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Abstract
Wnt genes encode secreted signalling molecules that control embryonic development including
organogenesis, while dysregulated Wnt signalling is connected to many diseases such as cancer.
Specifically, Wnts control a number of cellular processes such as proliferation, adhesion,
differentiation and aging. Many Wnt proteins activate the canonical β-catenin signalling pathway
that regulates transcription of a still poorly characterized set of target genes. Wnts also transduce
their signaling in cells via β-catenin-independent “non-canonical” pathways, which are not well
understood. In this study, Wnt-11 signalling mechanisms in a mammalian model cell line and roles
of Wnt-11 in heart development were analyzed in detail. In addition the aim was to identify new
Wnt target genes by direct chromatin immunoprecipitation and Affymetrix GeneChip assays in
the model cells exposed to Wnt-3a.
Our studies reveal that Wnt-11 signalling coordinates the activity of key cell signalling
pathways, namely the canonical Wnt/β-catenin, the JNK/AP-1, the NF-κB and PI3K/Akt
pathways in the CHO cells. Analysis of the Wnt-11-deficient embryos revealed a crucial role in
heart organogenesis. Wnt-11 signalling coordinates cell interactions during assembly of the
myocardial wall and Wnt-11 localizes the expression of N-cadherin and β-catenin to specific
cellular domains in the embryonic ventricular cardiomyocytes. Collectively these studies reveal
that the mammalian Wnt-11 behaves as a non-canonical Wnt and that it is a critical factor in the
coordination of heart development. Specifically, it controls components of the cell adhesion
machinery. Analysis of the Wnt target genes revealed a highly context-dependent profile in the
Wnt-regulated genes. Several new putative target genes were discovered. Out of the candidate
Wnt target genes, Disabled-2 was identified as a potential new direct target for Wnt signalling.

Keywords: AP-1, cardiogenesis, β-catenin, cell adhesion, cell viability, chromatin
immunoprecipitation, JNK, N-cadherin, NF-κB, target gene, TCF, Wnt signalling,
Wnt-11
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Introduction

Precisely controlled local interactions between cells, such as interactions between
mesenchymal and epithelial tissues in organogenesis, are essential in
developmental processes. These processes are often regulated by inductive
signalling mediated by secreted signalling molecules, which regulate intracellular
signalling pathways (Gilbert 2006, Huelsken & Birchmeier 2001).
The Wnt family of secreted paracrine factors and their several intracellular
signalling pathways compose one of the major inductive signalling systems in
development, regulating multiple cellular functions (Huelsken & Birchmeier
2001). Wnts may serve as gradient morphogens that can act in a long- or shortrange manner (Zecca et al. 1996). The accurate control of Wnt signalling is
important also after embryonic development to regulate tissue homeostasis and to
prevent various disease conditions such as cancer (Logan & Nusse 2004).
The classical canonical Wnt/β-catenin pathway is highly conserved between
species and controls central processes during the whole life span of the animals
ranging from early embryonal development to aging (DeCarolis et al. 2008,
Logan & Nusse 2004). β-catenin is the key molecule in the canonical Wnt
signalling pathway activating the TCF/Lef (T-cell factor / lymphoid enhancer
factor) family of transcription factors, which in turn regulate the specific set of
target genes (Vlad et al. 2008). The Wnt-3a gene is one of the nineteen Wnts
identified in mammals. In 1991 it was characterized in mouse showing expression
in the developing nervous system, which suggested a role in the development of
the neural tube (Roelink & Nusse 1991). It represents a ligand that in most
systems activates the canonical Wnt signalling pathway. Wnt-3a has been shown
to regulate developmental processes such as heart development (Schneider &
Mercola 2001) and is implicated in diseases such as cancer (Li et al. 2008).
The Wnt-11 gene was first discovered from mouse in 1994 (Adamson et al.
1994). It is implicated in many key developmental events such as cell movements
in gastrulation and organogenesis of heart and kidney (Majumdar et al. 2003,
Pandur et al. 2002, Tada & Smith 2000). Similarly to Wnt-3a, Wnt-11 has been
suggested to be involved in various disease conditions including different types of
cancer (Kirikoshi et al. 2001, Lin et al. 2007, Nakamura et al. 2005). However, its
function in these processes is still largely poorly understood. It is thought to elicit
its function mainly by activating so-called non-canonical Wnt signalling
pathways that are independent of β-catenin. Indeed, Wnt-11 is proposed to inhibit
the canonical Wnt pathway by multiple mechanisms (Maye et al. 2004).
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In this study, the signalling pathways utilized by Wnt-11 were addressed in a
mammalian model cell line using CHO cells and its function in heart development
was studied in the Wnt-11 KO mice. New target genes for the canonical Wnt
pathway were pursued by combining chromatin immunoprecipitation screens
from mouse NIH3T3 cells overexpressing β-catenin/TCF fusion protein to
Affymetrix GeneChip analysis using NIH3T3 cells and rat PC12 cells that were
treated by Wnt-3a ligand.
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2

Review of the literature

2.1

The Wnt family of secreted glycoproteins

The Wnt family of secreted glycoproteins consists of secreted and extracellular
matrix-associated glycoproteins, which bind to Frizzled (Fz) seventransmembranespan receptors (Bhanot et al. 1996, Yang-Snyder et al. 1996),
LRP5/LRP6 (LDL receptor-related family members) co-receptors (Tamai et al.
2000, Wehrli et al. 2000) and to more recently identified receptors such as Ror2
(receptor tyrosine kinase-like orphan receptor 2) and Ryk (Ryk receptor-like
tyrosine kinase) (Hikasa et al. 2002, Lu et al. 2004) on the cell surface. Wnts
control diverse processes from embryonic induction to adult tissue homeostasis
and aging as well as diseases such as cancer when activated inappropriately. (For
reviews see Angers & Moon 2009, Cadigan & Nusse 1997, DeCarolis et al. 2008,
Huelsken & Behrens 2002, Logan & Nusse 2004, Lorenowicz & Korswagen
2009, Mikels & Nusse 2006b, Nusse & Varmus 1992, Nusse 2005, van
Amerongen & Nusse 2009.)
The first mammalian Wnt gene, namely Wnt-1, was identified in mouse in
1982, when it was discovered that mouse mammary tumor virus (MMTV)
integrates its proviral DNA within a certain region of the host genome called int-1.
Specific RNAs were found that were transcribed from int-1 in the tumors and it
was suggested that the int-1 locus would code a novel proto-oncogene (Nusse &
Varmus 1982). That gene was later identified as a vertebrate homolog for segment
polarity gene Wingless in Drosophila (Cabrera et al. 1987, Rijsewijk et al. 1987),
which had been identified already earlier in the classic genetic screen (Sharma &
Chopra 1976). The term Wnt is an amalgam of the int-1 and Wingless (Nusse &
Varmus 1992).
Since the discovery of Wnt-1, 19 different but highly conserved and related
Wnt genes have been identified in mammals. The Wnt proteins are approximately
40 kDa in size and composed of 350-400 amino acids, including a signal
sequence for secretion, several highly charged amino-acid residues, and a
conserved pattern of 22-24 cysteine (Cys) residues in addition to over 100
conserved residues evenly distributed across the entire sequence flanked by
invariant regions. The highly conserved spacing of cysteines suggests the
involvement of intramolecular disulfide bonds in protein folding (Mikels & Nusse
2006b). The coding region of Wnt proteins includes also one or more sites for N17

linked glycosylation. Wnt proteins are hydrophobic because they are lipidmodified by a palmitate moiety at conserved Cys-77 (Willert et al. 2003). More
recently it has been demonstrated that palmitoleic acid is also added to Ser-209 in
the Wnt-3a protein (Takada et al. 2006). Both Cys-77 and Ser-209 are highly
conserved among Wnts (Lorenowicz & Korswagen 2009).
The Acyltransferase Porcupine has been shown to be required in lipid and
sugar modifications of Wnt proteins in the ER (Takada et al. 2006, Tanaka et al.
2002, Zhai et al. 2004). These posttranslational modifications have been
demonstrated to be important for proper Wnt function, controlling secretion and
signalling activity (Lorenowicz & Korswagen 2009). The specific secretion of
Wnts in secretory vesicles is controlled by the multi-pass transmembrane protein
Wntless (Wls)/Evenness interrupted (Evi) together with an intracellular
trafficking complex called the retromer, which are functioning in the golgi,
endosome and plasma membrane (Banziger et al. 2006, Bartscherer et al. 2006,
Belenkaya et al. 2008, Coudreuse et al. 2006, Port et al. 2008, Yang et al. 2008).
Wnts may be transported outside cells in the form of lipoprotein particles (Greco
et al. 2001, Panakova et al. 2005). The biological characterization of Wnt proteins
has been hindered by the difficulties in the isolation and solubilization of active
Wnts, with the first successful purification of active Wnt carried out only as
recently as 2003 (Willert et al. 2003). This in fact has been a major reason for the
difficulties in the field of Wnt signalling research, such as the lack of pure active
Wnt proteins as well as good Wnt antibodies. No crystal structure for a Wnt
protein has been published so far. The schematic presentation of the Wnt-3a
protein is shown in Figure 1.
Based on their transformation activity and capability to induce secondary
body axes in Xenopus, members of the Wnt family have been historically
subdivided into two functional groups: canonical and non-canonical Wnt classes
(for a review see Kuhl et al. 2000b).
The canonical Wnt class (also referred to as the Wnt/ß-catenin and Wnt1/Wingless class) consists of vertebrate Wnts such as Wnt-1, -3a, -8, -8b and
Drosophila Wingless, which induce secondary axes and hyperdorsalization in
Xenopus embryos and can transform C57MG mammary epithelial cells when
overexpressed. The non-canonical Wnt class (e.g. Wnt-4, -5a, -6 and -11) fails to
induce these specific changes (Du et al. 1995, Wong et al. 1994). However, their
overexpression in Xenopus embryos was shown to control cell movements (Du et
al. 1995, Moon et al. 1993). Some Wnts such as Wnt-2 and -7b were shown to be
intermediate in their transformation capability (Wong et al. 1994).
18

However, recently it has become increasingly clear that this kind of simplistic
classification of Wnt ligands is not sufficient since many of the Wnts can signal
either canonically or non-canonically or via both pathways at the same time
depending on the cellular context (Bikkavilli et al. 2008, Kofron et al. 2007,
Mikels & Nusse 2006a).

Fig. 1. Schematic presentation of the mouse Wnt-3A protein. Wnts contain between 22
and 24 conserved cysteines, which are indicated by black lines, and two predicted Nglycosylation sites. A cysteine at position 77 is palmitoylated by Porcupine. A serine
at position 209 is also modified with a palmitoleic acid group. The signal sequence is
indicated in the amino terminus of the protein (modified from Lorenowicz &
Korswagen 2009).

2.2

Wnt signalling

Considerable efforts have been put to Wnt signalling research after the
identification of the first members of the Wnt family. These studies at first
identified the canonical Wnt/β-catenin pathway that is the best studied and
understood Wnt signalling pathway at present. In addition, a strong body of
research has implicated that β-catenin-independent Wnt signalling pathways exist.
These, however, still remain poorly defined. (For reviews see Angers & Moon
2009, Cadigan & Liu 2006, Chien et al. 2009a, Clevers & van de Wetering 1997,
Huelsken & Behrens 2002, Komiya & Habas 2008, Nusse 2005, van Amerongen
& Nusse 2009.)
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2.2.1 The canonical Wnt/β-catenin pathway
The classical canonical Wnt/ß-catenin pathway is highly conserved between
different species and has been extensively studied. Its function and components
are mostly unraveled, although many fundamental molecular events remain
unresolved (Chien et al. 2009a).
In the absence of Wnt ligand, ß-catenin is first phosphorylated by casein
kinase I (CKI) at Ser-45 (Amit et al. 2002, Liu et al. 2002) enabling glycogen
synthase kinase-3ß (GSK-3ß) to then phosphorylate at Ser/Thr residues 41, 37
and 33 (Yost et al. 1996) in the multiprotein complex, where scaffolding proteins
Axin and APC (adematosis polyposis coli) (Hart et al. 1998, Kishida et al. 1998)
facilitate the interaction of these kinases. The phosphorylated ß-catenin is
ubiquitylated by beta-transducin repeat-containing protein (ßTrCP) and
subsequently degradated by the proteosome pathway (Aberle et al. 1997, Liu et al.
1999).
The Multiprotein complex responsible for phosphorylation of ß-catenin also
contains numerous other proteins such as Conductin (Axin2) (Behrens et al. 1998)
that can form a homodimer or a heterodimer with Axin, diversin (SchwarzRomond et al. 2002) that links CKIα/ε to the complex, the multisubunit
serine/threonine phosphatase PP2A (Seeling et al. 1999) that modulates ß-catenin
degradation, PAR-1 (Sun et al. 2001) that adjust Dishevelled (Dvl) activity
potentiating Wnt activation, and the more recently identified Wilms´ tumor
suppressor WTX (Major et al 2007).
Wnts binding to Fz receptors (Bhanot et al. 1996, Yang-Snyder et al. 1996)
and to LRP5/6 co-receptors (Tamai et al. 2000, Wehrli et al. 2000) leads to the
recruitment of Dvl (Klingensmith et al. 1994, Yanagawa et al. 1995) to the
receptor complex resulting in its phosphorylation and subsequent activation in a
G protein-dependent manner (Liu et al. 1999b). This leads to the inhibition of the
ß-catenin destruction complex and subsequent stabilization of cytosolic ß-catenin.
Stabilized ß-catenin then enters the cell nucleus and associates with HMG
box (high mobility group box) class transcription factors of the TCF/Lef families
to activate the transcription of target genes (Behrens et al. 1996, Molenaar et al.
1996).
The mechanism underlying Wnt-mediated inhibition of the ß-catenin
destruction complex remains poorly understood. However, an accumulating body
of evidence supports the view that Wnt signalling is initiated by the recruitment
of Axin to the LRP co-receptors (Mao et al. 2001, Tamai et al. 2004). Recent
20

research has suggested that this is facilitated by the phosphorylation of LRPs by
GSK-3ß (Zeng et al. 2005) and CKIγ (Davidson et al. 2005). How Dvl is
activated and how it mediates ß-catenin stabilization is also not clear. CKIε and
PAR-1 have been shown to be able to phosphorylate Dvl, potentiating canonical
Wnt signalling activity (Peters et al. 1999, Sun et al. 2001). However, there is
some evidence that phosphorylation of Dvl would not be needed for canonical
Wnt signalling, suggesting that it might have other roles for example in noncanonical Wnt signalling (Gonzalez-Sancho et al. 2004). Nevertheless, it is
agreed that Dvl function is needed for the transduction of the canonical Wnt
signal. It might inhibit the ß-catenin destruction complex by interaction with Axin
(Smalley et al. 1999) and it has been proposed that Dvl blocks ß-catenin
degradation by recruiting Frat/GBP (GSK-3ß binding protein), which can displace
GSK-3ß from Axin (Farr et al. 2000, Hino et al. 2003). However, more recent
studies have suggested that Dvl’s role in canonical Wnt signalling could be to
participate in the phosphorylation of LRP co-receptors by GSK-3β and CKI in
response to the Wnt stimulus, possibly by recruiting them as a complex to the
receptor complex. This could induce the recruitment of Axin to LRP in the socalled LRP signalosomes, placing the Dvl actually upstream of LRP and
contrasting the quite established view that it would act downstream of LRP (Bilic
et al. 2007, Zeng et al. 2008). It is also very interesting that central Wnt pathway
effectors such as GSK-3ß and CKI have been shown to have dual functions in
canonical Wnt signalling, regulating the pathway both negatively and positively
depending on the site of action and state of signalling.
Transcriptional activation by the canonical Wnt/ß-catenin pathway inside the
nucleus is mediated by the interaction of ß-catenin with the histone acetyl
transferase CBP (cyclic AMP response element-binding protein) (Hecht et al.
2000), the chromatin-remodeling complex SWI/SNF (switching-defective and
sucrose nonfermenting) (Barker et al. 2001) and ß-catenin binding protein Bcl9
(Legless), which is bound to pygopus (Pyg) (Kramps et al. 2002). When ß-catenin
is absent, certain TCFs repress transcription by interacting with the co-repressors
CtBP (C-terminus-binding protein) and Groucho, which is bound to histone
deacetylase (HDAC) (Cavallo et al. 1998, Chen et al. 1999).
Recent findings indicate that other transcription factors than those of the
TCF/Lef family can also be targets of Wnt/ß-catenin signalling. So far Forkhead
box O (FOXO) transcription factors, paired-like homeodomain transcription
factor 2 (Pitx2) and a homeodomain transcription factor, Prophet of Pit1 (Prop1),
have been implicated as Wnt signalling targets and it has been speculated that
21

there likely are other ones that are yet to be identified (Essers et al. 2005, Gordon
& Nusse 2006, Kioussi et al. 2002, Olson et al. 2006). These findings may
explain some of the multitude of developmental and cellular functions that the
canonical Wnt signalling elicits during the life span of the animals. The schematic
presentation of canonical Wnt signalling pathway is shown in Figure 2.

Fig. 2. Simplified presentation of the canonical Wnt signalling pathway. In cells not
exposed to a Wnt signal, β-catenin is phosphorylated in the protein complex
containing Axin, APC, CKI and the protein kinase GSK-3β and subsequently degraded
in the proteosomal pathway. The binding of Wnt proteins to the Frizzled/LRP receptor
complex

at

the

cell

surface

triggers

activation

of

Dishevelled

(Dvl)

and

phosphorylation of LRP by CKI and GSK-3β, leading to the recruitment of Axin (Dvl
and Axin may interact directly) to the LRP in the cell membrane. This results in the
disintegration

of

the

β-catenin

phosphorylation

complex

and

subsequent

accumulation of β-catenin in the cytoplasm and nucleus, where it interacts with TCF
to control transcription of target genes. In the extracellular space, the segreted Wnt
signalling inhibitors antagonize the Wnt activity by binding to Wnt ligands (sFRPs and
WIF) or by intefering with receptor activation (Dkk).

