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Summary

In slightly over a period of twenty years, our comprehension of the cellular and molecular
mechanisms that govern the Wnt signaling pathway continue to unfold. The Wnt proteins were
initially implicated in viral carcinogenesis experiments associated with mammary tumors, but since
this period investigations focusing on the Wnt pathways and their transmembrane receptors termed
Frizzled have been advanced to demonstrate the critical nature of Wnt for the development of a
variety of cell populations as well as the potential of the Wnt pathway to avert apoptotic injury. In
particular, Wnt signaling plays a significant role in both the cardiovascular and nervous systems
during embryonic cell patterning, proliferation, differentiation, and orientation. Furthermore,
modulation of Wnt signaling under specific cellular influences can either promote or prevent the
early and late stages of apoptotic cellular injury in neurons, endothelial cells, vascular smooth muscle
cells, and cardiomyocytes. A number of downstream signal transduction pathways can mediate the
biological response of the Wnt proteins that include Dishevelled, B-catenin, intracellular calcium,
protein kinase C, Akt, and glycogen synthase kinase-3p. Interestingly, these cellular cascades of the
Whnt-Frizzled pathways can participate in several neurodegenerative, vascular, and cardiac disorders
and may be closely integrated with the function of trophic factors. Identification of the critical
elements that modulate the Wnt-Frizzled signaling pathway should continue to unlock the potential
of Wnt pathway for the development of new therapeutic options against neurodegenerative and
vascular diseases.
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Introduction

Whnt proteins, derived from Drosophilia Wingless (Wg) and the mouse Int-1 genes, represent
a large family of secreted cysteine-rich glycosylated proteins. This novel family of proteins
are intimately involved in cellular signaling pathways that play a role in a variety of processes
that involve embryonic cell patterning, proliferation, differentiation, orientation, adhesion,
survival, and apoptosis (Nusse and Varmus, 1982; Melkonyan et al., 1997; Wodarz and Nusse,
1998; Smalley and Dale, 1999; Patapoutian and Reichardt, 2000; Chong and Maiese, 2004;
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Nelson and Nusse, 2004). Until recently, nineteen of the twenty-four Wnt genes that express
Whnt proteins have been identified in the human. In addition, more than eighty target genes of
Whnt signaling pathways also have been demonstrated in human, mouse, Drosophilia, Xenopus,
and Zebrafish. This representation encompasses several cellular populations, such as neurons,
cardiomyocytes, endothelial cells, cancer cells, and pre-adipocytes.

Whnt binds to Frizzled transmembrane receptors on the cell surface to activate downstream
signaling events. These involve at least two intracellular signaling pathways with two that are
considered of particular importance. One pathway controls target gene transcription through
fB-catenin, generally referred to as the canonical pathway that involves Wnt1, Wnt3a, and Wnt8
and functions through p-catenin-dependent pathways. Another pathway pertains to
intracellular calcium (Ca2*) release which is termed the non-canonical or Wnt/Ca2* pathway
consisting primarily of Wnt-4, Wnt-5a, and Wnt-11 that functions through non-p-catenin-
dependent pathways, such as the planar cell polarity (PCP) pathway (Nusse, 1999; Salinas,
1999; Patapoutian and Reichardt, 2000; Tada and Smith, 2000) and the Wnt-Ca?*-dependent
pathways (Slusarski et al., 1997; Nusse, 1999; Salinas, 1999; Kuhl et al., 2000; Patapoutian
and Reichardt, 2000; Katoh, 2002). Recent work has illustrated that eleven members of the
Frizzled transmembrane receptors have been identified in the human and mouse genomes that
encode for seven-pass transmembrane domain-containing serpentine receptor proteins (Nelson
and Nusse, 2004). If one examines the Wnt-Frizzled signaling transduction pathway, it
becomes evident that these pathways play critical roles during embryonic, non-vertebrate and
vertebrate development as well as tumorigenesis (Dale, 1998; Kawakami et al., 2001; Lustig
and Behrens, 2003).

