated by Wnt-
5A signalling (Dejmek et al. 2006), whereas it
was reported earlier that yes and fyn are also
involved in regulating convergent extension
movements (Jopling & den Hertog 2005).
Interestingly, src kinases are regulated through
G-proteins (Ma et al. 2000) and tyrosine
phosphorylation by integrating these inputs
(Roskoski 2005). In future, it will be of high
interest to analyse whether src kinase integrates
information from G-protein coupled Frizzled
receptors and ror-2 tyrosine kinase in this
setting. Of interest in this context is the
observation that the src kinase member fyn
also modulates calcium signalling (Sharma et al.
2005) during zebrafish development through an
unknown mechanism. The Wnt-5A-mediated
activation of yes was shown to regulate cdc42
(Dejmek et al. 2006). Activation of cdc42
through src kinase members has been shown
before (Yokoyama & Miller 2003) in a different
context. More downstream, the Wnt-5A–yes–
cdc42 axis results in binding of CKIa to NF-AT
transcription factor (Dejmek et al. 2006). CKIa
binding to NF-AT prevents nuclear localization
and accumulation of NF-AT (Zhu et al.
1998; Okamura et al. 2004). With respect
to the demonstration that Wnt proteins
activate a signalling network, this observation
is of particular interest as it involves proteins
previously linked to planar cell polarity
signalling (cdc42), Wnt/calcium signalling
(NF-AT) or Wnt/b-catenin signalling (CKIa).

(xii) Wnt-3A has been shown to simultaneously
activate canonical as well as non-canonical
signalling, clearly demonstrating that one
particular Wnt ligand can activate different
branches at the same time within the same cell
type (Tu et al. 2007).

(xiii) Finally, it is of interest to come back to the
former observation that Wnt-5A class members
are able to inhibit the function of Wnt-1/Wg
class members, that is they inhibit the canonical

http://rstb.royalsocietypublishing.org/
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Wnt/b-catenin pathway. Multiple possibilities to
explain this behaviour on a molecular level are
suggested above, i.e. involving JNK, CamKII,
PKC or CaCN/NF-AT. Furthermore, calcium
can bind to Naked which interacts with and
regulates dishevelled (Zeng et al. 2000; Wharton
et al. 2001; Yan et al. 2001). One question of
interest, however, is whether this also occurs
in vivo and not only under gain of function
situations. Interestingly, thereare some examples
described in the literature. In Wnt-5AK/K
mice, canonical Wnt signalling is upregulated
in the limb buds (Topol et al. 2003). In fish
embryos deficient for maternal as well as zygotic
Wnt-5A, expression levels of b-catenin are
elevated (Westfall et al. 2003) and this can be
rescued by a constitutively active CamKII
mutant. Depleting Wnt-11 in P19 teratocarci-
noma cells by siRNA results in an upregulation
of b-catenin signalling (Maye et al. 2004) and
finally, during appendage regeneration in fishes
distinct Wnt signalling pathways have opposing
effects (Stoick-Cooper et al. 2007).

Taken together, these findings clearly indicate that
different Wnt signalling pathways are simultaneously
active within the same cell type, further supporting the
idea that Wnt pathways are highly connected to form a
Wnt signalling network. This network seems to be
activated by either one or more ligands acting on a
certain cell type.

(b) Balanced Wnt signalling networks during eye

formation and cardiac development

In this section, we would like to discuss two biological
examples from developmental biology for which it
seems to be appropriate to follow the idea of a Wnt
signalling network in more detail, in particular early
steps of eye formation in the forebrain as well as
induction of cardiac progenitor cells.

Induction of eye progenitor cells takes place in the
anterior-most part of the neural plate, the forebrain
anlage. This region is characterized through a low
b-catenin signalling activity, and an increase in
canonical Wnt/b-catenin activity results in a poster-
iorization of neural tissue and a loss of eye structures
(Heisenberg et al. 2001). In line with this finding,
canonical Wnt activity in the developing eye could not
be detected before stage 20 in Xenopus embryos
(Van Raay et al. 2005). Recently, we demonstrated
that the activation of a non-canonical Wnt pathway by
Wnt-4 is, however, required for eye formation in
X. laevis (Maurus et al. 2005). The probable receptor
for Wnt-4 in this setting is Fz-3 which was previously
reported to activate non-canonical Wnt signalling and
to be required for eye development (Rasmussen et al.
2001). Wnt-4 and Fz-3 were postulated to be a ligand–
receptor combination in other settings as well
(Lyuksyutova et al. 2003). Similar to these findings, it
was reported that Wnt-11/Fz-5 has a comparable role
in eye development in zebrafish (Cavodeassi et al.
2005). Here, the authors demonstrated that activation
of a non-canonical Wnt pathway inhibits b-catenin
signalling and regulates coherence of cells as well as cell
Phil. Trans. R. Soc. B (2008)
movements within the eye field. In agreement with both
studies, it was demonstrated recently that a planar cell
polarity type of signalling pathway involving dsh, PKC
and JNK is important for eye formation, cell move-
ments and marker gene expression in the developing
Xenopus eye (Lee et al. 2006). In summary, in the eye-
forming region, non-canonical Wnt signalling branches
negatively influence the Wnt/b-catenin branch and
regulate cell adhesion, cell migration and gene
expression obviously at the same time and thus
represent a Wnt signalling network.