22

2.2.2 ß-catenin-independent (“non-canonical”) Wnt signalling
In addition to the canonical Wnt/β-catenin pathway, the existence of β-cateninindependent Wnt signalling pathways has been convincingly demonstrated. These
are historically called non-canonical Wnt signalling pathways. (For reviews see
Chien et al. 2009a, Gordon & Nusse 2006, Komiya & Habas 2008.)
During the last decade, two of the non-canonical Wnt pathways, namely the
Wnt/PCP and Wnt/Ca2+ pathways, have gained more established standing in the
Wnt signalling field even though the sequence of signalling events and
participating components in these introduced pathways are still poorly
characterized and understood. Furthermore, no reliable assay has yet been
developed for observing ß-catenin-independent Wnt function in different cell
types. It has also been suggested that these pathways would be mere components
of the same signalling network rather than distinct pathways (Chien et al. 2009a).
Moreover, recent years have shown that likely other Wnt-regulated pathways
exist, since the more Wnt signalling is studied in different contexts the more
complex array of functions and signalling effects are observed; presumably there
exists a larger repertoire of non-canonical functions elicited by Wnt ligands. An
Interesting feature of the non-canonical Wnt signalling pathways is that they
appear to downregulate the canonical Wnt/β-catenin pathway, possibly by
multiple mechanisms having significance for developmental processes and
progression of different types of cancers.
In Drosophila, the Wnt/ Wingless pathway components such as Fz and Dvl
are involved in the signalling pathway that controls the process of planar cell
polarity (PCP), a form of polarity only seen in vivo, for example in many
epithelial tissues and organs that become polarized within the plane of the
epithelium. Good examples of PCP are organization of actin-hair pattern in the
Drosophila wing, scales in fish and hair in mammals. (For reviews see Fanto &
McNeill 2004, Simons & Mlodzik 2008.)
However, involvement of any Wnt ligand including Wingless in Drosophila
PCP signalling is questionable and it may very well be that the PCP signalling in
Drosophila is Wnt ligand-independent (Gordon & Nusse 2006, McEwen & Peifer
2000, Simons & Mlodzik 2008).
Nevertheless, in vertebrates some Wnts appear to control processes that
resemble the Drosophila PCP pathway, such as convergent extension movement
in gastrulation (Heisenberg et al. 2000, Mlodzik 2002, Yamanaka et al. 2002). It
has also been proposed that similar signalling may be involved in processes such
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as heart induction, dorsoventral patterning, tissue separation, neuronal migration
and cancer (Veeman et al. 2003a). Indeed Wnt/PCP-type signalling has been
implicated in various processes, such as organogenesis of kidney (Karner et al.
2009) and cancer (Wang 2009).
It has been proposed that in the non-canonical Wnt/PCP pathway the Fz
signals without LRP co-receptors to Dvl, from which the canonical and noncanonical pathways would diverge (Boutros et al. 1998, Gao & Chen 2009).
Components further downstream are still poorly characterized, but the Rho family
of small GTPases has been implicated to be activated by the Wnt/Fz/Dvl axis
(Habas et al. 2001, Habas et al. 2003, Li et al. 1999, Tanegashima et al. 2008). It
has been proposed that RhoA and Rac would form independent branches of PCP
signalling after Dvl, and it is not clear whether signalling by them would lead to
changes in gene activity. Their primary roles might be to regulate cytoskeletal
modulation through effectors such as Rho-associated kinase (ROCK) (Marlow et
al. 2002). According to some reports, the activation of the RhoA branch of
signalling is facilitated by Daam1 protein that binds to both Dvl and RhoA (Habas
et al. 2001). However, it is still very unclear how the activities of RhoA and Rac,
which are thought to have opposing functions, are coordinated in planar polarity
signalling (Komiya & Habas 2008). In addition, the Rho family GTPase Cdc42
has also been proposed to be activated by Wnt through Dvl (Moriguchi et al.
1999).
A potential but disputed downstream effector of non-canonical Wnt/PCP
signalling is the c-Jun NH2-terminal kinase (JNK), one of the mitogen-activated
protein (MAP) kinases that is activated primarily by cytokines and exposure to
environmental stress (Dunn et al. 2002, Veeman et al. 2003a, Weston & Davis
2002).
Initial reports suggested that JNK is involved in PCP pathway signalling in
Drosophila (Boutros et al. 1998, Strutt et al. 1997), although the JNKs
involvement in Drosophila PCP signalling has more recently been questioned
(Strutt et al. 2002). However, there is evidence that certain Wnts can activate JNK
in vertebrate cells through Fz and Dvl (Habas et al. 2003, Li et al. 1999,
Yamanaka et al. 2002). The mechanism of Dvl-mediated JNK activation is poorly
understood.
Dvl proteins are composed of three highly conserved domains, two of which
are necessary for the canonical pathway (DIX and PDZ domains) and one that is
not (DEP domain) (Li et al. 1999, McEwen & Peifer 2000). It has been suggested
that the DEP domain is necessary for induction of the JNK pathway and the
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establishment of planar cell polarity (Boutros et al. 1998, Li et al. 1999,
Moriguchi et al. 1999). Proteins such as PAR-1, whose kinase activity is
increased by Wnt signalling, and Naked may have a regulatory role in this process
by interacting with Dvl, resulting in the downregulation or induction of JNK,
respectively (Sun et al. 2001, Yan et al. 2001).
The Rho family GTPases may mediate JNK activation by Dvl. Some reports
link different members of the family to the process (Habas et al. 2003, Moriguchi
et al. 1999), but it has been also claimed that small GTPases are not required (Li
et al. 1999). Wnt-5a signalling via Ror2 has also been shown to activate JNK in
control of the convergent extension movements and this might be Dvlindependent (Oishi et al. 2003, Schambony & Wedlich 2007).
Another branch of non-canonical Wnt signalling may also involve signalling
through calcium fluxes, and the pathway in question is nowadays branded the
Wnt/Ca2+ pathway; it has been proposed to modulate canonical Wnt signalling in
dorsal axis formation and PCP signalling in gastrulation movements. This
pathway emerged when it was found that Wnt-5A and rat Frizzled-2 (RFz-2)
induced intracellular Ca2+ release in a G protein-dependent manner in zebrafish
embryos, (Slusarski et al. 1997a, Slusarski et al. 1997b). Then it was shown that
Wnt-5a and RFz-2 induced the G protein-dependent activation of the Ca2+sensitive signalling protein PKC in Xenopus embryos (Sheldahl et al. 1999).
Other Ca2+-sensitive proteins such as Ca2+/calmodulin-dependent protein kinase II
(CamKII) (Kuhl et al. 2000a) and the Ca2+-calmodulin–sensitive protein
phosphatase calcineurin (Saneyoshi et al. 2002), which promote ventral cell fates
in Xenopus embryos in response to Wnt signalling, have been proposed to act as
downstream effectors of this pathway. Calcineurin was reported to activate also
NF-AT (nuclear factor of activated T-cells) transcription factor as a downstream
response of the Wnt/Ca2+ pathway. Cyclic guanosine monophosphate (cGMP)
through cGMP-specific phosphodiesterase (PDE) (Ahumada et al. 2002) and
focal adhesion kinase (FAK) (Cohen et al. 2002) are also suggested to act in the
Wnt/Ca2+ pathway. (For reviews see Komiya & Habas 2008, Kuhl et al. 2000b,
Veeman et al. 2003a.)
The Wnt/Ca2+ pathway has been proposed to be antagonistic for canonical
Wnt signalling (Kuhl et al. 2001), and indeed the TAK-1/NLK pathway
consisting of TAK-1 (TGF-beta-activating kinase) and NLK (nemo like kinase)
has been shown to be activated by Wnt/Ca2+ signalling through CaMKII. This
regulates the canonical Wnt/ß-catenin pathway negatively by NLK-mediated
phosphorylation of TCF that prevents the ß-catenin/TCF complex from binding
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DNA (Ishitani et al. 2003). However, these findings have been questioned in a
more recent publication in which Wnt-5a was shown to mediate the inhibition of
the canonical signalling in HEK293 cells, the same cells used by Ishitani et al.
(2003) through the Ror2 receptor, leading to inhibition of the pathway
downstream of ß-catenin independently of Ca2+/TAK-1/NLK signalling (Mikels
& Nusse 2006a).
As earlier said, it is likely that still other ß-catenin-independent branches of
Wnt signalling exist. Indeed, there is already evidence to support this. The more
recently identified Wnt receptor Ryk transmits Wnt signals through the Ras
oncoprotein to regulate axon guidance (Schmitt et al. 2006). CREB transcription
factor has been shown to be activated by Wnt signalling through PKA kinase
during myogenesis (Chen et al. 2005). Recently, multiple studies have shown that
the PI3K/Akt pathway is activated by Wnt ligands in different cell types (Almeida
et al. 2005, Kawasaki et al. 2007, Kim et al. 2007). This is linked to regulation of
processes such as cell adhesion, proliferation and apoptosis. PI3K/Akt signalling
has also been suggested to positively regulate canonical Wnt/ß-catenin signalling
(Naito et al. 2005, Sharma et al. 2002). This is, however, disputed in a recent
publication (Ng et al. 2009). The schematic presentation of “non-canonical” Wnt
signalling pathways is shown in Figure 3.
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Fig. 3. Simplified representation of the β-catenin-independent “non-canonical” Wnt
signalling pathways. Wnt signalling can be initiated by multiple Fz receptors or
alternative receptors. On the left, the Wnt/PCP pathway is depicted in which the
activation of small GTPases Rac and RhoA results in cellular events such as
cytoskeletal rearrangements. Wnt signalling through Fz receptors can lead to
2+

elevation of intracellular Ca levels, resulting in the activation of the calcium-sensitive
proteins CaMK, calcineurin and PKC, which leads to various effects on cell behavior.
Wnts can also stimulate the PI3K/Akt signalling pathway. Alternative Wnt receptors
such as Ror2 and Ryk can initiate non-canonical Wnt signalling responses as well. All
of the Wnt pathways may have overlapping functions and apparently are crosstalking
at multiple levels. Non-canonical Wnt signalling is also able to downregulate
canonical Wnt/β-catenin signalling potentially via multiple mechanisms.

2.2.3 Context dependency of the Wnt signalling response
An important hallmark of Wnt signalling responses are their apparent and strong
context dependency. The daunting complexity and the likelihood of the contextdependent nature of the Wnt signalling system are highlighted by the fact that
there exist nineteen different Wnt ligands, ten Fz isoforms, which can even form
oligomers with each other (Cha et al. 2009, Kaykas et al. 2004), as well as several
other newly identified Wnt receptors that are all expressed in a multitude of
developmental processes and stages. Furthermore, while the canonical pathway is
highly conserved between species and is activated by some Wnt ligands in most
systems, it has become increasingly evident that most Wnts are able to regulate
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not only one or two but a number of signalling pathways and cell functions
depending on the cellular and physiological context; therefore, Wnt signalling can
result in a variety of cellular responses.
The differences in signalling outcomes can be species-specific as well as
stage- and tissue-specific. Thus, the outcome would depend as much on the
incoming Wnt stimulus as on the developmental history and/or physiological state
of the cell. In biological organisms, the Wnt ligands might also be differentially
modified and the receptor interactions modulated by co-receptors, further
determining the distinct signalling responses elicited by Wnts. Furthermore, it is
not clear which kinds of Wnt ligand and receptor pairings are possible in in vivo
systems since the interactions of different Wnts to their distinct receptors are still
incompletely studied. It is also proposed that even faint differences in Wnt ligand
affinities to their receptors may affect the signalling outcomes (van Amerongen &
Nusse 2009). The cell surroundings such as the extracellular matrix, which affects
cell behavior and interacts with the Wnt ligands (Bradley & Brown 1990), are
likely to have an impact on the signalling response. Moreover, the function of
Wnt ligands and their receptors are modified by many intra- and extracellular
modifiers such as the Wnt-inhibitory factor-1 (WIF-1) (Hsieh et al. 1999) and
sFRPS (secreted Frizzled-related protein) (Rattner et al. 1997), which bind and
inhibit Wnts, Dapper that associates with Dvl and downregulates both canonical
and non-canonical Wnt signalling (Cheyette et al. 2002), and the newly identified
modifier collagen triple-helix repeat containing-1 (Cthrc1) that stabilizes specific
Wnt/receptor complexes to favor non-canonical signalling (Yamamoto et al.
2008). In addition, heterotrimeric G-proteins that are composed of several unique
subunits with different signalling activities are connected to both canonical and
non-canonical Wnt signalling and may mediate most if not all of the Wnt
signalling responses. Their involvement is expected since the Fz resembles a G
protein-coupled receptor in its structure and function (Malbon 2004). This might
also explain some of the context dependency of the Wnt signalling response,
since it is possible that there exists a multitude of different combinations between
Wnt ligands, different Wnt receptors and G-proteins in biological systems. (For
reviews see Angers & Moon 2009, Chien et al. 2009a, Kestler & Kuhl 2008, van
Amerongen & Nusse 2009.)
Indeed, it has been demonstrated that most studied Wnts can activate or
regulate both canonical and non-canonical Wnt pathways, or even both types at
the same time, depending on the cell or tissue context. For example, Wnt-3a that
activates the canonical Wnt/ß-catenin pathway in most of the systems can also
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regulate different non-canonical pathways (Bikkavilli et al. 2008, Kim et al.
2007).
Furthermore, the same Wnt ligand can have totally opposing effects for a
given pathway or phenomenom depending on the context in which it is active. In
this regard, Wnt ligands that were originally classified as non-canonical Wnts,
namely Wnt-4, -5a and -11, are extremely good examples. All of them have been
shown to be able to inhibit the canonical Wnt pathway, and actually Wnt-5a and 11 do that in most studied systems (Bernard et al. 2008, Ishitani et al. 2003, Maye
et al. 2004). However, in some contexts all of them have also been reported to
activate the very same pathway when appropriate receptors are present or the state
of the cell is otherwise receptive as it is not only the cell surface receptors that
might determine the Wnt signalling responses (Kofron et al. 2007, Lin et al. 2006,
Lyons et al. 2004, Mikels & Nusse 2006a, Tao et al. 2005). For example, Wnt-11
can act as an activator of the beta-catenin pathway in the early embryo (Kofron et
al. 2007, Tao et al. 2005), and more recently Wnt-5a has been suggested to act
similarly in studies where Wnt-5a and Wnt-11 were also proposed to form a
signalling complex that increases canonical signalling activity (Cha et al. 2008,
Cha et al. 2009). Strikingly, also Wnt receptors such as Xenopus Fz-7 and Ror2
have been shown to participate in both non-canonical and canonical signalling,
with Ror2 being a particularly curious case since in other contexts it is shown to
potentiate the canonical pathway in cooperation with the Fz receptor and in others
to inhibit it (Li et al. 2008, Medina et al. 2000, Mikels & Nusse 2006a). Very
recently it was reported that Fz-2 participates in the activation of the noncanonical signalling response, in which Wnt-5a triggered clathrin-mediated
internalization of Fz-2 that was dependent on Ror1 or Ror2 and resulted in the
activation of Rac, but mediates also Wnt-3a-dependent activation of the canonical
Wnt pathway (Sato et al. 2010). An important example of the possible contextdependent effect of Wnts is also the reported effects of Wnt-5a in different stages
of various cancers in which it has been suggested to act either as an oncogene or
tumor suppressor (Pukrop & Binder 2008).
Finally, the more knowledge we accumulate of different functions elicited by
Wnts in various processes during the lifespan of the animals, the more evident it
becomes that Wnts are involved in the regulation of a plethora of pathways and
events depending on the physiological and cellular context in addition to the
pathways and developmental processes that are known to be regulated by Wnt
signalling.
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2.2.4 Towards integrated Wnt signalling networks
As discussed in the previous section, Wnt signalling can result in a variety of
intracellular responses when the signalling is induced by the same ligand in
different cellular systems and tissues. Furthermore, the different pathways can be
simultaneously activated even within the same cell. Indeed, it has been recently
proposed that Wnt signalling could act more as an integrated network of multiple
and many times simultaneous intracellular responses than as linear and individual
pathways, which themselves might in reality not be very linear as commonly
presented but branching in multiple points. The branching could be facilitated by
the activity of signalling modifiers and multi-specificity kinases. Moreover, a
number of studies have suggested that many Wnt signalling proteins affect both
canonical and non-canonical signalling responses and different Wnt pathways
seem to regulate each other in different biological processes. The concept of Wnt
signalling acting as a network of signalling pathways becomes plausible when
one thinks that the cells in different biological processes such as organogenesis
receive and handle multiple signalling inputs concomitantly, so that it would be
the total net balance of integrated signals that determines the signalling outcome
and appropriate response of a given cell in a particular process. In other words,
the different signalling pathways would act rather in concert than as individual
cascades as historically thought. (For reviews see Kestler & Kuhl 2008, van
Amerongen & Nusse 2009.)
Obviously the cell is a dynamic system in which a plethora of effectors such
as genes and signalling proteins are functioning concomitantly to accomplish a
certain task, but maintain simultaneously a discreet balance and behavior in a
given context. Basically, it could be thought that every effector is affecting all
other effectors in the same system, but is also in balance with them. The system
could be for example the cell in the developing organ. This kind of system
network concept may also make it easier to comprehend the obvious variety of
responses that the Wnts are eliciting to different cell types in distinct
physiological contexts. Different types of cells have a disparate repertoire and
balance of signalling molecules, and therefore a different platform to receive and
respond to incoming signalling input so that the outcome of Wnt induction would
depend, for example, on the developmental history of the cell that will determine
the state of the cell in terms of molecular balance. Finally, the research looking
into these questions is still somewhat biased as the scope of research is many
times restricted to a very narrow window of events happening in a cell in certain
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time points due to the existing methods and experimental models, therefore many
of the simultanous and most likely integrated events cannot be detected.
2.2.5 Wnt targetome
At present a plethora of Wnt target genes have been identified in diverse
biological systems by using variable techniques ranging from the early method of
correlating the spatial expressions of Wnt and other genes, which led to the
identification of the first target gene Engrailed (Ingham et al. 1988), to
microarrays and more recently developed bioinformatical and chromatin
immunopreciptation-based methods (Vlad et al. 2008). The largest listing of Wnt
target genes is found on the Wnt homepage (http://www.stanford.edu/
~rnusse/wntwindow.html) and contains over 120 genes, although all of the genes
are not primary targets; the list contains also secondary or even tertiary target
genes. Over forty of them have been proposed to be primary targets.
As the studies have accumulated, it has become clear that the transcriptional
outputs mediated by Wnt signalling are diverse and are many times determined by
the developmental identity and physiological context of the responding cell as
well as the time point after the stimulus, rather than by the given Wnt ligand.
Indeed, the majority of Wnt target genes appear to be cell type-specific so that
very distinct sets of target genes are regulated by the Wnt signal in various
specific processes. This can be explained by the complex nature of the Wnt
signalling response in which various signalling pathways are activated and/or
repressed by Wnt ligands depending on the tissue or cell type and developmental
stage. It has been proposed that possibly only a few “universal target genes” exist
such as Axin2/conductin (Jho et al. 2002) and SP5 (Weidinger et al. 2005). (For
reviews see Clevers 2006, Gordon & Nusse 2006, Vlad et al. 2008.)
An additional level of complexity to Wnt signalling comes from the number
of transcription factors regulated by the Wnt ligands. Even the classical canonical
Wnt/β-catenin pathway has several transcription factors acting downstream of it.
Only the TCF family in mammals contains four genes, namely TCF7, Lef,
TCF7L1 and TCF7L2, each giving rise to a variety of spliced isoforms (Hoppler
& Kavanagh 2007), a fact which apparently explains some of the contextdependent transcriptional output of Wnt/β-catenin signalling. Furthermore, it has
been shown that the Wnt/β-catenin pathway can also act on transcription factors
other than TCFs (Essers et al. 2005, Kioussi et al. 2002, Olson et al. 2006).
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Some examples of target genes of the canonical pathway, in addition to Axin2
and SP5, include genes such as c-myc, cyclin D1 and c-jun, which are all protooncogenes implicated in the promotion of tumor progression, invasion, and
metastasis. Interestingly, the canonical pathway can also regulate the expression
of its own pathway components such as Frizzleds, LRP, naked, Axin-2, TCF and
Lef, resulting in both positive and negative regulation of the pathway and
indicating a feedback control in Wnt signalling regulation (Logan & Nusse 2004).
Most information about potential direct Wnt target genes has been received from
large-scale genome-wide screenings of β-catenin and TCF4 targets (Hallikas et al.
2006, Hatzis et al. 2008, Yochum et al. 2007).
Since a huge number of potential target genes for the Wnt/ß-catenin pathway
have been identified, it is very intriguing, and still an open question, how a single
pathway can regulate such a great number of genes. Apart from the possible
explanations discussed above, it is also apparent that only a small number of the
identified genes are actual primary targets containing functional TCF/Lef binding
motifs (Ziegler et al. 2005) and the others are indirect targets regulated by direct
target genes which can, for example, encode other transcription and growth
factors. It has been proposed that the Wnt pathway would regulate a multi-level
targetome in which transcriptional activities of genes would be regulated at
primary, secondary and tertiary levels. All of these levels would be biologically
significant since the whole targetome, including the full spectra of regulated
genes, is responsible for the final biological effect of the Wnt stimulus rather than
single target genes (Vlad et al. 2008).
2.3