Multiple studies have shown the importance of Wnt-Frizzled transduction pathway in
controlling the pattern of the body axis as well as the development and maturation of the central
nervous system (Augustine etal., 1993; lkeyaetal., 1997; Salinas, 1999; Wheeler and Hoppler,
1999; Melton et al., 2004), cardiovascular system (Park et al., 1996; Wheeler and Hoppler,
1999; van Gijn et al., 2001), and the limbs (Kengaku et al., 1997). During embryological
development, alternations of the Wnt-Frizzled pathway can lead to abnormal morphogenesis
in animal models (Stark et al., 1994; Ikeya et al., 1997; Liu et al., 1999) and congenital defects
in humans (Jordan et al., 2001; Rodova et al., 2002; Niemann et al., 2004). In mature tissues,
the Wnt-Frizzled pathway is involved in the self-renewal of stem cells and may be responsible
for the maintenance of many normal tissues (Ross et al., 2000; Reya et al., 2003; Willert et al.,
2003; He et al., 2004). Studies have revealed that dysfunction of the Wnt-Frizzled pathway
can lead to neurodegenerative disorders, such as Alzheimer’s disease (Anderton, 1999; Grilli
etal., 2003; Maiese and Chong, 2004; Chong et al., 2005d) and heart failure (Schumann et al.,
2000; Hag et al., 2001; van Gijn et al., 2002). This paper will focus upon the Wnt protein and
its receptor, the Wnt-Frizzled signaling pathway and components, and the significant role of
the Wnt-Frizzled signaling pathway during cellular survival and injury in a broad array of cells
that involve neuronal, endothelial, and cardiac cell populations.

The structure and function of Wnt proteins and their receptors

Though they can show varying degrees of sequence identity, the molecular structural
characteristics that all Wnt proteins share involve the 39-46kDa lipid-modified secreted
glycoproteins containing 350-400 amino acids, with a highly conserved pattern of 23-24
cysteine residues and several asparagines-linked glycosylation sites (Nusse and Varmus,
1992; Miller, 2002). Yet, some of Wnt proteins have an additional domain, such as the
Drosphila Wg that contains an 85-amino acid domain near the center of protein (Nusse and
Varmus, 1992).
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Several members of Wnt proteins have been identified to control proliferation, differentiation,
and death of various cells. The cell populations can include stem cells as well as the
development of various tissues that in the nervous and cardiovascular systems (Table 1). Early
studies have demonstrated that ecotopic expression of specific Wnt genes in Xenopus embryos
can result in distinct phenotypes. In the C57MG mouse, transient expression of Wnt1, Wnt2
and Wnt3a in mammary epithelial cells can cause morphological transformation while the other
Whnt proteins have little effect on cell morphology (Wong et al., 1994). In addition, in
Xenopus embryos, the injection of Wnt1, Wnt3a and Wnt8 into the ventral blastomeres of four-
cell embryos can lead to duplication of the body axis, but the overexpression of Wnt4, Wnt5a
and Wnt11 genes can interfere with morphogenetic movement without inducing axis
duplication (Smith and Harland, 1991;Sokol et al., 1991;Christian et al., 1992;Moon et al.,
1993;Wolda et al., 1993).

As aresult, Wnt proteins are generally divided into two functional classes based on their ability
to induce a secondary body axis in Xenopus embryos and to activate certain signaling cascades
that consist of the Wnt1 class and the Wnt5a class. The members of the Wnt1 class are inducers
of asecondary body axis in Xenopus and include Wnt1, Wnt2, Wnt3, Wnt3a, Wnt8 and Wnt8a.
Whnt proteins of this class facilitate activation of the Frizzled transmembrane receptor and the
co-receptor lipoprotein related protein 5 and 6 (LRP-5/6). Ultimately, this leads to the
activation of the typical canonical Wnt/B-catenin pathway. The Wnt5a class cannot induce
secondary axis formation in Xenopus and includes the Wnt proteins of Wnt4, Wnt5a, Wnt5b,
Wnt6, Wnt7a and Wntl11. These Wnt proteins bind the Frizzled transmembrane receptor to
activate heterotrimeric G proteins and increase intracellular calcium levels. Alternatively, they
can induce Rho-dependent changes in the actin cytoskeleton. Several recent studies also have
shown that the different subsets of Wnt proteins can contribute to distinct physiological changes
through triggering various intracellular pathways (Heisenberg et al., 2000; Tada and Smith,
2000; Winklbauer et al., 2001; Hsieh, 2004).