A comparable situation can be found during early
heart development in Xenopus and zebrafish. In this
context, Wnt-11 or the close homologue Wnt-11R
activate a non-canonical Wnt signalling pathway
(Pandur et al. 2002; Garriock et al. 2005; Matsui et al.
2005). Loss of non-canonical Wnt function results in
morphological defects such as failure of heart precursor
cells to fuse at the ventral midline of the embryo,
resulting cardia bifida or failure in heart tube formation
(Pandur et al. 2002; Matsui et al. 2005). Activation of
non-canonical signalling by Wnt-11 promotes cardio-
myocyte formation in different cellular setting such as
Xenopusmesodermal cells (Pandur et al. 2002; Garriock
et al. 2005), quail mesoderm (Eisenberg et al. 1997;
Eisenberg & Eisenberg 1999), murine embryonic stem
cells as well as teratocarcinoma cells (Pandur et al. 2002;
Terami et al. 2004), murine circulating human endo-
thelial progenitor cells (Koyanagi et al. 2005) and in
murine bone marrow and mesenchymal stem cells
(Belema Bedada et al. 2005; Schulze et al. 2005).
Interestingly, at the same time, activation of canonical
Wnt signalling inhibits cardiogenesis in vivo, thus
indicating that canonical Wnt signalling needs to be off
for early cardiac specification (Marvin et al. 2001;
Schneider & Mercola 2001; Tzahor & Lassar 2001).
Furthermore, this requirement for inhibition of cano-
nical Wnt signalling needs to be regulated in a time-
dependent manner (Nakamura et al. 2003; Naito et al.
2007), suggesting that b-catenin signalling needs to be
tightly regulated and fine tuned. Thus, in both cellular
settings, early cardiac and eye development, a Wnt
network needs to be activated in which non-canonical
signalling branches inhibit b-catenin signalling and
regulate the cell cohesion and migration required for
proper tissue morphogenesis.
4. MODELS TO PREDICT THE BEHAVIOUR
OF THE Wnt SIGNALLING NETWORK
All these issues discussed above strongly argue in favour
of a highly connected Wnt signalling network. An
extended version of the interactions discussed is given
in figure 2. This hypothesis can be further extended by
recent whole-genome yeast two-hybrid screens in
humans (Stelzl et al. 2005) depicting a Wnt signalling
network. Furthermore, functional large-scale screening
methods indicate that the number of molecules involved
in Wnt signalling might be markedly higher. In an RNAi
screen inDrosophila, a total of 238 potential regulators of
the Wnt/b-catenin pathway were identified (DasGupta
et al. 2005). Thus, it becomes clear that a network
representing the discussed interactions, as depicted in
figure 2, still clearly represents a simplification of reality.
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A question that comes to mind immediately is whether

it will ever be possible to predict the specificity or the

outcome of such a signalling network by appropriate

theoretical and mathematical methods.

Modelling and simulation of complex systems is

widely used to predict their behaviour (for a paper-

based review see De Jong 2002). The term modelling

represents the description of a system with mathematical

methods, whereas the term simulation describes the

computation of solutions for the model chosen. In

principle, several modelling methods can be distin-

guished based on their underlying theoretical and

mathematical approaches (i.e. quantitative versus quali-

tative, deterministic versus stochastic, static versus

dynamic and discrete versus continuous). In a particular

case, use of these different approaches depends on the

data available and the purpose of the model. In the

following section, we will briefly discuss two different

approaches that have been used tomodel partsof the Wnt

signalling network by the use of differential equations.
Phil. Trans. R. Soc. B (2008)
(a) Ordinary differential equations