Wnts and development

Wnts regulate various developmental processes during embryogenesis. They have
been implicated to have a role already in oocytes and early cleavage stage
embryos and to have later a central role in gastrulation (Harwood et al. 2008,
Kofron et al. 2007, Sokol 2000, Tada & Smith 2000). During and after
gastrulation, Wnt proteins also instruct organogenesis and have been
demonstrated to be crucial for normal development of several organs/tissues
including kidneys (Stark et al. 1994), heart (Eisenberg & Eisenberg 1999, Park et
al. 1996), liver (Ober et al. 2006), limbs (Parr & McMahon 1995), muscles
(Munsterberg et al. 1995), brain (McMahon & Bradley 1990, Thomas &
Capecchi 1990) and vasculature (Monkley et al. 1996). Table 1 summarizes the
phenotypes of mouse Wnt knockouts.
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Table 1. Summary of the obtained phenotypes from Wnt knockout mice.
Gene

First identified knockout phenotype

Wnt-1

Loss of midbrain and cerebellum (McMahon & Bradley 1990, Thomas & Capecchi 1990)

Wnt-2

Placental defects (Monkley et al. 1996)

Wnt-3

Defect in primary axis formation (Liu et al. 1999a)

Wnt-3a

Defects in formation of somites and tailbud and dysmorphology of central nervous system
(Takada et al. 1994)

Wnt-4

Kidney development defects; failure to form pretubular cell aggregates (Stark et al. 1994)

Wnt-5a

Truncated limbs and anterior posterior axis (Yamaguchi et al. 1999)

Wnt-7a

Defects in limb polarity (Parr & McMahon 1995)

Wnt-7b

Placental abnormalities (Parr et al. 2001)

Wnt-9a

Defect in joint integrity (Spater et al. 2006)

Wnt-9b

Failure of kidney development; defect in mesenchymal to epithelial transitions (Carroll et
al. 2005)

Wnt-10b

Defect in trabecular bone formation (Bennett et al. 2005)

Wnt-11

Ureteric branching defects during kidney development (Majumdar et al. 2003)

2.3.1 Gastrulation movements
In vertebrate gastrulation, strictly coordinated morphogenetic movements place
embryonal tissue layers in their correct positions. Wnt signalling has been
specifically linked to polarized cell movements called convergent extension
movements (C&E), which occur at the dorsal side of the developing embryo,
where cells converge towards the dorsal midline and intercalate forcing the cells
to migrate along the anterior posterior axis of the embryo. This results in the
extension of the main body axis of the embryo, and therefore C&E is the major
morphogenetic process in shaping the body axis. (For reviews see Roszko et al.
2009, Sokol 2000, Tada et al. 2002.)
Both canonical and non-canonical Wnt signalling have been implicated in the
coordination of C&E (Choi & Han 2005, Hammerschmidt et al. 1996, Heisenberg
& Nusslein-Volhard 1997, Heisenberg et al. 2000, Kilian et al. 2003, Kuhl et al.
2001, Tada & Smith 2000). It has been proposed that non-canonical Wnt
signalling in C&E in zebrafish and Xenopus would represent a vertebrate
counterpart to the PCP pathway in Drosophila, where the PCP events have been
proposed to involve Fz/Dvl signalling via the RhoA family of small GTPases and
the JNK cascade (Boutros et al. 1998, Mlodzik 1999, Mlodzik 2002, Tada et al.
2002, Wallingford et al. 2000). Wnt-5a and Wnt-11 potentially signal via the
Frizzleds -2 (Kilian et al. 2003, Witzel et al. 2006) and -7 (Djiane et al. 2000)
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receptors, respectively, to regulate C&E. Wnt-5a signalling through the Ror2
receptor has also been linked to C&E regulation (Oishi et al. 2003, Schambony &
Wedlich 2007). Recently it was shown that LRP6, which normally functions in
the canonical Wnt signal transduction, also has C&E regulating activity. It inhibits
Wnt/PCP signalling independently of its effects on β-catenin-mediated signalling
(Tahinci et al. 2007). Dvl activity downstream of Wnt and Fz is needed in the
regulation of C&E (Djiane et al. 2000, Habas et al. 2001, Heisenberg et al. 2000,
Tada & Smith 2000, Wallingford et al. 2000, Witzel et al. 2006) and the PCP
molecules such as Van Gogh-like2 (Vangl2) and Prickle 1 (Pk) have been
proposed to act at the level of Dvl in the Wnt/PCP pathway in control of C&E
(Carreira-Barbosa et al. 2003, Park & Moon 2002, Veeman et al. 2003b),
although Pk is not assumed to function as a linear component of the Wnt/PCP
pathway (Carreira-Barbosa et al. 2003). An intriguing aspect of Pk is that it has
been suggested to both antagonize Dvl (Carreira-Barbosa et al. 2003) and activate
JNK (Veeman et al. 2003b) in the regulation of C&E. Further downstream of Dvl,
the small Rho family of GTPases (Djiane et al. 2000, Habas et al. 2001, Habas et
al. 2003, Zhu et al. 2006) such as RhoA, which regulates cytoskeletal
organization by activating Rok2 (Marlow et al. 2002), are proposed to regulate
C&E. Also JNK activation by Wnt signalling has been linked to the control of
C&E (Habas et al. 2003, Yamanaka et al. 2002). This has been reported to be
mediated from Wnt/Fz by activation of Rac via the DEP domain of Dvl (Habas et
al. 2003), which is proposed to be an independent branch of Wnt/PCP signalling
parallel with the RhoA branch. Wnt/Ror2 receptor signalling may elicit its
induction of JNK independently of the Wnt/PCP pathway (Oishi et al. 2003,
Schambony & Wedlich 2007). The modulators of Dvl functions that effect JNK
activation, such as Naked (Yan et al. 2001) and CKI (McKay et al. 2001), have
been proposed to have a role in C&E. JNKs function in C&E, however, is poorly
understood (Roszko et al. 2009).
Interestingly, a recent study found that Wnt-11 mediates C&E by increasing
the persistence of cell contacts by local interaction in the cell membrane with Fz7 and the atypical cadherin Flamingo. This is independent of effectors
downstream of Dvl, although Dvl is also recruited to the LPR/Fz complex at the
cell membrane (Witzel et al. 2006).
The Wnt/Ca2+ pathway has been linked to the regulation of C&E as well
(Choi & Han 2002, Kuhl et al. 2001). It has been proposed that Wnt/Ca2+
pathway -mediated activation of Cdc42 via PKC would regulate the cell-cell
adhesions during C&E (Choi & Han 2002). Also Fz-7 has been suggested to
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regulate the adhesive properties of tissues during gastrulation via activation of
PKC in a G protein-dependent manner (Winklbauer et al. 2001). Furthermore, it
has been shown that NLK kinase, which has been implicated downstream of the
Wnt/Ca2+ pathway (Ishitani et al. 2003), acts as an important co-activator of Wnt
signalling during early zebrafish development, enhancing the C&E phenotypes
associated with Wnt-11 (Thorpe & Moon 2004).
However, at present there is no direct evidence that Wnts would act as
directional cues to regulate C&E, but would rather act as permissive signals
(Gordon & Nusse 2006, Simons & Mlodzik 2008). An intriguing aspect of Wnt
signalling -mediated regulation of C&E is the notion that both the loss of function
and overexpression of most if not all Wnt/PCP pathway components including
Wnt5 and Wnt-11 cause similar C&E phenotypes (Roszko et al. 2009).
2.3.2 Organogenesis
The development of vertebrate organs such as heart and kidney requires complex
and precisely regulated cell and tissue interactions to guide the program of cell
growth, differentiation and morphogenesis. Wnt signalling is one of the major
mediators of these interactions during organogenesis (Gilbert 2006, Kispert et al.
1998, Olson 2001).
Kidney
The kidney has been a traditional model to study mammalian organogenesis and
its development is characterized by the continuous interaction and crosstalk
between epithelial and mesenchymal tissues. Mouse metanephric kidney
development is initiated when the ureteric bud (UB) emerges from the Wolffian
duct and invades the surrounding metanephric mesenchyme (MM), after which
the UB grows, elongates and branches multiple times finally forming the
collecting duct system. Meanwhile the mesenchyme at the tips of the ureteric tree
condenses and transforms to epithelium that undergoes morphogenetic
movements to form the nephron, the functional unit of the vertebrate kidney.
Multiple inductive signalling systems operate between and within the ureteric bud
and metanephric mesenchyme, coordinating the kidney development, and Wnt
signalling is one of them. (For reviews see Kispert et al. 1998, Saxén 1987,
Vainio & Muller 1997, Vainio & Lin 2002.)
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From Wnt ligands, Wnt-11 is expressed in the ureteric bud from the initiation
of metanephros development at embryonic day (E) 10 and remains expressed in
the tips of the growing ureter (Kispert et al. 1996). Its main function appears to be
the regulation of ureteric branching morphogenesis with glial cell-derived
neurotrophic factor (GDNF) and Ret tyrosine kinase receptor in a positive
autoregulatory feedback loop that is crucial for ureteric branching (Majumdar et
al. 2003). However, the intracellular signalling pathways regulated by Wnt-11 in
this process are not characterized. It has been shown that Wnt-11 is not able to
trigger tubulogenesis, even though it is expressed in the tips of the ureter in close
proximity to the pretubular mesenchyme (Kispert et al. 1998). Wnt-7b is activated
later at E13.5 in the ureteric bud; it is located more in the stalk region of the UB
than Wnt-11 and may be a signal that controls the differentiation of the collecting
duct (Kispert et al. 1996). Also, Wnt-6 is expressed in the ureteric bud and is able
to induce tubulogenesis in vitro (Itaranta et al. 2002).
Wnt-4 and Wnt-2b are located in the kidney mesenchyme. Wnt-4 is expressed
in pretubular mesenchyme and is required for tubule formation, being especially
important in the mesenchymal-epithelial transformation (MET). Wnt-4 knockout
mice have severely hypoplastic kidneys (Kispert et al. 1998, Stark et al. 1994,
Vainio 2003). Wnt-2b is present in the perinephric cells and may regulate ureteric
branching (Lin et al. 2001). More recently the Wnt-9b was proposed to act
upstream of Wnt-4 in the MET events in tubule formation, possibly signalling via
the canonical Wnt pathway (Carroll et al. 2005). A more recent publication also
claims that Wnt-9b regulates planar polarity in the tubule morphogenesis through
non-canonical Rho/JNK signalling (Karner et al. 2009). Several other Wnts
including Wnt-1, -3a, -7a and -7b are also able to induce tubules in the dissected
uninduced kidney mesenchyme in vitro (Kispert et al. 1998).
Not surprisingly, many Frizzleds are expressed both in the ureteric bud and in
the kidney mesenchyme. In addition, Wnt antagonists such as Frizzled-related
protein sFRP-2 have been proposed to have a role in shaping the developing
kidney structures by modulating Wnt-4 activity (Lescher et al. 1998, Vainio 2003,
Yoshino et al. 2001). It has also been proposed that proteoglycans are crucial for
Wnt functions during kidney development by controlling the tubule-inducing
activity of Wnt-4 and expression of the Wnt-4 and Wnt-11 genes (Bullock et al.
1998, Kispert et al. 1996, Vainio 2003).
Interestingly, the primary cilium protein inversin, which causes renal cysts if
mutated, has been shown to regulate Wnt signalling during kidney development
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by antagonizing canonical Wnt signalling (Simons et al. 2005). This finding also
suggests that cilia may have a functional role in the regulation of Wnt signalling.
Overview of heart development
Heart development starts in mouse at the onset of gastrulation by the specification
of the myo- and endocardial precursor cells to form the paired heart-forming
fields of the anterior lateral plate mesoderm. Then these cells migrate medially
and fuse to form the cardiac crescent at the anterior midline of the embryo at E7.5.
These cells of a so-called first heart field (FHF) express marker genes such as
Nkx2.5 and Gata-4. In addition, recent research has implicated the existence of a
second heart field adjacent to the FHF that is marked by the expression of genes
such as Islet-1 and Mef2c. The FHF delivers most of the cells within the
myocardium of the left ventricle and atria and some myocardial cells of the right
ventricle. Most of the cells within the outflow tract (OFT) and right ventricle, a
substantial part of the cells within the atria, and some cells of the left ventricle
originate from the SHF. During gastrulation and neurulation, the cells at the
lateral sides of the cardiac crescent migrate towards the midline of the embryo
and fuse together to form the linear heart tube at E8, which is the first functional
organ of the developing mouse embryo; it consists only of the embryonic
ventricles. The heart needs to be functional already this early especially in
mammalian and avian embryogenesis because the embryo is growing quickly
after fertilization and thus requires circulating blood already at this stage of
gestation. While the heart tube is forming, the cells within it undergo
differentiation into cardiomyocytes and the heart starts to beat. The elongating
heart tube bends rightwards to form an S-shaped heart, from which the distinct
chambers of the heart start to form. The other parts of the embryonic heart such as
OFT and atria are added to the linear heart tube by the continued merging of the
FHF and SHF during the looping stage. During this stage, the linear heart tube
elongates and undergoes positional and morphological changes so that by the end,
distinct regions corresponding roughly to the different chambers of the mature
heart can be distinguished. The extracardiac progenitor cell populations such as
the cardiac neural crest cells, which contribute to OFT development, and
proepicardium cells, which deliver epicardial mesothelium and coronary
vasculature as well as regulate the development of the ventricular myocardium,
invade the developing heart at the looping heart stage. Then the tubular
embryonic heart loop with a single undivided lumen transforms into the four37

chambered heart by morphogenetic processes such as ballooning of the walls of
the atria and ventricles, and septation and formation of valves. During septation,
the heart tube is separated into the right, pulmonary, and left, systemic, halves.
Finally, differentiation of the conduction system is completed and the heart
develops a mature contraction pattern from the peristaltoid pattern of the heart
tube, and this process further contributes to the structural maturation of the heart.
The stages of mouse heart development are illustrated in Figure 4. (For reviews
see Brade et al. 2006, Cohen et al. 2008, Eisenberg & Eisenberg 2006, van Wijk
et al. 2007.)