The main receptors of the Wnt proteins consist of at least 10 family members termed the
Frizzled proteins after the first member, Drosophila tissue polarity gene | (Vinson et al.,
1989; Adler et al., 1990). All members of the Frizzled protein family share the following
characteristics: a N-terminal signal peptide, an extracellular domain that contains a 120-amino
acids, a cysteine-rich domain followed by a hydrophilic linker region that shows little sequence
similarity among family members, a highly conserved seven-transmembrane domain separated
by short extracellular and cytoplasmic loops, and a cytoplasmic domain of variable size and
little sequence homology among family members (Vinson etal., 1989; Adler et al., 1990; Wang
et al., 1996; Wodarz and Nusse, 1998; Hsieh, 2004). Some Wnt proteins, such as Wnt8, can
directly bind with the full-length Frizzled receptor protein. A single Wnt protein also can bind
to acombination of Frizzled receptor proteins, including homologous members from a different
species (Bhanot et al., 1996; Hsieh et al., 1999; Hsieh, 2004). The Wnt proteins bind to the
activity sites of Frizzled receptor proteins that are relevant to either the canonical and non-
canonical Wnt-Frizzled signaling pathways leading to specific biological functions.
Interestingly, the Frizzled cysteine-rich domain also exists in several other proteins that include
the soluble secreted Frizzled-related proteins (Finch et al., 1997; Leyns et al., 1997; Mayr et
al., 1997; Melkonyan et al., 1997; Rattner et al., 1997; Wang et al., 1997a,b; Ellies et al.,
2000; Jones et al., 2000), some receptors of tyrosine kinases (Jennings et al., 1993; Wilson et
al., 1993; Glass et al., 1996), carboxypeptidase Z (Song and Fricker, 1997), the membrane-
bound serine protease Corin (Yan et al., 1999), and an isoform of collagen (Rehn and
Pihlajaniemi, 1995). These proteins appear to function as important regulators during Wnt-
Frizzled signaling. For example, the soluble secreted Frizzled-related proteins have been found
to function as antagonists of the Wnt-Frizzled signaling pathway when ectopically expressed
in Xenopus embryos (Finch et al., 1997; Leyns et al., 1997; Wang et al., 1997a,b; Xu et al.,
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1998; Ellies et al., 2000; Jones et al., 2000). In addition, the carboxypeptidase Z has been
identified to modulate Wnt 4a activity through its cysteine-rich domain (Hsieh, 2004).

In addition to the Frizzled protein receptors, other obligate co-receptors also are necessary for
canonical Wnt-Frizzled signaling pathway. An additional single-pass transmembrane protein
named as LRP-5/6 from the low-density-lipoprotein receptor family is required for this process
(Pinson et al., 2000; Tamai et al., 2000; Wehrli et al., 2000). In the canonical Wnt-Frizzled
signaling pathway, Wnt binds to both the Frizzled transmembrane receptor and the co-receptor
LRP-5/6 (Wehrli et al., 2000) resulting in the inhibition of the downstream component
glycogen synthase kinase-3f (GSK-3p) (Ikeda et al., 1998; Papkoff and Aikawa, 1998). More
recent studies also have suggested that the Wnt signaling can be transmitted through the binding
of extracellular domain of LRP-5/6 to Axin, a key component in the GSK-3p complex,
indicating that the LRP-5/6 receptor is an important part of the Wnt-Frizzled signaling pathway
(Mao et al., 2001; Tolwinski et al., 2003).

Another newly identified co-receptor for the canonical and non- canonical Wnt-Frizzled
signaling pathway is Ryk that belongs to one of divergent members of the receptor tyrosine
kinase family. Ryk not only can form a complex with Frizzled proteins such as the co-receptor
LRP-5/6 resulting in activation of the canonical Wnt-Frizzled signaling pathway, but also can
regulate the non-canonical Wnt-Frizzled signaling pathway through Frizzled-independent
pathways (Cheyette, 2004; Bejsovec, 2005). At this time, a single Ryk gene in mammals, one
Ryk gene in the nematode C. elegans (Inoue et al., 2004; Deshpande et al., 2005), and three
Ryk genes in Drosophila (Yoshikawa et al., 2003) have been identified in an atypical receptor
tyrosine kinase family. The molecular structure of all Ryk genes is characterized by an
extracellular domain with homology to Wnt inhibitory factor-1 (WIF1), a single
transmembrane-spanning sequence to which Wnt proteins bind (Schneider et al., 1999; Patthy,
2000). In addition, a conserved intracellular PDZ-binding motif exists which links Ryk to
downstream molecules of Wnt-Frizzled signaling pathway, such as Dishevelled (Cheyette,
2004; Lu et al., 2004; Bejsovec, 2005).