Ordinary differential equations have been widely used

to model genetic regulatory networks, metabolism and

signalling pathways (Heinrich & Schuster 1996; Fell

1997; Collado-Vides & Hofestädt 2002; Fall et al.
2002; Szallasi et al. 2006). Several assumptions have

been made for the usage of this approach. It is assumed

that all reactions within a signal transduction pathway

can be described by the use of laws used in physical

chemistry. This kinetic model requires detailed know-

ledge of the underlying reactions, e.g. the concen-

tration of reaction partners, the reaction rates of

individual reaction steps, association and dissociation

rates. Furthermore, it is assumed that all reaction steps

occur in a well-mixed solution and that all reaction

partners are available immediately for the next reaction

step (that means the reaction is not limited through

diffusion processes). Within this physicochemical

modelling approach, the system of interest is described

with a set of coupled differential equations. This
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approach is termed a deterministic approach as the
behaviour of the system can be predicted for every time
point of the reaction if all reactions of the system have
been described and all parameters are known.
Unfortunately, all variables of the system have to be
known exactly. For the simple example of modelling
the rate of change for a certain cellular property
dX =dtZKX =t, we seek a function X(t) whose derivative
is proportional to itself with proportionality constant
1/t. Remembering that the derivative of an exponential
function is still the exponential function, we expect the
exact solution to be of the form XZCeKt=t. That means
we have to specify exactly two parameters, one for the
rate and the other for the initial solution. This gets even
more complicated with the nonlinear coupling of these
differential equations. Unless they are stable (robust),
parameters have to be known precisely, which is rarely
the case, as small perturbations may have large impacts.

A quantitative and moderately complex model of
part of the Wnt/b-catenin pathway including its core
components has been established (Lee et al. 2003) and
just recently been reused to predict the behaviour of the
canonical Wnt pathway branch in a tumour cell (Kim
et al. 2007). Based on 15 linear ordinary differential
equations that are coupled with nonlinear algebraic
equations, this Lee–Heinrich model includes the
following main proteins and their interactions of the
canonical Wnt branch: dishevelled (dsh), GSK3b,
APC, axin, b-catenin and TCF (figure 3). The model
is mainly based on data obtained from quantitative
measurements of protein concentrations in Xenopus egg
extracts and predicts the behaviour of this core element
of the Wnt/b-catenin signalling branch. Data obtained
from this simulation have been nicely confirmed in
the Xenopus egg extract system (which represents a
Phil. Trans. R. Soc. B (2008)
well-mixed reaction system of course). However,
because this model was established using quantitative
measurements from Xenopus egg extracts and, in
addition, some of the parameters used were derived
from estimations, it is probable that these concen-
trations differ in other organisms or cellular systems.
Additional variability is introduced by unavoidable
measurement errors. Thus, it is questionable whether
such a model will also be correct in other systems. This
question can at least in part be evaluated by robustness
analyses for which one or more parameters are changed
and the model tested for its predicted outcome
thereafter. Furthermore, one should keep in mind
that the original Lee–Heinrich model does not include
an activation with a Wnt ligand but relies on an artificial
activation using dishevelled to be inactive (dshZ0) or
to be active (dshZ1). Furthermore, most of the
components indicated and discussed before for cano-
nical as well as non-canonical Wnt branches were not
considered. This shows that modelling by ordinary
differential equations requires data that are usually not
easily obtainable for moderately large pathways or even
more complex networks. This is even more the case
both for models that lack the assumptions of a spatially
homogeneous system and reflect cellular asymmetries
of participating components, and for reactions that
occur deterministically and continuously. Both cases
would require different modelling approaches, i.e. the
use of partial differential equations, compartment
models or stochastic differential equations. Interest-
ingly, the asymmetric cellular distribution of planar cell
polarity pathway components has been modelled by the
use of partial differential equations just recently
(Amonlirdviman et al. 2005). Furthermore, as the
model gets more complex, simulation time rises with
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the increase of the number of parameters involved,
which in turn limits the inferential capabilities of these
models. Thus, although quantitative approaches using
differential equations were used to describe and predict
the behaviour parts of the Wnt network, it is rather
unlikely that these approaches will be currently suitable
for predicting the outcome of the Wnt network.
Therefore, different approaches using more qualitative
knowledge seem more promising.
(b) Qualitative approaches

Different more qualitative models have been used to
describe the behaviour of complex systems including
graph methods, Bayesian networks, Boolean networks
or Petri networks, to name just a few (Hornberg et al.
2005; Klipp et al. 2005; Szallasi et al. 2006; Alon 2007).
Graph methods are widely used to get an overview of a
complex network as done in §§1–3 in this paper.
Components of the network, i.e. a signal transduction
pathway in a particular cell type, are identified. This
can be done, for example, by extracting the required
information from the literature, the use of appropriate
public databases and by experimental screening
Phil. Trans. R. Soc. B (2008)
methods such as DNA microarrays or proteomic
approaches. Individual entities of the network can be
represented as nodes/vertices. Interaction between

these components or their relationship can be drawn
as edges between these vertices. Such a representation
of the system is an ‘undirected graph’ of the network
(see figure 2, for example). However, it provides just a
minimum of information as it is a static representation
of the network. These graphs can be extended by
including additional features such as the direction of
flow of information (directed graphs), including
different weights for the interaction (directed and
weighted) as well as spatial information (Ma’ayan