Fig. 4. Summary of mouse heart development. The cardiac crescent is formed at
embryonic day (E) 7.5 and is composed of two populations of cells called the first
heart field (FHF) and second heart field (SHF), from which the myocardium of the heart
develops. The FHF cells migrate towards the ventral midline and fuse to form the
linear heart tube at E8. During the looping heart stage at E8.5-9.5, the SHF cells
migrate into the heart (arrows). The four chambers of the heart are formed between
E9.5-E12.5, and at E12.5 the chambers are well defined. Between E12.5 and birth, the
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septation of the heart is completed and the heart matured for postnatal life. AO, aorta;
LA, left atrium; LV, left vetricle; PT, pulmonary tract; RA, right atrium; RV, right
ventricle (modified from Cohen et al. 2008).

As the heart develops from a simple tube, which is composed of a layer of
myocardial cells and an inner layer of endocardial cells connected by an
extracellular matrix layer, namely cardiac jelly, into a complex and efficient organ
with four chambers that are specialized for pumping at pressure, also the
concomitant process of myocardial organization is underway. A vital event during
this is the formation of trabeculations - protrusions towards the luminal space
from the folding luminal layers of the ventricles that enable the myocardium to
increase its mass in the absence of coronary circulation. As development
progresses, the part of the trabeculations closest to the ventricular wall becomes
solidified, increasing the mass of the compact myocardium, which initially is
only a few cell layers thick. Finally, the myocardium develops into a highly
organized multilayered spiral organization. In this process the arrangement of the
myocardial cells is highly coordinated showing changing patterns during
development. This organization is vital to the efficient function of the heart and
increases with the development of cardiac performance. (For reviews see
Sedmera et al. 2000, Sedmera 2005.)
Wnts in heart development
The events described in the previous sections require a complex interplay of
several temporally regulated signalling cascades. Accumulating evidence supports
a significant role for Wnt signalling in heart development. Multiple Wnt, Fz and
Wnt inhibitor genes are expressed during heart development starting from the
early specification of the heart forming fields (see Table 2), suggesting that Wnts
control different aspects of heart development (Brade et al. 2006, Eisenberg &
Eisenberg 2006).
The first evidence that Wnt signalling has a role during heart development
came when it was shown that heart development in Drosophila is dependent on
canonical Wingless signalling (Park et al. 1996). Then it was shown that Wnt-11
treatment triggers the formation of cardiac tissue from the posterior part of the
avian gastrula that normally does not contribute to the formation of heart
(Eisenberg & Eisenberg 1999). After these studies, it was proposed that the
canonical Wnt pathway negatively regulates vertebrate cardiogenesis, with Wnt3a and Wnt-8 inhibiting heart induction from the posterior mesoderm (Marvin et
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al. 2001, Tzahor & Lassar 2001). The secreted Wnt antagonists, namely crescent
and Dickkopf-1 (Dkk1), in turn have been shown to promote cardiogenesis during
Xenopus and chick development (Marvin et al. 2001, Schneider & Mercola 2001).
From these data it has been proposed that the gradient of canonical Wnt signalling
is crucial for correct patterning of the heart-forming field and that the canonical
Wnt signals from the neural tube normally act to block cardiogenesis in the
adjacent anterior paraxial mesoderm. Moreover, the elimination of canonical Wnt
signalling has been proposed to be essential for cardiogenesis and the balance of
Wnts and their antagonists are considered to play a critical role in shaping the
cardiac field (Marvin et al. 2001, Olson 2001, Schneider & Mercola 2001, Tzahor
& Lassar 2001). Strikingly, a definite endoderm-specific knockout of β-catenin
results in the formation of multiple hearts along the anterior posterior axis of the
mouse embryo, suggesting that the ablation of β-catenin in embryonic endoderm
changes the cell fate from endoderm to precardiac mesoderm (Lickert et al. 2002).
However, recent studies have proposed that the canonical Wnt signalling could
have a biphasic role in cardiac specification, acting early before gastrulation to
potentiate cardiac specification but just slightly later to block cardiac
differentiation (Naito et al. 2006, Ueno et al. 2007). In addition, canonical Wnt
signalling could play a positive regulatory role in SHF cells, which contribute to
the development of the OFT and atria (Cohen et al. 2007). Furthermore, canonical
Wnt signalling may have important signalling roles also in the epicardium (Merki
et al. 2005) and in heart valve development (Hurlstone et al. 2003). Moreover, the
expression pattern of various “canonical” and “non-canonical” Wnts as well as
the many Wnt inhibitors during heart development is extremely complex. Many
“canonical” Wnt ligands such as Wnt-8 are expressed during heart development
(Eisenberg & Eisenberg 2006, Jaspard et al. 2000), making it likely that canonical
Wnt signalling also has important roles during the different stages of cardiac
development. Interestingly, it has also been proposed that the Wnt inhibitors Dkk1
and crescent may have cardiogenesis-promoting signalling functions in addition
to their ability to inhibit canonical Wnt signalling (Eisenberg & Eisenberg 2006,
Pandur et al. 2002).
Since the initial discovery of the role of Wnt-11 in heart development, Wnt11 has been proposed in many studies to have a myocardium-promoting role
during heart specification and early heart development as well as to function
during cardiac morphogenesis (Eisenberg & Eisenberg 1999, Garriock et al. 2005,
Pandur et al. 2002, Zhou et al. 2007). During mouse heart development, it is
initially expressed in the cardiac crescent and primary heart tube, and later
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expression is detected in the OFT and possibly in the ventricles (Eisenberg &
Eisenberg 2006, Kispert et al. 1996, Zhou et al. 2007). Interestingly, human Wnt11 shows expression also in the adult heart (Kirikoshi et al. 2001). The role of
Wnt-11 in the promotion of myocardium is supported by findings that signalling
by Wnt-11 induces the expression of myocardial differentiation genes such
Nkx2.5 and Gata-4 (Garriock et al. 2005, Pandur et al. 2002, Terami et al. 2004),
triggers cardiac tissue formation in Xenopus ventral marginal zone explants as
well as cardiomyocyte formation in mouse pluripotent P19 teratocarcinoma cells
(Pandur et al. 2002) and increases cardiogenesis in human endothelial circulating
progenitor cells and in differentiating mouse ES cells (Koyanagi et al. 2005, Ueno
et al. 2007). Wnt-11 may control these processes by the non-canonical Wnt
signalling pathways involving kinases such as PKC and JNK (Garriock et al.
2005, Koyanagi et al. 2005, Pandur et al. 2002). Wnt-11 signalling has been
suggested to contribute to the promotion of the myocardial fate also by inhibiting
canonical Wnt signalling (Brade et al. 2006, Eisenberg & Eisenberg 2006).
It has been proposed that non-canonical Wnt signalling is important for
cardiac mophogensis also at later stages of heart development. In Xenopus Wnt11 is needed for the correct formation of the linear heart tube (Pandur et al. 2002).
Wnt-11-R, proposed to be the Xenopus Wnt most closely related to mammalian
Wnt-11, appears to function in cardiac morphogenesis after the cardiac
differentation, when it regulates the formation of the primitive heart tube and
arrangement of the myocardial wall possibly by effecting the cell-cell interactions
and movements via activation of the JNK pathway (Garriock et al. 2005).
Finally, non-canonical Wnt signalling during the later stages of cardiac
morphogenesis has been proposed to resemble planar polarity signalling, since the
lack of Wnt-11 or the PCP signalling components Dvl2, Scribble or Vangl2 has
been shown to result in OFT defects (Hamblet et al. 2002, Phillips et al. 2005,
Phillips et al. 2007, Zhou et al. 2007). Scribble and Vangl2 seem to regulate
ventricular myocardium development as well (Phillips et al. 2007). Noncanonical Wnt signalling via these PCP molecules has been suggested to lead to
the activation of RhoA, which can link the signalling to the regulation of
cytoskeleton dynamics (Brade et al. 2006, Phillips et al. 2005). It has also been
proposed that Wnt signalling in the cardiac neural crest is important for the
correct formation of the OFT (Cohen et al. 2008, Hamblet et al. 2002). The
expressions of Wnts and Wnt inhibitors during chick and/or mouse cardiogenesis
are shown in Table 2.
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Table 2. The expressions of Wnts and Wnt inhibitors during cardiogenesis (after
Eisenberg & Eisenberg 2006).
Gene

Place of expression

Wnt-2

Precardiac mesoderm

Wnt-2b

Precardiac mesoderm, outflow tract primordium, atrioventricular
region of the tubular heart

Wnt-5a

Outflow tract primordium, outflow tract of the tubular heart, common
ventricle

Wnt-6

Outflow tract primordium, outflow tract and atrioventricular regions of
the tubular heart

Wnt-7a

Primitive conduction tissue, outflow tract of the tubular heart

Wnt-8a

Newly formed primary heart tube, common ventricular and atrial
chambers

Wnt-9a

Outflow tract and atrioventricular regions of the tubular heart

Wnt-11

Precardiac mesoderm, newly formed primary heart tube, outflow tract

crescent

Anterior to precardiac mesoderm

Dkk1

Anterior to precardiac mesoderm, outflow tract primordium, outflow

sFRP-1

Anterior to precardiac mesoderm, newly formed primary heart tube,

myocardium, primitive conduction tissue

tract of the tubular heart, common ventricle
common ventricular and atrial chambers
sFRP-2

Ectoderm or endoderm adjacent to precardiac mesoderm, trabeculae
of the common ventricle

sFRP-3

Precardiac mesoderm, ectoderm or endoderm adjacent to precardiac
mesoderm, outflow tract primordium, outflow tract of the tubular heart,
common ventricle

2.4

Wnts and disease

In agreement with the central role of Wnts in several developmental processes
and in the maintenance of adult tissue homeostasis, perturbations in Wnt
signalling can promote both human degenerative diseases and cancer. In the
future, novel therapeutic reagents aimed at controlling Wnt signalling in order to
heal these diseases will most likely be developed (Logan & Nusse 2004, Wang
2009).
Mis-regulation of the Wnt pathway and loss of Wnts leads to a variety of
abnormalities and degenerative diseases both during development and in adults.
At present a plethora of diseases including different forms of cancer (Chien et al.
2009a, Pukrop & Binder 2008), rheumatoid arthritis (Rabelo et al. 2009) and
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neurodegenerative diseases such as Alzheimer’s and Parkinson’s diseases
(Boonen et al. 2009, Sancho et al. 2009) are linked to Wnt signalling.
Mutations in the Wnt signalling components can also lead to genetic diseases.
Tetra-amelia, which is a rare human genetic disorder characterized by absence of
limbs, is caused by loss-of-function mutations in Wnt-3 (Niemann et al. 2004).
Mutation in LRP5 leads to either increased (Boyden et al. 2002) or decreased
(Gong et al. 2001) bone density depending on the mutation type. Mutant Fz-4
disrupts retinal angiogenesis and causes failure of peripheral retinal
vascularization possibly due to the prevention of Wnt/Ca2+ signalling in a disease
called familial exudative vitreoretinopathy (Robitaille et al. 2002). Mutations in
the intracellular pathway components such as Axin2 cause familial tooth agenesis
(oligodontia) (Lammi et al. 2004). A loss-of-function mutation in the Wnt-4 gene
causes defects in sexual development (Biason-Lauber et al. 2004, Vainio et al.
1999).
2.4.1 Wnts and Cancer
The first mammalian Wnt, Wnt-1, was identified from mammary epithelial
adenocarcinomas where it was overexpressed as a result of integration of the
mouse mammary tumor virus; it was then proposed to represent a novel oncogene
(Nusse & Varmus 1982). Later it has emerged that constitutively activated
canonical Wnt signalling can lead to the development of multiple types of cancer.
This is often caused by mutations in genes of Wnt pathway components such as
APC, ß-catenin and Axin, yielding inefficient phosphorylation of ß-catenin by
GSK-3ß and, moreover, uncoupling of ß-catenin regulation from Wnt signalling.
As a result, ß-catenin accumulates in the nucleus and activates proliferative genes
and oncogenes. Such mutations have been found in various cancers, including
breast, colon, liver, lung, ovary, and prostate cancers as well as in melanomas and
bone tumors. (For reviews see Giles et al. 2003, Li et al. 2002, Logan & Nusse
2004.)
A Well studied example of a cancer involving Wnt pathway mutations is
familial adenomatous polyposis (FAP), an autosomal dominantly inherited
disease that is caused by truncations in APC. Patients with FAP display a
multitude of polyps in the colon and rectum (Kinzler et al. 1991, Nishisho et al.
1991, Phelps et al. 2009, Sieber et al. 2002). This is consistent with the role of
Wnt signalling in the control of normal gut development (Lee et al. 1999).
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Recently, non-canonical Wnt signalling has also been implicated in various
cancers (Katoh & Katoh 2009, Lin et al. 2007, McDonald & Silver 2009, Pukrop
& Binder 2008, Wang 2009). Wnt-5a is the most studied “non-canonical” Wnt
ligand in cancers, but aberrant regulation of Wnt-11 has been similarly reported in
several studies. Intriguingly, it appears that non-canonical Wnt signalling, and in
particularly that elicited by Wnt-5a, can have either suppresive or oncogenic
effects on tumors possibly depending on the type and stage of the cancer in
question. Wnt-5a has been shown to promote tumor formation and metastasis of
various cancers, whereas in multiple other studies and cancer types it has acted to
prevent these effects. Numerous studies have reported that Wnt-5a expression is
downregulated in various cancer types such as colorectal cancer, breast cancer
and melanoma, and the downregulation has been often associated with higher
tumor grade and poor prognosis, suggesting a role for Wnt-5a as a tumor
suppressor in cancer biology (McDonald & Silver 2009). Furthermore, multiple
studies have shown that Wnt-5a is able to inhibit cancerous processes such as
invasion, migration and proliferation in different cancer cell types (Dejmek et al.
2005, Hansen et al. 2009, Kremenevskaja et al. 2005, Medrek et al. 2009).
One of the proposed and obvious mechanisms of Wnt-5a-mediated tumor
suppressor activity is its ability to inhibit tumorigenic canonical Wnt signalling
(Ishitani et al. 2003, MacLeod et al. 2007, Mikels & Nusse 2006a, Topol et al.
2003). Indeed, Wnt-5a mediates the inhibition of canonical Wnt signalling in
colorectal cell lines (MacLeod et al. 2007, Ying et al. 2008). Recently it was
shown in human epithelial breast cells that Wnt-5a can promote the E-cadherin
and β-catenin -mediated cell-cell adhesions by inducing CKIα -mediated
phosphorylation of β-catenin. This phosphorylation does not lead to degradation
of β-catenin, but rather to its increased association with E-cadherin in the cell
adhesions, possibly decreasing the cell motility and probability of metastatic
disease (Medrek et al. 2009). Another possible mechanism of Wnt-5a-mediated
inhibition of breast cancer cell migration is cAMP/PKA/CREB pathway dependent phosphorylation of antimigratory phosphoprotein DARPP-32 (Hansen
et al. 2009). This effect could be mediated via Fz-3 in a G protein -dependent
manner and interestingly involved also inhibition of the activity of Rho GTPase
Cdc42.
As discussed, Wnt-5a has been reported to also have an oncogenic role.
Increased Wnt-5a expression has been detected in various cancers including
breast cancer (McDonald & Silver 2009). Strikingly, increased Wnt-5a expression
has been associated with increased tumor grade in melanoma (Da Forno et al.
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2008) and gastric cancer (Kurayoshi et al. 2006), and it is an independent risk
factor for metastasis and survival of patients with melanoma (Da Forno et al.
2008) and non-small-cell lung cancer (Huang et al. 2005). The overexpression of
Wnt-5a has been shown to promote cell proliferation and invasion of melanoma
(Weeraratna et al. 2002), gastric cancer (Kurayoshi et al. 2006) and pancreatic
cancer cell lines (Ripka et al. 2007) and has a similar role also in macrophageinduced invasion of breast cancer cells (Pukrop et al. 2006). This suggests an
oncogenic function for Wnt-5a in these cancers.
Possible mechanisms for Wnt-5a-mediated oncogenic effects include
potential induction of Wnt/PCP-type signalling and aberrant regulation of the
Wnt/Ca2+ pathway, which could both promote cancer cell invasion (McDonald &
Silver 2009, Wang 2009). Recently, Wnt-5a signalling through the Ror2 receptor
involving PKC has also been linked to melanoma metastasis (O'Connell et al.
2010). Interestingly and contradictory to many other studies, the inhibition of
canonical Wnt signalling by Wnt-5a was proposed to be the oncogenic
mechanism of Wnt-5a signalling in melanoma. In the study, metastatic tumors
were shown to have lower amounts of nuclear β-catenin than primary tumors, and
canonical Wnt signalling was reported to reduce melanoma cell proliferation and
upregulate genes that are associated with normal melanocyte differentiation but
lost in aggressive melanomas. Futhermore, low nuclear β-catenin expression was
proposed to predict poor prognosis in melanoma patients (Chien et al. 2009b).
Somehow this observation symbolizes extremely well the daunting complexity of
cell signalling in cancer.
From all these compelling data it could be concluded that the effect of noncanonical Wnt signalling on cancer biology appears to be heavily dependent on
the type and stage of cancer and influenced by the availability of distinct cell
surface receptors and downstream signalling effectors as well as interactions with
other cells and the extracellular matrix. The seemingly conflicting reports on the
roles of Wnt-5a even in cancers of the same tissues and cell types may also be
explained by the fact that the cancers in general are very heterotypic and there
exists for example many types of breast cancers. It could be even said that every
single cancer is individual in its properties.
Nowadays cancer is increasingly viewed as a stem cell disease (Taipale &
Beachy 2001). Wnt signalling has a well established role in the maintenance of
stem cells, including the colon crypt stem cells and hematopoietic stem cells
(Korinek et al. 1998, Reya et al. 2003). It was proposed already by Korinek et al.
in 1998 that the constitutive activity of TCF-4 in APC-deficient human epithelial
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cells in intestine maintains the stem cell characteristics of these cells, and this
may contribute to the malignant transformation (Korinek et al. 1998).
In recent years the concept of cancer stem cells has been evolving. It
assumes that most tumors, if not all, are derived from a cell that is transformed
into a cancer-initiating cell having stem cell characterics and the capacity to
proliferate and form tumors. These so-called cancer stem cells share many
characteristics with normal stem cells, like the capacity for self-renewal and
differentiation, and dependence on a particular micro-environment. They may
have originated from normal stem cells and/or progenitor cells through mutations
or cell fusions (Bjerkvig et al. 2005, Grigoryan et al. 2008). Consistent with the
other similarities between “normal” and cancer stem cells, Wnt signalling has
been reported to be involved in the maintenance of cancer stem cells of various
tumor types (Grigoryan et al. 2008).
2.5