Whnt proteins can bind to the extracellular domain of the Ryk receptor through the intracellular
PDZ-binding domain in the Ryk receptor to result in regulating cell proliferation,
differentiation, migration, polarity, survival, and death through either the canonical or the non-
canonical Wnt-Frizzled signaling pathway. As an example, mammalian Ryk can function as a
co-receptor with Frizzled to bind to Wnt1 and Wnt3a through its WIF domain and interact with
Dishevelled via its PDZ domain resulting in the stimulation of neurite outgrowth (Lu et al.,
2004). Furthermore, in C. elegans, Wnt proteins can employ Frizzled encoded by lin-17 and
Ryk encoded by lin-18 to regulate cell fate during C. elegans vulval development (Inoue et al.,
2004; Deshpande etal., 2005). In the Drosophila embryonic nervous system, Wnt5 specifically
binds to the Derailed receptor that is a member of the Ryk receptor subfamily to mediate axonal
guidance (Yoshikawa et al., 2003).

The Wnt-Frizzled Signaling Pathway

The Wnt-Frizzled signaling pathway includes the canonical Wnt signaling pathway and the
non-canonical Wnt signaling pathway, the latter consisting of the Wnt/PCP pathway and the
Wnt/Ca2* pathway. Upon binding to either the Frizzled receptor or a receptor complex
consisting of Frizzled and LRP5/6, Wnt protein can activate one of three different signaling
cascades. These cascades include the canonical Wnt signaling pathway (Rattner et al., 1997;
Nusse, 1999), the Wnt/PCP pathway (Rattner et al., 1997; Nusse, 1999; Veeman et al.,
2003), or the Wnt/Ca2* pathway (Slusarski et al., 1997; Nusse, 1999; Salinas, 1999; Kuhl et
al., 2000; Patapoutian and Reichardt, 2000; Katoh, 2002). Each of pathways, although distinct,
appears to be transduced initially through Dishevelled, a cytoplasmic multifunctional
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phosphoprotein (Axelrod et al., 1998; Boutros et al., 1998; Boutros and Mlodzik, 1999). Yet,
the ultimate response to Wnt-Frizzled interaction will most probably depend upon cellular
context at that time (Ilyas, 2005). In mammals, the Dishevelled protein family members
contains Dishevelled-1, Dishevelled-2, Dishevelled-3 in all organs. These family members
have three highly conserved domains that include an N-terminal DIX domain named for
Dishevelled and Axin, a central PDZ domain termed for Postsynaptic density-95, Discs-large
and Zonula occludens-1, and a C-terminal DEP that is named for Dishevelled, Egl-10 and
Pleckstrin (Wharton, 2003; Habas and Dawid, 2005). At the level of Dishevelled, the Wnt
signaling pathway can be separated along one of three different cascades that are dependent
upon the three highly conserved domains of Dishevelled. As a result, Dishevelled is a key
transducer of the Wnt signal that acts at the plasma membrane or in the cytoplasm in all three
Whnt-Frizzled signaling pathways. However, new work has suggested that Dishevelled also
acts within the nucleus and nuclear location of Dishevelled is essential for its function in the
Whnt-Frizzled signaling pathway (ltoh et al., 2005; Weitzman, 2005).

The canonical Wnt signaling pathway

The canonical Wnt signaling pathway is considered to be a typical Wnt-Frizzled signaling
pathway. It is also referred to as the Wnt/p-catenin-dependent signaling pathway or the Wnt/
B-catenin pathway since it can regulate B-catenin protein levels to control the activation of
Whnt-responsive target genes. The majority of Wnt proteins activate gene transcription through
this signaling pathway controlled by B-catenin. In general, all Wnt signaling pathways are
initiated by interaction of Wnt proteins with Frizzled receptors, but in this pathway, the Wnt
signaling pathway will only be activated if the binding of the Wnt protein to the Frizzled
transmembrane receptor takes place in the presence of the co-receptor LRP-5/6 (Pinson et al.,
2000; Wehrlietal., 2000; Mao etal., 2001) resulting in the formation of a Wnt-Frizzled-LRP5/6
trimolecular complex. Once Wnt protein binds to the Frizzled transmembrane receptor and the
co-receptor LRP-5/6, this is followed by recruitment of Dishevelled. Dishevelled is
phosphorylated by casein kinase le to form a complex with Fratl and inhibit GSK-3p activity
(Ikeda et al., 1998; Papkoff and Aikawa, 1998; Lee et al., 1999; Kishida et al., 2001; Lee et
al., 2001). In addition, the formation of the Wnt-Frizzled-LRP5/6 complex also promotes the
LRP5/6-mediated degradation of Axin (Mao et al., 2001).