et al. 2005). These networks can be used to elucidate
the topology of signal transduction pathways and can
be described by using different parameters such as
mean connectivity of nodes, local connectivity of nodes
(by calculating so-called clustering coefficients and grid
coefficients) and the characteristic path length to
connect two individual nodes with the shortest path
possible. A high clustering coefficient and a short path
length distinguish real networks from random networks
and characterize them as (ultra) small world networks.
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Interestingly, it was found by Barabasi & Oltvai (2004)
that cellular networks have certain features that
characterize them as scale-free networks, in particular
that they have a power-law degree distribution. Thus,
within these networks, few vertices have many links
characterizing them as hubs and many vertices have few
links. Intensive analysis of real networks furthermore
identified several design motifs that occurred more
often than just randomly in these networks, such as
triads or tetrads of interactions (Milo et al. 2002; Li
et al. 2004; Yook et al. 2004). The destruction complex
within the b-catenin branch of Wnt signalling for
example, consisting of axin, APC, GSK-3b, CKIa and
b-catenin, represents several overlapping triads and
tetrads of interactions, and a close inspection identifies
many more (figure 4a,b). Re-examination of figure 2
also reveals that the major components of the Wnt/
b-catenin path, such as dsh, axin, b-catenin or LEF,
have more links than other proteins, thereby indicating
that they are hubs. A more extended representation of
the Wnt network including 111 nodes (data not shown)
has a mean shortest path length of 3.5 and a mean node
degree of 2.9 with several hubs such as dsh, axin or
b-catenin with more than 15 edges. Keeping in mind
that cellular networks are small-world and scale-free
networks that follow certain design principles, it may be
possible to predict additional vertices or interactions
between them within the network as shown recently
(Albert & Albert 2004). Thus, network theories will be
a valuable to tool to predict the final design of a network
leading to experimentally testable hypotheses.

Furthermore, methods will be required to predict
the dynamic behaviour of such static networks. In
Boolean networks, for example, nodes are connected
through logical functions (AND, OR and NOT) and
can either be ON or OFF. These models can predict in
a deterministic and discrete simulation the state of each
node at each time point. Such a model has been used to
model genetic regulatory networks in which genes can
be either ON or OFF, thereby transferring a static
network of genetic interactions into a dynamic model.
These Boolean models can be learned from data via
specifying complete truth tables, but typically this is not
feasible in biological systems. The computational
learning community has developed methods for
learning these Boolean functions from input–output
observations (Kearns & Vazirani 1994; Liang et al.
1998). A Boolean model of the segment polarity gene
network in the fly has recently been shown to predict
the behaviour of the network fairly well, as did a model
based on differential equations (von Dassow et al. 2000;
Albert & Othmer 2003). Extensions of these Boolean
networks are generalized logical networks that also
allow values other than 0 and 1 for the individual
components.

The so-called Petri nets (Adam Petri’s PhD thesis
1962, or place/transition network) are another way of
modelling dynamic behaviour and have been developed
for different simulation purposes (Bernadinello &
De Cindio 1992). Petri nets consist of two types of
nodes, namely place nodes and transition nodes, and
directed arcs connecting places with transitions. Places
represent objects, e.g. molecules, and contain tokens
indicating the currently existing number of these
Phil. Trans. R. Soc. B (2008)
objects. A transition is performed if the incoming
places contain enough tokens, and consists of removing
tokens from the incoming places and adding tokens to
the output places. The execution is non-deterministic.
Several extensions of this basic methodology exist, e.g.
timed Petri nets and stochastic Petri nets, which make
them suitable for modelling biochemical pathways.
Petri nets just recently were applied to analyse
intracellular signal transduction pathways (Heiner
et al. 2004).
5. CONCLUSIONS
These few examples indicate that more qualitative
approaches are capable of predicting the outcome of
complex networks and thus might be a valuable tool to
transfer a static graph representation of highly con-
nected signalling networks, such as the Wnt signalling
network, into a dynamic network of interactions. In the
future, methods will surely be developed that allow us
to translate our current knowledge of interactions and
their interdependence into dynamic modelling tools
that probably will also allow prediction of the global
outcome of a stimulated Wnt signalling network in a
particular cell. Of course, such qualitative models also
have disadvantages, such as quantitative predictions
not being possible. Also, settings in which the
characteristics of an entity highly depend on quan-
titative parameters may be hard to cover. The outcome
of calcium signalling seems to depend on the frequency
as well as the amplitude of calcium transients (Berridge
1997). The selected examples of the Wnt signalling
network, however, indicate that this network can be
described by the use of mathematical network theory
which will allow analyses of this network by the use of
appropriate network models.
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