Wnts in tissue homeostasis and aging

In addition to developmental events during embryogenesis, Wnt signalling has
been implicated in adult tissue homeostasis and the regulation of the aging
process (DeCarolis et al. 2008, Logan & Nusse 2004).
Canonical Wnt signalling is involved in the maintenance of homeostasis of
tissues such as the intestinal and skin epithelia. In both tissues, Wnt signalling is
linked to the regulation/maintenance of tissue-specific stem cells (Fevr et al. 2007,
Nguyen et al. 2009, Pinto et al. 2003). It is extremely important that the activity
of Wnt signalling is in its normal homeostatic range, since aberrant Wnt
signalling can lead to many kinds of diseases as discussed earlier in section 2.4
(Chien et al. 2009a).
In line with the role in adult tissue homeostasis, Wnt signalling has been
recently linked with the process of aging as well (DeCarolis et al. 2008). Many of
the Wnt signalling responses can be interpreted as a way of delaying aging. It has
an ability to maintain the function of various adult stem cells (Fevr et al. 2007,
Korinek et al. 1998, Nguyen et al. 2009, Pinto et al. 2003, Reya et al. 2003), a
positive effect on bone regeneration (Chen et al. 2007) and both non-canonical
and canonical Wnt signalling have an emerging role in the maintenance of the
adult central nervous system (Inestrosa & Arenas 2010). Canonical and noncanonical Wnt signalling have been also proposed to be preventative factors in
Alzheimer’s disease progression (Alvarez et al. 2004, Inestrosa et al. 2007,
Inestrosa & Arenas 2010).
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However, intriguing evidence pointing to the other direction has recently
emerged. Continuous activation of Wnt signalling can cause depletion of
hematopoietic stem cells (Kirstetter et al. 2006, Scheller et al. 2006) and,
strikingly, the overactivation of Wnt signalling has been linked to the aging
process of skeletal muscles, more specifically to the conversion of muscle stem
cells to a fibrogenic lineage, declining the regenerative potential of muscle (Brack
et al. 2007). An interesting finding in this context is also that Wnt signalling is
elevated in a klotho-deficient mouse that displays symptoms of premature aging.
The chronic stimulation of Wnt signalling was proposed to lead to cellular
senescence, depletion of stem cells and subsequently to premature aging. The
newly established anti-aging factor Klotho was shown to bind Wnt-3 and inhibit
canonical Wnt activity both in a cell line and in vivo, and this was suggested to be
the anti-aging mechanism of Klotho (Liu et al. 2007).
These data could be interpreted so that Wnt signalling in its homeostatic
range would be anti-aging, whereas its overactivation could have effects
promoting aging of tissues. In other words, to have a desired effect for
maintaining health, Wnt signalling has to be tightly fine-tuned since both
deficient and overactive signalling result in a harmful outcome. This actually
resembles the situation of Wnt signalling in the control of developmental
processes such as gastrulation movements.
Potential downstream mediators of canonical Wnt signalling-induced aging
are the forkhead-box class O (FOXO) transcription factors, which have been
linked to the progression of aging and can be activated by the binding of βcatenin. Moreover, the β-catenin interaction with FOXO is enhanced in cells
under oxidative stress (Essers et al. 2005, Manolagas & Almeida 2007). It has
been suggested that FOXO could act as a switch towards aging under canonical
Wnt signalling (DeCarolis et al. 2008, Essers et al. 2005, Manolagas & Almeida
2007).
The role of non-canonical Wnt signalling in adult tissue homeostasis and
aging is still largely an open question, but one could assume that its involvement
is likely. As already discussed, it has been proposed that non-canonical Wnt
signalling could be important for the adult nervous system (Inestrosa & Arenas
2010). Moreover, supposed non-canonical Wnt ligands such as Wnt-11 are
expressed in some adult tissues (Kirikoshi et al. 2001) and are implicated in many
disease conditions in adulthood, in which their function is still largely unknown.
One intriguing possibility is that in some disease conditions, such as some cancers
and rheumatoid arthritis, non-canonical Wnt signalling could act as a homeostatic
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signal trying to keep the unhealthy tissue in balance. For example, it could
downregulate canonical Wnt signalling and inflammatory signalling in
accordance with the observation that Wnt-11 expression was downregulated
simultaneously with an increase of inflammation marker in rheumatoid arthritis
and osteoarthritis patients (Nakamura et al. 2005). Interestingly, Wnt-5a is
expressed in the normal colon, but its promoter is frequently methylated in colon
tumors and colorectal cell lines. Apparently, this methylation inhibits its
expression and possibly results in tumor formation due to lack of non-canonical
Wnt signalling and its inhibitory effect on canonical Wnt signalling (Ying et al.
2008). All these findings support a role for non-canonical Wnt signalling in
regulating tissue homeostasis.
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3

Aims of the study

Wnts regulate the activities of many signalling pathways, the best known being
the canonical Wnt/ß-catenin signalling pathway and ß-catenin-independent noncanonical Wnt/PCP -and Wnt-Ca2+ pathways, resulting in multiple cellular and
developmental events. Wnts have reported roles also in various disease conditions
including cancer (Chien et al. 2009a, Kestler & Kuhl 2008). Therefore,
understanding the molecular mechanisms of how Wnts mediate their signalling
effects in cells and how they regulate developmental events is of great importance.
Of the mammalian Wnts, Wnt-11 is involved in processes such as the
development of the heart and kidney (Majumdar et al. 2003, Pandur et al. 2002)
and in cancer (Kirikoshi et al. 2001, Zhu et al. 2004). Wnt-11 signals “noncanonically”, in other words independently of β-catenin, in most studied systems,
but the mechanisms of non-canonical pathways are still poorly characterized
(Eisenberg & Eisenberg 1999, Heisenberg et al. 2000, Pandur et al. 2002, Ryu &
Chun 2006). Wnt-11, implicated in heart development (Kispert et al. 1996,
Pandur et al. 2002, Terami et al. 2004) and because Wnt-11 knock-out mouse
embryos with an SV129 backgroung die during gestation, is a candidate regulator
of mammalian cardiogenesis. At present, there are over hundred introduced Wnt
target genes (see http://www.stanford.edu/~rnusse/wntwindow.html). However,
with Wnts having strictly context-dependent roles from early development to
aging (Liu et al. 2007) , there likely remains more genes to be identified as targets
of Wnt signalling. The revealing of the Wnt targetome would definitely help to
elucidate the complex network of Wnt signalling and its dependence on the
cellular and physiological environment.
Therefore, the specific aims of this study were:
1.
2.
3.

To study the signalling mechanisms utilized by Wnt-11 in a mammalian
model cell line;
To study the role of Wnt-11 in mouse cardiogenesis in a Wnt-11 knock-out
mouse;
To look for new direct target genes for the Wnt/ß-catenin pathway using a
chromatin immunoprecipitation-based cloning method and downstream
genomic responses induced by Wnt-3a.
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4

Materials and Methods

The detailed description of the materials and methods used in this thesis are found
in the original publications as indicated in Table 3.
Table 3. Methods used in the original publications.
Method

Original publication

Bioinformatic analysis of gene regulatory elements

III

Cell culture

I, III

Cellular electrophysiology

II

Cell viability and apoptosis assays

I, II

Chromatin immunoprecipitation

III

Differential screening

III

DNA sequencing and sequence analysis

I,III

Doppler echocardiography

II

Electron microscopy

II

GeneChip analysis

III

General cloning techniques

I, II, III

Histological analysis

II

Immunoperoxidase staining

III

Immunoprecipitation

II

In situ hybridization

II, III

JNK activity assay

I

Light and immunofluorescence microscopy

I, II, III

Microdissection of embryonic hearts

II

Preparation of nuclear and cytosolic extracts

I

Production of Wnt-3a-conditioned medium

III

Quantitative real-time PCR

II, III

RNA isolation

II, III

Statistical analysis

I,II, III

Transfections and reporter gene assays

I, III

Western blotting analysis

I, II

51

52

5

Results

5.1

Wnt-11 signalling downregulates the canonical Wnt/β-catenin
and JNK/AP-1 signalling pathways (I)

CHO cells were selected as a model cell line to study Wnt-11 signalling responses
since they have been shown to be responsive to both canonical and non-canonical
Wnt signalling (De Cat et al. 2003, Sun et al. 2001). We showed that in Wnt-11
cDNA-expressing CHO cells both the basal and LiCl-induced SuperTopFlash
reporter activies were dosage-dependently inhibited (Fig. 1A in I), suggesting that
Wnt-11-mediated inhibition of the canonical Wnt/β-catenin signalling pathway
takes place downstream of GSK-3β. Moreover, Wnt-11 signalling did not change
the cytosolic and nuclear levels or nuclear localization of β-catenin protein in
LiCl-induced cells (Fig. 1B-F in I), further indicating that the level of inhibition is
downstream of GSK- 3β and likely at the level of the TCF transcription factor.
The TAK-1/NLK pathway has been implicated and disputed to have a role in
non-canonical Wnt signalling (Ishitani et al. 2003, Maye et al. 2004, Mikels &
Nusse 2006a, Thorpe & Moon 2004). It can regulate the transcriptional activity of
the β-catenin/TCF complex by inhibitory phosphorylation. Our data indicate that
this pathway is not involved in Wnt-11-mediated canonical Wnt pathway
inhibition since the co-expression of dominant-negative TAK-1 (dnTAK-1)
(Ishitani et al. 2003) did not effect the Wnt-11-induced inhibition of Wnt/βcatenin signalling (Fig. 1G in I). Also, Wnt-11 was not able to inhibit the
transcriptional activity induced by dominant-positive TCF (dpTCF) (TCF-7/βcatenin fusion protein) (Staal et al. 1999) (Fig. 1H in I).
Wnt-11 signalling has been suggested to activate JNK potentially as a result
of PCP pathway-type signalling in some systems (Heisenberg et al. 2000, Pandur
et al. 2002, Tada & Smith 2000, Zhou et al. 2007). Unexpectedly, in CHO cells
Wnt-11 expression resulted in the inhibition of the basal as well as kinase domain
of MEKK1, Wild-type MEKK1 or dominant-negative MEKK1 modulated AP-1reporter activity that served as a reporter for the JNK signalling pathway, again in
a dose-dependent manner. This indicates that Wnt-11 inhibits the JNK/AP-1
pathway directly downstream of MEKK1 or at the same level (Fig. 1I-J in I).
We then showed that MEKK1 kinase domain induced JNK kinase activity
was downregulated in Wnt-11-expressing cells by a specific kinase activity assay
(Fig. 2A in I) as well as by Western blotting with a phospho-specific JNK
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antibody (Fig. 2B in I). We also observed that in Wnt-11-expressing cells the
phosphorylation of MKK4, a kinase between MEKK1 and JNK in the
MEKK1/JNK pathway (Wang et al. 2007), was reproducibly reduced although
reduction was weaker than that observed in the case of JNK (Fig. 2C in I). Based
on these data it can be concluded that inhibition of the JNK/AP-1 pathway by
Wnt-11 signalling occurs at the level of JNK or upstream of it.
5.2

Akt and PKC kinases are involved in the JNK/AP-1 pathway
regulation (I)

Akt kinase, an effector of PI3K, can induce inhibitory phosphorylation at Ser-80
of MKK4, and Wnt signalling influences PI3K/Akt signalling in some other
systems (Kim et al. 2007, Lin et al. 2006, van de Schans et al. 2007, Yang et al.
2006). For these reasons, we were interested in testing whether Akt kinase activity
would be regulated by Wnt-11 signalling in the CHO cells. Our data show that the
activating phosphorylation of Akt at Thr-308 (Alessi et al. 1997) was significantly
increased in the cells expressing Wnt-11 (Fig. 3A in I). This result was further
substantiated by the observation that Wnt-11 signalling increased the
phosphorylation of the Ser-80 amino acid of MKK4 (Fig. 3B in I). Finally, the
Wnt-11-induced basal AP-1 inhibition was completely diminished when PI3K
activity was inhibited by the chemical inhibitor LY294002 (Fig. 3C in I), and
20% reduction in the inhibition was observed when the pathway was fully
activated by the MEKK kinase domain prior to applying LY294002. Hence, it can
be concluded that Wnt-11 signalling appears to regulate the JNK/AP-1 pathway
partly through Akt and MKK4.
Akt typically promotes cell survival through its indirect effects on the NF-κB
pathway that in turn activates proinflammatory genes and is involved in the
protection of cells from apoptosis in many, although not all, systems (Dutta et al.
2006, Manning & Cantley 2007). Interestingly, also the activity of the NF-κB
pathway decreased in response to Wnt-11 signalling, although more modestly
than in the case of the Wnt/β-catenin and JNK/AP-1 pathways (Fig. 4A in I).
In some systems Wnt-11 appears to regulate PKC kinase activity that
possibly mediates the activation of JNK (Koyanagi et al. 2005, Pandur et al. 2002,
Ryu & Chun 2006). For this reason we investigated the potential role of PKC in
Wnt-11 signalling by using the chemical Ro 31-8220 to inhibit PKC activity. The
transcriptional activity of JNK/AP-1 and NF-κB pathway reporters did indeed
decrease in the control and Wnt-11-expressing cells, and the relative Wnt-1154

mediated inhibition of the JNK/AP-1 reporter diminished (Fig. 4B in I), whereas
the inhibition of the NF-κB pathway was unchanged or even slightly increased
(Fig. 4C in I). While these results do not tell whether the PKC activity is induced
or inhibited by Wnt-11 signalling, they suggest that PKC may be involved in the
Wnt-11-mediated regulation of the JNK/AP-1 pathway. However, it is also
possible that without the PKC activity, JNK activity decreases close to a basic
level which Wnt-11 can no longer inhibit. Nevertheless, it appears likely that PKC
and Wnt-11 regulate JNK via pathways that are at least partially overlapping.
Moreover, most but not all PKC isoforms activate JNK, and it has been
demonstrated that PKCη acts to inhibit pro-apoptotic JNK activity in breast
epithelial adenocarcinoma MCF-7 cells (Rotem-Dai et al. 2009). These results
raise also the possibility that Wnt-11 may use different signalling pathways to
regulate the JNK/AP-1 and NF-κB signalling pathways.
5.3

Wnt-11 gain-of-function enhances cell viability (I)

Since both the canonical and non-canonical Wnt signalling pathways are involved
in the regulation of cellular processes such as proliferation, differentiation and
apoptosis and our results demonstrated that Wnt-11 signalling inhibits the
apoptotic JNK/AP-1 pathway and activates the pro-cell survival Akt kinase, the
biological function of Wnt-11 may be to regulate cell growth or survival in the
CHO cell system. We indeed observed that the Wnt-11-expressing cells
proliferated normally, but had enhanced viability that was at least in part due to a
decrease in apoptosis (Fig. 5 in I).

5.4

The Wnt-11 gene is expressed in the developing heart (II)

Earlier research has indicated that the mouse Wnt-11 gene is expressed during
early heart development as well as later during the heart looping stage
prominently in the OFT and may be expressed weakly in the developing
ventricles (Eisenberg & Eisenberg 2006, Kispert et al. 1996). Our experiments
revealed that Wnt-11 mRNA as well as protein is expressed also in the developing
ventricles (V) and the atria (A) at E10.5 and E12.5, implying a role for it in the
development of these heart compartments (Fig. 1 in II). Importantly, Wnt-11
antibody staining could not be detected in the ventricles of the Wnt-11 KO hearts
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(Suppl. Fig. 1 in II). Supplementary material is available at Cardiovascular
Research online.
5.5

Wnt-11 deficiency leads to multiple defects in the heart and
causes lethality from mid-gestation onwards (II)

The role of Wnt-11 in heart development was studied in Wnt-11 knockout (KO)
embryos on the 129SV genetic background. At E12.5, Wnt-11 KO embryos were
still viable, but between E12.5 and E13.5, 50% of them were found dead and their
viability decreased still further up until birth (Suppl. Fig. 3 in II). Since Wnt-11 is
present in the developing heart, the possibility was raised that the lethality of the
Wnt-11 KO embryos might be due to cardiac dysfunction. Indeed, transposition
of the great arteries (TGA) was observed from E12.5 onwards (data not shown),
which is in line with earlier data (Zhou et al. 2007). It should also be mentioned
that Zhou et al. reported shortened outflow tract and aortic arch artery defects
already at E9.5. At E10.5 Wnt-11 KO embryos had dilated ventricular chambers,
thinner ventricular walls and malformed trabecular processes (Fig. 2A-H in II).
These defects in ventricle development occurred earlier than the TGA, suggesting
an integral role for Wnt-11 signalling in embryonic ventricular myocardium
assembly. Moreover, the relative area of the compact and trabeculated
myocardium with respect to the length of the ventricular wall was reduced in the
Wnt-11 KO embryos, and they also had defects in ventricular chamber symmetry
(Fig. 2I-K). Importantly, no significant changes in proliferation or apoptosis were
noted in the Wnt-11 KO ventricular myocardium (data not shown). At E12.5 Wnt11 KO embryos had dilated atrial appendices and pericardial and pleural effusions,
all signs of heart failure (Suppl. Fig.3 in II).
Non-invasive in vivo Doppler echocardiography at E12.5 showed that the
proportion of isovolumetric relaxation time (IRT%) of the cardiac cycle and the
pulsatility indices of the umbilical artery, descending aorta, and ductus venosus
(DV) were all significantly increased in the Wnt-11 KO embryos (Table I in II,
Suppl. Fig. 4 in II), indicating abnormal relaxation of the myocardium in the early
diastole and abnormal arterial and venous haemodynamics. In addition, our data
show that most Wnt-11 KO embryos had holosystolic atrioventricular (AV) valve
regurgitation, a symptom seen only in a few wild-type littermates (Suppl. Fig. 4 in
II). Wnt-11 KO hearts had no defects in the AV valvular cushions (data not
shown). JNK kinase was activated in the Wnt-11 KO ventricles at E10.5 (Suppl.
Fig. 5 in II), most likely a sign of cardiac stress already at this stage.
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The systolic function of the Wnt-11 KO hearts seems to be preserved since
no cardiac arrhythmias, changes in the heart rate or outflow mean velocity or
proportion of isovolumetric contraction time of the cardiac cycle were noticed at
E12.5 (Table I in II, Suppl. Fig. 4 in II). Also the action potentials, calcium
transient amplitude, duration, oscillation rate, and pacing in the cardiomyocytes
derived from Wnt-11 KO ventricles were normal (Suppl. Fig. 6 in II). From these
data it can be concluded that Wnt-11 deficiency leads to a failure in myocardial
relaxation at mid-gestation, seen as an increased IRT% that is not caused by
changes in cardiomyocyte excitability or calcium transients. In the end it is
important to notice that the Wnt-11-deficient embryos exhibit normal placental
histology and embryonic size (data not shown).
5.6

Wnt-11 deficiency leads to changes in cell adhesions,
organization of sarcomeres and spatial organization of
differentiating ventricular cardiomyocytes (II)

Since deficiency of Wnt-11 function results in anatomical and functional
abnormalities in the embryonic heart, and Wnt-11 has been shown to regulate cell
adhesion in other systems (Ulrich et al. 2005), the potential effects of Wnt-11 on
N-cadherin and β-catenin dynamics and cell differentiation were analyzed.
We observed that Wnt-11 KO ventricular cardiomyocytes were irregularly
arranged in the developing compact myocardium and had differences in the size
and shape of their nuclei, whereas the wild-type cells had regularly aligned spatial
orientation and were cuboidal in shape at E10.5 (Fig 3A-F in II). The Wnt-11 KO
cardiomyocytes remained round and dysplastic at E12.5, when the wild-type cells
had adopted an elongated phenotype (Fig. 3I-J in II). At E10.5 the Wnt-11 KO
cardiomyocytes in myocardium and trabeculations had severe defects in the actin
filament organization and showed poor sarcomeric organization at both E10.5 and
E12.5 (Fig. 3. G-J, Suppl. Fig. 7 in II) as demonstrated by anti-α-actinin stainings
relative to controls.
Interestingly, the distribution of expression of N-cadherin and β-catenin was
altered in Wnt-11 KO cardiomyocytes. More specifically, these molecules appear
to be co-localized around the borders of the wild-type cardiomyocytes, whereas
this co-localization is lost in the Wnt-11 KO cells (Fig. 3E-F in II). Furthermore,
immunoprecipitation analysis showed that the ratio of N-cadherin to β-catenin in
Wnt-11 KO ventricles was reduced, whereas total N-cadherin expression
increased at E10.5 (Fig. 4 in II). The Wnt-11 KO cardiomyocytes, isolated at
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E12.5, had reduced capacity to form cell clusters (data not shown). These data
suggest a role for Wnt-11 in the control of N-cadherin and β-catenin dynamics in
the developing cardiomyocytes, which is in line with observations made
previously in embryonic zebrafish cells (Ulrich et al. 2005).
The ultrastructure of the Wnt-11-deficient embryonic hearts at E10.5 and
E12.5 was analyzed by electron microscopy. At E10.5 the ventricular
cardiomyocytes had normal cell adhesions, morphological appearance (Kastner et
al. 1997, Sedmera et al. 2000, Sedmera 2005) and myofibrillar bundles, whereas
the adhesions and myofibrils in Wnt-11 KO cells were poorly developed and the
cells had multiple electron-lucent edematous areas throughout the tissue (Fig. 5 in
II). The defects were even more serious at E12.5 (Suppl. Fig. 9 in II). In
conclusion, our data show that Wnt-11 KO embryonic ventricular cardiomyocytes
have serious defects in spatial arrangement, cytoskeletal and sarcomeric
organization and junctional development at cell-cell adhesion sites, supporting the
idea that Wnt-11 signalling is important in controlling the formation of the
developing myocardium since all aforementioned processes are critical for the
normal functional development of the heart (Sedmera et al. 2000, Sedmera 2005,
Tobita et al. 2005). Finally, no defects in the development of the His–Purkinje
conduction system were found in Wnt-11 KO embryos at E12.5 based on
expression of the marker CX-40 (data not shown) (Bond et al. 2003).
5.7

Wnt-11 deficiency leads to reduced expression of essential
genes for heart development (II)

Wnt-11 has been shown to regulate the expression of Gata-4, Nkx2.5, and Mef2C
cardiac transcription factor genes in cell culture and frog mesoderm explants
(Cohen et al. 2008, Eisenberg & Eisenberg 1999, Flaherty et al. 2008, Koyanagi
et al. 2005, Pandur et al. 2002, Terami et al. 2004). Conversely, Gata-4 function is
needed for normal Wnt-11 gene expression in Xenopus to promote cardiogenesis
(Afouda et al. 2008). Moreover, Gata-4, Nkx2.5, and Mef2C control the cardiac
natriuretic peptide genes ANP (atrial natriuretic peptide) and BNP (natriuretic
peptide precursor type B), which in turn regulate yet more essential cardiogenesis
factors (Cameron & Ellmers 2003). Our experiments show that the Gata-4,
Nkx2.5, Mef2C, and ANP gene expressions were reduced in the Wnt-11 KO heart
both at E10.5 and E12.5 (Fig. 6 in II). Interestingly, BNP expression was induced
at E10.5, possibly as a sign of heart dysfunction (Cameron & Ellmers 2003,
Lubbers & Eghtesady 2007). These data suggest that these genes are downstream
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of Wnt-11 in ventricular myocardium development and their reduced expression
could be part of the pathogenetic mechanism of the Wnt-11 KO heart, since even
a decrease in expression of any of these genes alone can result in heart
abnormalities (Bruneau 2008, Jay et al. 2005, Pu et al. 2004, Xin et al. 2006).
5.8

ChIP screen from TCF7/β-catenin fusion protein expressing
cells reveals new putative direct Wnt target genes, many of
which are linked to neuronal development (III)

A strategy based on crosslinking ChIP (Weinmann & Farnham 2002) was applied
to characterize TCF-regulated genes. We used ΔP-NIH3T3 cells that express the
dominant positive TCF7/β-catenin fusion protein and monoclonal anti-β-catenin
antibody to immunoprecipitate the DNA fragments that had bound to the fusion
protein.
Prior to ChIP assay we showed that the fusion protein translocates into the
nucleus and activates TCF-dependent transcription (Fig. 1 in III). The purified
nuclei of the ΔP-NIH3T3 cells were used in the ChIP assay to avoid interference
resulting from the cytosolic β-catenin. Nuclear DNA was fragmented by
sonication and then subjected to immunoprecipitation. The immunoprecipitated
DNA fragments were used to generate genomic libraries. A total of 491 DNA
inserts cloned into the library were then sequenced and mapped to the mouse
genome.
Half of the DNA fragments were mapped to the 5′ ends of the genes, close to
the predicted transcription start site, or to the first intron, although thirty percent
of the DNA inserts corresponded to repetitive DNA sequences and twenty percent
to regions located far away from any transcribed genes. Thirty percent of clones
corresponded to genes with a known or inferred function, whereas nineteen
percent of the clones were from genes without known function.
The clones were then screened for the common TCF binding sequence 5′(A/T)(A/T)CAA(A/T)G-3′ that has been shown to be recognized by all TCFs
(Roose & Clevers 1999, van Beest et al. 2000), and only fragments with one or
more TCF motifs were studied further. Sixty genes of known function, thirteen
hypothetical genes and nineteen genes predicted by expressed sequence tags were
identified as putative TCF target genes (Table I in III) representing a variety of
biological processes such as development, intracellular and extracellular
signalling, transcription, membrane transport and intracellular trafficking.
Interestingly, the majority of the TCF binding sites in the genes were within
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introns, mostly in the first intron. Only 18% of TCF motifs were in the promoter
area or within 10 kb of the transcription start site in the 5′ flanking area (Table I in
III).
Eighteen of these annotated genes are involved in developmental processes
and, interestingly, eleven of them specifically in neuronal development, including
genes connected with neurite outgrowth, axonal guidance, vesicle trafficking,
signalling and transcription, in line with the role of Wnts in central nervous
system (CNS) development (Ciani & Salinas 2005). Twenty-nine genes identified
by us have been found in other Wnt pathway screens or have been reported to
interact with or play a role in the Wnt signalling pathway (Table I in III).
Moreover, immunoprecipitation yielded two genomic fragments of five genes,
suggesting that this approach identified some relevant direct downstream targets
of the Wnt pathway.
Because of the central role of Wnts in the development of the CNS and the
fact that our ChIP assay identified a number of genes involved in neuronal
development, we decided to study more closely a panel of six genes having
putative roles in it, namely Ablim-1, Clstn-3, Odz-2, Slit-3, Als-2 and Dcx, the
latter two having better established roles. Whole-mount in situ hybridization
experiments showed that all of them were expressed in the mouse CNS during
development (Fig. 2A in III) and differential screening experiments revealed that
the expression levels of Ablim-1, Als2, Clstn3, Odz-2 and Slit-3 were upregulated
in the ΔP-NIH3T3 cells, whereas the expressions were undetectable in control
NIH3T3 cells. Dcx was the only gene that showed expression in the control
NIH3T3 cells and its expression was downregulated in the ΔP-NIH3T3 cells (Fig.
2 B in III).
5.9

Wnt-3a regulates gene expression cell type specifically (III)

We used an Affymetrix GeneChip gene expression array to investigate which
genes are regulated by an actual canonical Wnt-3a ligand in cell culture, since
there are most likely differences in induced genes when the stimulus comes from
a ligand activating its receptor compared to the situation when the transcription
factor of the pathway is activated. In addition to NIH3T3 cells, PC12 cells were
selected for the screen, since many genes identified by ChIP are involved in
neuronal development and these cells have been shown to be responsive to Wnt3a (Kishida et al. 2004). Two biological replicates were done from both cell lines.
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We first showed that Wnt-3a activates the canonical Wnt/β-catenin pathway
in these cells (Fig. 3 in III). The data from the GeneChip experiment revealed 355
genes that were regulated over 1.4-fold by Wnt-3a in NIH3T3 cells, including a
wide variety of genes with known roles in development, cell differentiation and
signalling (Summarized in Tables 2 and 3 in III).
A Wnt-3a stimulus caused a more than 1.4-fold change in 129 genes in PC12
cells (Summary in Table 4 in III) and strikingly only two genes were shared
between the two tested cell lines. One of them was Axin2, supposedly a universal
Wnt target gene (Clevers 2006), indicating that our experimental system was
working as expected.
Surprisingly, the genes revealed by GeneChip assay were again different from
those identified by the ChIP assay, with disabled 2 (Dab2) being the only gene
found by ChIP that was activated in PC12 cells. The change in the expression of
Dab2 was confirmed by qRT-PCR (Fig. 4A in III). These data clearly indicate that
the genomic response to Wnt signalling is highly context-dependent and
preliminarily identify Dab2 as a new direct target gene of Wnt signalling.
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6

Discussion

6.1

Wnt-11 signalling regulates the activities of key signalling
pathways and affects cell viability

Wnt-11 is implicated in many developmental and disease processes such as the
convergent extension movements (C&E) in gastrulation and different cancers
(Heisenberg et al. 2000, Kirikoshi et al. 2001). Wnt-11 and Wnt-5a, which in
many contexts resemble each other in their function and act as “non-canonical”
Wnts, have been shown to be able to activate JNK in different systems (Nishita et
al. 2006, Oishi et al. 2003, Pandur et al. 2002, Schambony & Wedlich 2007,
Yamanaka et al. 2002, Zhou et al. 2007). In addition, it has been demonstrated
that they can downregulate the canonical Wnt pathway (Maye et al. 2004, Mikels
& Nusse 2006a). In agreement with this, we showed that the canonical Wnt
pathway was also downregulated in Wnt-11 overexpressing CHO cells, most
likely at the level of the TCF transcription factor since Wnt-11 did not affect the
β-catenin levels. The mechanism mediating this is still unknown since the TAK1/NLK pathway, earlier proposed to mediate non-canonical Wnt signalling for
inhibition of TCF/β-catenin complex transcriptional activity (Ishitani et al. 2003),
appeared not to be involved in CHO cells. These data are in line with some of the
earlier reports (Maye et al. 2004, Mikels & Nusse 2006a). However, in contrast to
previous studies we unexpectedly demonstrated that the JNK/AP-1 pathway was
also downregulated in response to Wnt-11 signalling.
Our results suggest that this inhibition is at least partly mediated by PI3K/Akt
signalling for two reasons. Firstly, Akt kinase was activated in Wnt-11-expressing
cells. Secondly, inhibition of PI3K by a specific inhibitor resulted in the complete
block of inhibition of basal AP-1 activity by Wnt-11 as well as a 20% reduction of
the inhibition when the kinase domain of MEKK1 was co-expressed. The
involvement of the PI3K/Akt pathway in the Wnt-11 signalling response is
consistent with earlier observations, which have demonstrated that Wnt signalling
can activate the PI3K/Akt pathway in different cells and that Akt is able to inhibit
MKK4 by phosphorylation (Kawasaki et al. 2007, Kim et al. 2007, Park et al.
2002). However, the fact that the inhibition of PI3K only blocked about one fifth
of the Wnt-11-induced antagonization of AP-1 when the MEKK1 kinase domain
was co-expressed suggests that the activation of Akt by Wnt-11 could only partly
explain the Wnt-11-induced inhibition of AP-1; it is likely that other signalling
63

modifiers such as some scaffolding factors may play a role here. Furthermore, it
is possible that MEKK1 is affecting AP-1 reporter activity also via other
pathways than through MKK4 when maximally activated, and Wnt-11 may be
able to modulate these as well.
In the cells co-expressing Wnt-11 and the MEKK1 kinase domain, we found
that the JNK kinase activity itself was downregulated. In addition to this, we
noted a decrease in the activating phosphorylation of MKK4, suggesting that the
inhibition likely occurs at the level of the MEKK1/MKK4/JNK signalling
complex. The regulatory scaffold proteins that bind to JNK, MKKs, and MEKKs
and MAP kinase phosphatases (MPKs) (Johnson & Nakamura 2007, Kondoh &
Nishida 2007) would thus be interesting candidates for future studies. Also Axin,
which has been proposed to activate JNK and inhibit canonical Wnt signalling
(Luo et al. 2003, Zhang et al. 1999), is a very interesting candidate to mediate the
observed effects if, for example, its activity and/or cellular localization were
regulated by Wnt-11 signalling. Indeed, the efficient suppression of the MEKK1induced JNK/AP-1 signalling by Wnt-11 hints to the involvement of some
scaffold protein that could block the signalling downstream by modulating the
MEKK1/MKK4/JNK signalling complex. Other signalling modifiers, whose
potential roles in Wnt-11 signalling would be interesting to address in future
studies, include cell polarity regulating PAR-1 and Ccd1 (coiled-coil-DIX1).
PAR-1 can be activated by Wnt signalling and can itself interact and
phosphorylate Dvl as well as inhibit JNK (Sun et al. 2001). Ccd1, which is
stabilized in response to Wnt signalling (Wang et al. 2009), has been proposed to
inhibit JNK activation by Axin by preventing its binding to MEKK1 and to inhibit
Dvl/Rac signalling to JNK via an unknown mechanism (Wong et al. 2004).
However, both PAR-1 and Ccd1 have been proposed to act as positive regulators
of canonical Wnt signalling (Shiomi et al. 2003, Sun et al. 2001). But as both of
them are eliciting their potentiating effects quite upstream of the canonical
pathway, these effects could possibly be annulled by simultaneous inhibitory
signalling by Wnt-11, since the inhibitory activity of Wnt-11 on the canonical
Wnt pathway is likely taking place at the transcriptional level. Dapper, which has
been demonstrated to inhibit both the canonical Wnt pathway and Dvl-mediated
JNK signalling (Cheyette et al. 2002), is also a highly interesting candidate
molecule. Intriguingly, it was recently demonstrated that Dapper is able to
downregulate the canonical Wnt pathway at the level of the Lef1 transcription
factor (Gao et al. 2008).
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It is tempting to speculate that Wnt-11 could possibly function also in
maintaining JNK activation at the appropriate level, since for example successful
gastrulation depends on the correct amounts of active Wnt and JNK (Du et al.
1995, Yamanaka et al. 2002), and it has been suggested that Wnt-11 may act as a
permissive rather than instructive signal in controlling gastrulation movements
(Gordon & Nusse 2006, Simons & Mlodzik 2008). Importantly, it has also been
proposed that Wnt signalling would not simply promote the developmental
processes in the cardiovascular system, but rather regulate and fine-tune them in a
cell type- and temporally-specific manner (Cohen et al. 2008). In this respect, the
observation that overexpression of Fz-8 in the Xenopus embryo leads to apoptosis
via activated JNK, and this induced apoptosis is inhibited by Wnt-5a (Lisovsky et
al. 2002), raises the possibility that Wnt-5a could function as Wnt-11 in our study
in this specific context.
Indeed, the viability of the Wnt-11-expressing CHO cells was increased
without any effect on the growth rate, indicating that Wnt-11 may specificly
control cell viability. This is in line with the detected effects of Wnt-11 on Akt,
which is implicated in the control of cell survival, and JNK, the activation of
which is typically linked with the induction of cell death, although the JNK
pathway has been implicated in the promotion of cell survival as well (Liu & Lin
2005). Interestingly, Wnt-11 expression and signalling have been implicated in
different tumors and cancer cell lines (Kirikoshi et al. 2001, Ricken et al. 2002,
Zhu et al. 2004) as well as in the protection of breast cancer cells from apoptosis
(Lin et al. 2007).
A very interesting aspect that the current study did not address and which
may be related to the observed effects on the signalling pathways and cell
viability by Wnt-11, is cell adhesion and maybe more specifically cell-cell
adhesion. Non-canonical Wnt signalling by either Wnt-11 or Wnt-5a has been
shown to both enhance (Eisenberg et al. 1997, Medrek et al. 2009) and inhibit
(Choi & Han 2002, Torres et al. 1996) cadherin-dependent cell-cell adhesion in
different contexts as well as result either in the increased (Dissanayake et al. 2007,
Kurayoshi et al. 2006, Ripka et al. 2007, Yamanaka et al. 2002) or decreased
motility of the cells (Hansen et al. 2009, Medrek et al. 2009). Interestingly, the
activation of JNK by Wnt signalling is linked to the promotion of cell motility
(Nomachi et al. 2008, Yamanaka et al. 2002). Also, disrupted cell polarity has
been shown to enhance tumor growth and metastasis via JNK activation, which
results in downregulation of the E-cadherin/β-catenin adhesion complex in
Drosophila (Igaki et al. 2006). Furthermore, the inhibition of JNK was recently
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shown to promote localization of the E-cadherin/β-catenin complex to cell-cell
contact sites resulting in the strengthening of cell-cell adhesions in epithelial cells;
the activation of JNK disrupted the cell-cell contacts in the same study (Lee et al.
2009). Hence, Wnt-11 could potentially promote cell-cell adhesions also in CHO
cells that in turn could increase contact inhibition to cell growth as previously
shown (Eisenberg et al. 1997). This might explain the higher cell viability in high
cell density cultures since the reduction of contact inhibition in high density
epithelial cell cultures leads to increased apoptosis (Demetriou et al. 1995), and as
shown specifically in CHO cells, the increase in contact inhibition prevents high
cell density-dependent apoptosis (Fiore & Degrassi 1999). The reduced contact
inhibition is also a quality of cancerous cells (Zeng & Hong 2008). Relevant to
our findings may be a recent demonstration that Wnt-5a enhances integrinmediated adhesion of human dermal fibroblasts to collagen I-coated dishes via
PI3K/Akt signalling (Kawasaki et al. 2007).
Wnt-11 signalling also reduced the activity of the NF-κB pathway, which is
proposed to be anti-apoptotic in many systems, although it can also sensitize cells
to apoptosis (Dutta et al. 2006). However, it is not known whether Wnt-11
signalling influences the NF-κB pathway directly. The downregulation of NF-κB
signalling may well reflect the increased viability of the Wnt-11-expressing cells
so that the cells without Wnt-11 have elevated NF-κB signalling activity in
response to cellular stress in high density cell culture without proper contact
inhibition. Actually, the basal NF-κB activities in the confluent CHO cell cultures
tended to be relatively high compared with the basal AP-1 and Wnt reporter
activities. It is fascinating to speculate that the reduction of NF-κB activity in
Wnt-11 expressing cells could fit nicely with the other supposed anti-oncogenic
functions of Wnt-11 in CHO cells. Indeed, it has been shown that the blockade of
constitutive NF-κB activity in human prostate cancer cells leads to suppression of
invasion and metastasis (Huang et al. 2001) and that NF-κB promotes breast
cancer cell migration and metastasis (Helbig et al. 2003). It has been also
proposed that NF-κB could act as a link between inflammation and cancer
promotion, since inflammation is also implicated in tumor promotion and
progression (Karin 2009). Moreover, it has been demonstrated that NF-κB
inhibits E-cadherin expression and enhances epithelial to mesenchymal transition
(EMT) of mammary epithelial cells (Chua et al. 2007, Huber et al. 2004) and that
the loss of cell-cell adhesions leads to activation of NF-κB via RhoA, involving
the activities of kinases such as ROCK and nPKC (Cowell et al. 2009).
Interestingly, the notion that the PKC inhibitor Ro 31-8220 differentially affected
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Wnt-11-induced regulation of JNK/AP-1 and NF-κB pathway activities raised the
possibility that different mechanisms are utilized by Wnt-11 to regulate these
pathways.
Consistent with Wnt-11’s function in ovary-derived CHO cells, Wnt-11 is
expressed in the normal rat ovary in vivo as well as in ovarian cancer cell lines
(Ricken et al. 2002). In support of the potential role for non-canonical Wnt
signalling in the regulation of normal ovarian function is the recent finding that
Wnt-4 is expressed in the human ovaries during development and adulthood. It is
proposed to inhibit apoptosis there (Jääskeläinen et al. 2010) and is a critical
signal that coorditates cell adhesion and meiosis in presumptive ovarian follicle
development (Naillat et al. 2010).
In addition to the above-mentioned processes, Wnt-11 is known to regulate
organogenesis of the heart and kidney. However, the signalling pathways
regulated by Wnt-11 in these processes are poorly characterized and the findings
of this study may be relevant in the development of these organs as well.
Finally, whether the observed effects of Wnt-11 on two-dimensionally
cultured CHO cells have some in vivo significance is still an open question.
However, they may indeed quite well have. As the knowledge of various
developmental, tissue homeostasis and disease processes involving Wnt activity
grows, there are more different cellular contexts known to be or could potentially
be exposed to non-canonical Wnt signalling activity. At present the detailed
cellular events elicited by Wnt-11 in even the most studied models such as cell
movements in gastrulation are poorly characterized and no uniform mechanism
for Wnt-11 signalling has been reported. Virtually nothing is known of the
signalling responses elicited by Wnt-11 in different cancers or inflammatory
diseases such as rheumatoid arthritis, although Wnt-11 signalling is firmly
implicated in these disease conditions. An intriguing question is whether Wnt-11
is a protagonist or even a driving force in the diseases or a homeostasis factor that
tries to get the system back in balance. Interestingly, primary dukes B colon
cancer patients with Wnt-5a positive tumors have a better prognosis when
compared to patients with tumors negative for Wnt-5a (Dejmek et al. 2005).
Another interesting finding in this respect is that the expression of inflammation
marker CRP is increased in correlation with decreased Wnt-11 expression in the
joints of the rheumatoid arthritis patients (Nakamura et al. 2005) suggesting that
Wnt-11 could act to prevent the disease by inhibiting inflammation.
Obviously the detection of Wnt expression in disease conditions does not
straightforwardly tell whether it is promoting or trying to prevent disease
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progression. As already discussed, Wnt-11 expression is detected in various
cancers, but it would be interesting to know whether in some cancers Wnt-11
expression is downregulated as Wnt-5a expression reportedly is. As previously
mentioned, Wnt-5a appears to have totally conflicting effects when compared
between different cancer types and appears to antagonize the cancer progression
in various tumors by distinct mechanisms.
In this study Wnt-11 was observed to antagonize some key oncogenic as well
as inflammatory signalling pathways, while at the same time it enhanced cell
viability. A hypothesis for future studies could be the following scheme. Wnt-11
could possibly act to promote cell-cell adhesions in CHO cells, which when
immortalized resemble cancerous cells in their ability to proliferate infinitely and
their lack of contact-inhibited growth (Fiore & Degrassi 1999), by its ability to
inhibit the canonical Wnt-, JNK-, and NF-κB signalling pathways, the activities
of which are all linked in many systems to oncogenic processes such as decreased
cadherin-β-catenin-mediated cell-cell adhesion, EMT and increased cell
invasiveness. Indeed, canonical Wnt signalling also has a well documented role in
the reduction of cadherin-mediated cell-cell adhesion and the promotion of EMT
in carcinomas and development (Heuberger & Birchmeier 2009). The observed
promoted viability of the cells by Wnt-11 could then be due to the increase in
contact inhibition. Although the presented model logically explains observations
done by us and others, it is wise to recognize that events in Wnt-11 signalling
could also take a different order. For example, Wnt-11 could promote cell-cell
adhesions via an unknown mechanism, by controlling the local accumulation of
PCP molecules such as Fz, Dvl and Flamingo at cell contacts (Witzel et al. 2006),
or by modulating the dynamics of the cell adhesion components such as Ecadherin through Rab5 GTPase (Ulrich et al. 2005) as previously proposed. The
increased cell-cell adhesion could in turn lead to observed effects in signalling
pathways. Indeed, the activities of signalling molecules regulate cell adhesions,
and changes in cell adhesion in turn regulate the activities of signalling molecules
(Cowell et al. 2009, Lee et al. 2009). It is also possible that cell adhesion and
downstream signalling are not affected by Wnt-11 as a result of a linear set of
events, but rather would be an outcome of a concomitant interconnected
signalling event in which all of the mentioned aspects, namely cell-cell adhesions
and downstream signalling kinase/transcription factors, would affect each other
simultaneously. This would result in the targeted cell behaviour, which in this
case could be the tumor suppressor type of function of Wnt-11 in CHO cells. In
the future it would be highly interesting to study the function of Wnt-11 in
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different cancer cell types as well as in inflammatory diseases, in addition to the
developmental processes in which it is implicated.
6.2

Wnt-11 signalling is critical for ventricular myocardium
development by patterning cell adhesion molecules

It has been proposed that Wnt-11 is an essential signal for cardiogenesis in lower
vertebrates (Pandur et al. 2002). Wnt-11 KO mouse embryos on the SV129
genetic background, however, develop a heart with severe defects that lead to
heart failure and embryonic lethality at mid-gestation. The Wnt-11 KO hearts
exhibit outflow tract (OFT) defects, namely the transposition of the great arteries
(TGA) at E12.5 (Zhou et al. 2007), which is consistent with our findings. In
addition, our study suggests that Wnt-11 has a critical role in ventricular
myocardium assembly that better explains the early lethality of the Wnt-11 KO
embryos than the OFT defects. We showed that Wnt-11 is expressed in the
ventricles at E10.5 and E12.5 and that the ventricular cardiomyocytes in the Wnt11 KO embryos were disorganized and exhibited non-uniform cellular shapes and
defective colocalization of cell adhesion components N-cadherin and β-catenin,
which are critical for the establishment of cell-cell adhesions and for the spatial
organization of cardiomyocytes (Linask et al. 1997, Phillips et al. 2007). The
dysmorphology of the Wnt-11 KO cardiomyocytes was likely due to a defect in
the Wnt-11-mediated cell-cell adhesion dynamics. Indeed, in the electron
microscopy a clear defect in the cell-cell adhesions in the ventricular myocardium
was observed. Relevant to this respect is the notion that Wnt-11 has been shown
to promote cell-cell adhesion in the quail mesodermal stem cell line QCE-6 that
endogenously expresses Wnt-11, and a similar defect as that detected in the Wnt11 KO ventricle in our study was observed in N-cadherin expression at the cell
membrane in the cells displaying diminished Wnt-11 expression (Eisenberg et al.
1997). Furthermore, Wnt signalling has been observed to regulate N-cadherin
expression levels as well as the strength of cell-cell adhesions mediated by Ncadherin in neonatal cardiomyocytes (Brade et al. 2006, Toyofuku et al. 2000).
Wnt-11 specifically is known to control forces of cohesion and cell adhesion in
some other systems by regulating endocytosis of another cadherin superfamily
member, E-cadherin (Ulrich et al. 2005, Witzel et al. 2006). In addition, noncanonical Wnt signalling has been linked to promotion of cell-cell adhesions in
other studies (Medrek et al. 2009). Moreover, N-cadherin-mediated cell-cell
adhesions are an important mechanism in the regulation of cardiac differentiation
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as in N-cadherin-deficient mice, the cardiomyocytes are initially formed but
cannot form proper contacts with each other, leading to impaired development of
the linear heart tube (Radice et al. 1997). Very interestingly, the activation of
myocardial marker genes in cell lines by Wnt-11 has also been proposed to
require direct cell-cell contacts (Brade et al. 2006, Koyanagi et al. 2005), which is
in line with the observed reduction of marker genes of cardiogenesis
concomitantly with changes in cell-cell adhesion molecule dynamics in our study.
We also showed by immunoprecipitation that in the Wnt-11 KO ventricles the
association between N-cadherin and β-catenin was diminished, and concomitantly
the overall expression of N-cadherin appeared to be increased. This could be
interpreted that Wnt-11’s function may be to enhance the association of Ncadherin and β-catenin in the cell-cell adhesions as observed also in the
immunostaining experiments, and when this association is disrupted the Wnt-11
knockout cardiomyocytes could try to compensate by increasing the expression of
N-cadherin.
In addition to the observed defects in the cell-cell adhesions, the compact
ventricular wall was thinner and there were less trabecular processes in Wnt-11
KO hearts. All these discussed defects are most likely primary factors behind the
lethal heart failure in Wnt-11 KO embryos since both the correctly formed
compact and trabecular myocardium compartments are essential for normal heart
function (Sedmera et al. 2000, Sedmera 2005, Tobita et al. 2005). Moreover, in
human fetuses with TGA the cardiac and placental functional development are
undisturbed (unpublished observations of collaborators), and likely the observed
defects in the anatomy of the ventricular myocardium originate from the primary
defect in the Wnt-11-regulated cell-cell adhesions.
Wnt-11 signalling is suggested to control the convergent extension (C&E)
movements during vertebrate gastrulation through the vertebrate counterpart of
the PCP pathway, which may be functional also during organogenesis, including
formation of the heart (Brade et al. 2006, Karner et al. 2006). Indeed, several PCP
pathway components are involved in heart development (Phillips et al. 2005,
Phillips et al. 2007), and importantly the PCP effectors Scribble and Vangl2, the
latter of which has been proposed to antagonize Fz/Dvl signalling in Drosophila
(Jenny et al. 2003), are known to regulate the formation of the ventricular
myocardium. Mutations in their respective genes cause a similar phenotype as
that observed in Wnt-11 KO embryonal hearts (Phillips et al. 2005, Phillips et al.
2007). Intriguingly, it has been demonstrated that overexpression of Vangl2 in
zebrafish blocks Wnt-11 signalling to Rho (Jessen et al. 2002), while it has also
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been shown that Vangl2 interacts with Dvl and its overexpression results in the
activation of the JNK/AP-1 pathway (Park & Moon 2002).
As mentioned PCP proteins are thought to operate at the level of Fz and Dvl
in the Wnt/PCP pathway and upstream of the small RhoA family of GTPases,
which function in the cytoplasm and link the PCP pathway to the dynamics of the
cytoskeleton (Brade et al. 2006, Simons & Mlodzik 2008). Indeed, we noted a
correlation between the changes in cytoskeletal organization and the organization
of the cardiomyocytes, similar to that observed in chick muscle (Gros et al. 2009),
in the Wnt-11 KO ventricular myocardium. Hence, as a supposed non-canonical
Wnt in this system, Wnt-11 may control the assembly of the ventricular wall by
modulating cell adhesions in connection with changes in the cytoskeleton and
could regulate this process through PCP pathway molecules.
Doppler echocardiography showed that several parameters in the Wnt-11 KO
heart were changed at midgestation, when the mouse embryo is growing fast and
should increase its cardiac function. Most importantly, the isovolumetric
relaxation time was significantly increased in the Wnt-11-deficient embryos,
which could potentially lead to abnormal filling of the ventricles. This could
cause the observed abnormal arterial and venous haemodynamics (Mäkikallio et
al. 2005) and holosystolic atrioventricular (AV) valve regurgitation, the latter of
which was most probably caused by dilatation of the ventricles as no
abnormalities were noted in the developing AV cushions. These findings are most
likely significant in explaining the lethality of the Wnt-11 KO embryos since both
diastolic dysfunction and holosystolic AV valve regurgitation are risk factors for
fetal mortality in humans (Pedra et al. 2002) and likely developed due to the
primary defects discussed earlier and caused due to lack of Wnt-11 signalling.
As Wnt-11 is expressed in the embryonic trabeculated myocardium, it is a
candidate to regulate formation of the peripheral cardiac conduction system (CCS)
(Sedmera 2005). However, our data do not show arrhythmias or systolic
dysfunction in the Wnt-11 KO heart. Moreover, the development of the HisPurkinje systems seems to be preserved and the Wnt-11 KO cardiomyocytes have
normal excitability and calcium transients indicating that possibly other Wnt
signals compensate for lack of Wnt-11 function during early CCS development.
Altogether, our results point to an intrinsic role for Wnt-11 signalling in
controlling the differentiation and assembly of the cardiomyocytes in the
ventricular wall by regulating simultaneously the cell-cell adhesions and
organization of the cytoskeleton, which likely are linked processes, by facilitating
the association of the cell adhesion molecules N-cadherin and β-catenin and
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regulating the expressions of the key cardiac transcription factors. These defects
subsequently lead to the failure of the Wnt-11 KO heart, which has a reduced
capacity to improve its function, especially the diastole, during midgestation
when the embryo is growing fast and needs undisturbed blood circulation. Hence,
it is proposed that Wnt-11 is a critical regulator of myocardial development and
may function as a PCP type signal in the ventricular wall, controlling
cardiomyocyte organization. Further studies are needed to confirm whether Wnt11 truly is a PCP pathway-inducing signal in this system or whether it mediates
the observed effects through some other mechanism. We do not currently know
the immediate signalling mechanism of Wnt-11 in ventricular myocardium
assembly, and it is a huge challenge, if not nearly impossible at the moment, to
study those in the in vivo situation in mice. Studies using cardiomyocyte cell lines
are useful and provide important results, but hopefully in the future the scientific
community will be able to develop in vivo techniques to allow the study of the
Wnt-11 signalling mechanism in the true context of mouse heart development.
6.3

Genomic response to Wnt signalling is highly contextdependent

In an attempt to identify new potential Wnt target genes, we cloned and mapped
the genomic DNA fragments obtained by ChIP from NIH3T3 cells expressing
dominant-positive TCF/β-catenin and performed an Affymetrix GeneChip gene
expression assay from NIH3T3 and PC12 cell cultures induced by Wnt-3a. Both
techniques have their benefits and disadvantages. The ChIP approach provides a
method for detecting potential direct target genes, independent of the level of
mRNA expression, and the isolated DNA tags are mapped against the entire
mouse genome rather than against preselected sequences. In GeneChip assays,
widely used to identify gene expression changes influenced by a certain stimulus,
direct and indirect target genes cannot be distinguished. The detection in
GeneChips depends on a sufficient mRNA expression level, which can be
influenced by factors other than those controlling synthesis, and only the
expression of preselected targets can be determined. However, the ChIP-based
approach does not provide information on whether the identified genes are
activated by the Wnt pathway or whether the TCF binding sites in their regulatory
sequences are functional. To this end, the GeneChip analysis is definitely the best
way to analyze a large number of genes. The ChIP approach used by us is an
alternative to the recently developed ChIP-chip and ChIP-Seq methods. ChIP72

chip identifies the ChIP-enriched DNA fragments by microarray, which also
depends on the preselected sequences. In the more recently introduced and fast
ChIP-Seq method, the ChIP recognized DNA fragments are amplified, and
identical fragment clusters are immobilized and sequenced using a specific
analyzer. However, in both of these technologies specific and costly
instrumentation is necessary. With these techniques it is possible to more quickly
analyze the genome-wide distributions of transcription factor binding sites than
with the approach deployed by us.
Sixty known genes were identified by the ChIP approach as putative direct
Wnt target genes, and these are implicated in a variety of biological processes.
Importantly, eight of them are implicated in Wnt signalling including protein
kinase C (Kuhl et al. 2001), Dab2 (Hocevar et al. 2003), groucho (Gro)/TLE
corepressor (Levanon et al. 1998) and low-density lipoprotein receptor-1, LRP1
(Zilberberg et al. 2004). The identification of these genes, many of which are
reported to be negative regulators of Wnt signaling, is consistent with the
complex feedback regulation of Wnt signalling. Furthermore, 15 out of the 60
identified genes were also identified by the only genome-wide ChIP-chip study
on Wnt/TCF7L2 targets to date (Hatzis et al. 2008). This overlap supports both
studies and suggests that our study may have identified additional direct target
genes. In addition, some other genes of our ChIP screen have been recognized in
other Wnt pathway screens.
The data obtained from the ChIP approach indicate that the TCF binding
motifs can be located long distances upstream of or within the genes that they are
regulating. Intriguingly, the majority of the TCF binding sites are located within
introns, mostly in the first intron. Actually the functional TCF7 binding site in
Axin2 is located in the first intron (Jho et al. 2002), and it has also been reported
that a significant proportion of NF-κB binding to the human genome takes place
in the intronic areas (Martone et al. 2003). More recently it was observed that the
expression of Mxi1-Srα, a member of the Mad/Mxd family of transcriptional
repressors, was induced in the colorectal cell line by FOXO3a transcription factor
and this was mediated by three highly conserved FOXO binding sites within the
first intron of the Mxi1-SR alpha gene (Delpuech et al. 2007). These findings
highlight the importance of analyzing the whole genome when transcription factor
regulatory sequences are searched.
However, the observation of transcription factor binding sites and even
demonstration of TCF binding to them is not sufficient to establish a functional
role for them (Beima et al. 2006, Hearnes et al. 2005, Stevens et al. 2004). Even
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if transcription factors are able to access their binding sites, the mechanisms of
gene expression regulation may be dependent on combinatorial regulation by
other transcription factors or transcriptional activators (Hatsell et al. 2003 and
http://www.stanford.edu/ rnusse/wntwindow.html). In this regard, an interesting
finding was the recent identification of Tnik, a member of the germinal center
kinase family that was found to interact with TCF4 and β-catenin and function as
an essential co-activator of Wnt target genes in mouse intestines and Ls174T
colorectal cancer cells (Mahmoudi et al. 2009). Moreover, it is apparent that the
majority of Wnt target genes are tissue/cell type-specific. Due to these reasons,
additional experimentation is needed to establish a more complete picture of gene
regulation by the Wnt/TCF pathway.
Since Wnts have been proposed to have a significant role in neuronal
development (Ciani & Salinas 2005) and the ChIP assay identified eleven genes
which were expressed during neuronal development as putative direct Wnt
pathway targets, we decided to do an analysis of a panel of these genes, namely,
Ablim-1, Als-2, Clstn-3, Dcx, Odz-2 and Slit-3. Whole-mount in situ hydridization
showed that they are all expressed in the central nervous system during mouse
development, and differential screening showed that their expression was indeed
regulated by the dominant-positive TCF7/β-catenin in ΔP-NIH3T3 cells,
indicating that the TCF binding sites in these genes are of transcriptional
relevance and suggesting that the genes are potential real Wnt/TCF targets.
Affymetrix GeneChip analysis from cells induced by Wnt-3a was done in
order to analyze the global gene expression pattern induced by natural Wnt ligand;
by differential screen or qRT-PCR it would only be possible to analyze a limited
set of genes, and the demonstration of gene expression regulation in cells
overexpressing the dominant-positive transcription factor does not confirm the
regulation of these genes by the Wnt ligand. In order to examine the role of Wnt
signalling in the regulation of neuronal genes further and to study the cell type
specificity of this signalling, the rat pheochromocytoma cell line PC12 was used
in the analysis together with NIH3T3 cells. The GeneChip experiment revealed
that the expression levels of genes controlling a wide variety of developmental
and cellular processes are regulated by the Wnt-3a ligand especially in NIH3T3
cells. The strict cell type specificity of signalling was demonstrated by the almost
entirely different pattern of Wnt-3a-controlled genes observed in the PC12 cells.
Surprisingly, disabled 2 (Dab2) was the only gene found by ChIP that was shown
to be regulated by Wnt-3a in Affymetrix GeneChip analysis, its expression being
elevated in PC12 cells. However, this can be considered a logical finding in light
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of the evidence that both Wnt-3a and Dab2 have been shown to activate Rhoassociated protein kinase and inhibit NGF-dependent neurite outgrowth in PC12
cells (Huang et al. 2007, Kishida et al. 2004).
The differences in the obtained sets of genes between the ChIP approach and
GeneChip analysis can have various explanations. For example, it is very likely
that the forced overexpression of the TCF/β-catenin fusion protein also drives its
binding to sites that are not used in these cell types in vivo. However, many of
these sites may nevertheless be of biological importance in other cellular contexts.
This claim is also substantiated by the differential screening experiment, which
showed that the expression levels of a set of neuronal developmental genes
identified by ChIP were changed in ΔP-NIH3T3 cells. A Similar finding had been
reported in a study which showed that the expression of the transcription factor
PROX1 was directly activated by Wnt signalling in the SW480R colon carcinoma
cell line via a specific TCF/Lef binding site, while no interaction with that site
was observed in SW480A cells of common origin, in which the level of Wnt
signalling is lower but adequate for achieving TCF/Lef binding to a known
binding site in the c-MYC promotor. However, PROX1 expression was also
upregulated in SW480A cells when Lef1-β-catenin fusion protein was
overexpressed (Petrova et al. 2008).
Furthermore, TCF may elicit gene regulation also independently of Wnt
signalling, whereas Wnt-3a likely triggers also non-canonical Wnt signalling
pathways that mediate their effect on gene expression independently of TCFs. The
activation pattern of Wnt signalling targets is known to vary depending on the
type of the inductor and/or the level of regulation in the pathway, the amount of
Wnt ligand and the exposure time used to induce signalling (Ziegler et al. 2005).
Moreover, Wnts are implicated in processes spanning the entire life-span of
animals, having roles ranging from early development to aging (DeCarolis et al.
2008). During that time they affect a great number of cell types and activate
various sets of genes.
It is also obvious that the ChIP assays did not pull down all the relevant
candidates for Wnt signalling targets and many genes may have been missed due
to experimental reasons, which dictate that the ChIP cannot pull down all the
genes in the genome with TCF binding sites. Actually, Hatzis et al. identified a
staggering 6868 TCF7L2 binding sites in the genome of the LS174T colorectal
cancer cell (Hatzis et al. 2008). This means that the DNA sequences containing
TCF binding sites identified by our ChIP approach likely represent only a portion
of the sites in the whole genome. This could also offer a logical explanation for
75

the lack of overlap between the genes in the ChIP approach and GeneChip
analysis. Furthermore, although 92 genes is indeed a great number of putative
TCF target genes identified in one study by one method, the ChIP may also have
randomly pulled down some genes that happen to have TCF binding sites with no
relevance to Wnt signalling.
Hence, it can be concluded that very likely some real target genes of the Wnt
signalling pathway were identified by both approaches. The GeneChip assay
identified a number of well-documented target genes, but also revealed several
interesting novel candidates, many of which are implicated in the regulation of or
cross-talk with the Wnt pathway. An interesting finding was also that there were
about three times more Wnt-3a regulated genes in the NIH3T3 cells compared to
PC12 cells, and it appeared that in NIH3T3 cells there were much more early
developmental genes, the expression of which was changed by Wnt-3a induction.
This could be explained by the fact that NIH3T3 cells are much more primitive
cells compared to the already relatively differentiated PC12 cells and therefore
have their genomes potentially more epigetically open for transcriptional
regulation.
Interestingly, the expression of a few Wnts was also stimulated by Wnt-3a.
Wnt-9a was activated in the NIH3T3 cells and Wnt-5a in the PC12 cells by Wnt3a. Some of the other interesting regulated developmental genes include Insulinlike growth factor binding protein 4 (Igfbp4), that was activated in the NIH3T3
cells and has recently been shown to regulate heart organogenesis by inhibiting
Wnt-3a signalling (Zhu et al. 2008), early growth response 1 (Egr1) transcription
factor, which upregulates TCF7L2 expression (Saegusa et al. 2008), Dickkopf
homolog 2 (Dkk2), which is a well-known antagonist of canonical Wnt signalling
(Niehrs 2006), and the transducin-like enhancer of the split 2 homolog of
Drosophila E(spl) (Tle2), which is a transcriptional corepressor of TCFs (Brantjes
et al. 2001). Actually, Tle1 was identified in our ChIP assay as a TCF7 target.
Egr1 and Dkk2 genes have been identified previously to bind TCF7L2 (Hatzis et
al. 2008, Yochum et al. 2007). Other developmentally interesting Wnt target gene
candidates include Retinol dehydrogenase 10 (all-trans) (Rdh10), Glial cell linederived neurotrophic factor (GDNF), the tumor necrosis factor (ligand)
superfamily, member 9 (Tnfsf9), Patched homolog 1 (Ptch1), Angiopoietin 2,
Kruppel-like factor, Sprouty homolog 4 (Spry4), and insulin receptor substrate 1
(Irs1), from which the two latter ones have been identified previously as a
putative TCF7L2 targets (Hatzis et al. 2008). Interestingly, a recent study found
that Irs1, which actually was the second gene activated by Wnt-3a in both cell
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lines in our study, is activated in the rat kidney epithelial cell line RK3E
expressing the constitutively active form of β-catenin. This was proposed to be
partly via β-catenin/TCF binding to TCF binding sites located in the first intron of
IRS1. It was also shown to be upregulated in many cancers with constitutive
active β-catenin signalling and involved in the malignant transformation of RK3E
cells by β-catenin, suggesting Irs1 is an important gene in cancer development
and progression (Bommer et al. 2010).
Further studies are needed to elucidate whether the genes identified by the
ChIP and GeneChip approaches are actual Wnt pathway targets, in which
cells/tissues or developmental stages they are targets, and whether the genes
identified in the microarray analysis are directly or indirectly regulated by Wnt
signalling. Moreover, the recently identified alternative target transcription factors
of β-catenin such as the FOXOs and the fact that four different TCF gene
isoforms exist, which encode mRNAs that can even be extensively alternatively
spliced producing TCF variants with differential promoter-binding and
transcriptional activation properties (Van de Wetering et al. 1996, Weise et al.
2009), can be part of the explanation for a such a big number of regulated genes
as well as for the striking difference in the regulated genes between different cell
types.
In conclusion, the use of ChIP combined with the GeneChip to identify TCF
binding sites and potential Wnt target genes has provided insight into the
regulation of gene expression by Wnt signalling in different contexts and
highlighted the highly context-dependent nature of the Wnt signalling response.
Moreover, the present results increase our understanding of the complex
regulatory network that is controlled by Wnts during development. Further
studies may help to elucidate the mechanism by which this network is
coordinately controlled. Finally, the Dab2 gene appears to be the most convincing
candidate for a direct Wnt signalling target identified in our study for the
following reasons: 1. two fragments of the Dab2 gene having separate TCF
binding sites were isolated in the ChIP assay, 2. Dab2 expression in PC12 cells
was increased by Wnt-3a when measured using the GeneChip and qRT-PCR, 3.
bioinformatic sequence analysis revealed that the rat Dab2 gene contained 48
TCF binding sequences of which all except one were located in the promoter area
(5 motifs) or in introns, the existence of multiple binding sites being a typical
feature of direct target genes (Hatzis et al. 2008, Yochum et al. 2008), 4. Dab2 is
an endocytic adaptor molecule that negatively regulates Wnt signalling by
interacting with and stabilizing Axin, another negative regulator of Wnt signalling
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(Jiang et al. 2008) making Dab2 a logical target of the Wnt pathway that may
form an interacting pair with Axin to mediate the negative feedback regulation of
Wnt signalling. Moreover, Dab2 is involved in processes such as regulation of
cell proliferation and differentiation as well as integrin-mediated cell adhesion, all
functions suitable for a putative Wnt signalling target (Hocevar et al. 2001,
Huang et al. 2004).
6.4

Conclusions

This thesis presented results from studies in which signalling mechanisms
regulated by Wnt-11 were examined in a mammalian model cell line, its role in
heart development analyzed by the loss-of-function approach and new candidates
for Wnt signalling target genes identified by direct chromatin
immunoprecipitation screens combined with Affymetrix GeneChip assays from
cells treated with Wnt-3a ligand.
The study revealed that Wnt-11 signalling coordinates the activities of at least
four pathways, namely the canonical Wnt/β-catenin, the JNK/AP-1, the Akt and
the NF-κB pathways in CHO cells, thus serving as a “non-canonical” Wnt ligand
in this system. Interestingly, the activities of the Wnt/β-catenin, the JNK/AP-1
and the NF-κB pathways were downregulated as a result of Wnt-11 signalling, the
effect on the JNK/AP-1 pathway maybe being the most interesting and
unexpected in light of the earlier research in the field. The inhibitory effect on the
JNK/AP-1 pathway by Wnt-11 may involve activites of the protein kinases Akt
and PKC. At the cellular level, Wnt-11 signalling increased cell viability. These
results may have relevance for development as well as for diseases such as cancer
and rheumatoid arthritis since the study demonstrated effects by Wnt-11 on the
signalling pathways that are known to be involved in the progression of these
disease conditions, and increased viability of the Wnt-11 expressing cells. Hence,
it can be proposed that Wnt-11 could function as a tumor suppressor and antiinflammatory type of molecule in some disease conditions.
Analysis of the Wnt-11-deficient embryos revealed a crucial role for Wnt-11
in heart organogenesis. Wnt-11 appears to function by controlling spatial
assembly of the cardiomyocytes during assembly of the myocardial wall by
patterning the expression of the cell adhesion components N-cadherin and ßcatenin to specific domains of the differentiating cardiomyocytes. The lack of
Wnt-11 signalling leads to disarray in the organization of the developing
ventricular cardiomyocytes in the ventricular wall, which probably lies behind the
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embryonic cardiac diastolic dysfunction seen in the Wnt-11 knockout embryos.
The diastolic failure at midgestation, when the embryonal heart needs to improve
its function to accomplish adequate blood circulation for the rapidly growing
embryo, is the likely reason for the embryonic lethality of the Wnt-11 knockout
embryos.
Finally, analysis of the Wnt target genes revealed multiple new candidates for
Wnt signalling target genes and exposed the highly context-dependent profile of
the Wnt-regulated genes as well as led to the identification of Disabled-2 as a
potential new direct target for Wnt signalling.
Collectively, mammalian Wnt-11 behaves as a non-canonical Wnt and is
critical in the coordination of heart development by controlling cell-cell adhesion.
All of the presented studies contain novel findings in the field and especially
some of the Wnt-11 signalling responses detected were somewhat unexpected.
The role of Wnt-11 in ventricular myocardium assembly was also a novel
discovery. Finally, the work highlighted that the genomic responses elicited by
even the same Wnt ligand can differ almost completely between two separate cell
lines. Just quite recently it has emerged that Wnts are implicated in processes
spanning the entire lifespan of animals, having roles ranging from early
development to aging. Moreover, deregulated Wnt pathways have been shown to
be involved in cancer and a number of other disease conditions. That said, the
results of this thesis are likely of general interest and have laid the ground for
future investigations.
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