As a result, the combined inhibition of GSK-3 activity with the degradation of Axin blocks
the formation of the protein complex consisting of GSK-3p, Axin, and adenomatous polyposis
coli (APC) tumor suppressor protein. Yet, during the absence of Wnt signaling, B-catenin is
associated with the protein complex of GSK-3B, Axin and APC tumor suppressor protein. -
catenin is phosphorylated by activation of GSK-3p leading to its ubiquitination and subsequent
degradation by proteosomes (Aberle et al., 1997; Hart et al., 1999; Latres et al., 1999; Winston
et al., 1999; Patapoutian and Reichardt, 2000). As a result, B-catenin cannot translocate into
the nucleus and physically bind to DNA in order to activate the transcription of its target genes.
In the absence of B-catenin in the nucleus, the T cell factor (Tcf) and lymphocyte enhancer
factor (Lef) (Tcf/Lef) family members are associated with transcriptional inhibitors, such as
Groucho (Cavallo et al., 1998; Roose et al., 1998).

However, without the formation of the protein complex of GSK-3p, Axin and APC tumor
suppressor protein, phosphorylation of B-catenin with its subsequent degradation does not
occur and the accumulation of free B-catenin results for translocation to the nucleus (Cavallo
etal., 1998; Ikeda et al., 1998; Roose et al., 1998; Akiyama, 2000). Once positioned in the
nucleus, the free B-catenin acts as a transcription factor and activates Tcf and Lef by forming
nuclear complexes with members of the Tcf/Lef transcription factor family (Ishitani et al.,
2003). This leads to the transcription and expression of a variety of Wnt-responsive target genes
such as c-Myc (He et al., 1998), cyclin D1 (Nusse, 1999; Shtutman et al., 1999; Tetsu and
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McCormick, 1999), and Axin 2 (Jho etal., 2002; Lustig etal., 2002). In addition, the complexes
of Tcf/Lef and B-catenin may cooperate with factors activated by other signaling pathways to
alter cellular remodeling processes. Therefore, the Wnt/B-catenin pathway affects a broad array
of cellular functions and regulates cell fate, proliferation, differentiation, adhesion, and survival
through increased B-catenin levels with gene modulation via Tcf/Lef transcription factors
(Behrens et al., 1996).

The canonical Wnt signaling pathway also is activated by several other cellular mechanisms.
The shifting of proteins from the cadherin-bound pool to the cytoplasmic pool can increase the
amount of available free B-catenin for the activation of target genes. Several receptor tyrosine
kinases can phosphorylate tyrosine residues of the p-catenin and cadherin-catenin complex to
allow B-catenin to become dissociated from the complex and increase the amount of -catenin
in the cytoplasm for subsequent translocation to the nucleus (llyas, 2005). Furthermore, surface
receptors, such as epidermal growth factor receptor, c-RON and cErbB2, can then stimulate
the canonical Wnt signaling pathway (Bonvini et al., 2001; Danilkovitch-Miagkova et al.,
2001; Graham and Asthagiri, 2004). In addition, the insulin-like growth factor causes tyrosine
phosphorylation and B-catenin stabilization (Playford et al., 2000). Integrin-linked kinase also
can activate the canonical Wnt signaling pathway through the inhibition of GSK-3 and cAMP-
responsive element-binding protein-dependent pathway (D’Amico et al., 2000).

The Non-Canonical Wnt signaling pathway

The non-canonical Wnt signaling pathway, also termed the atypical Wnt-Frizzled signaling
pathway, has two intracellular signaling cascades that consist of the Wnt/Ca?* pathway and
the Wnt/PCP pathway. In the Wnt/Ca2* pathway, Wnt protein binds to Frizzled transmembrane
receptors on the cell surface resulting in several cellular processes that involve stimulation of
heterotrimeric G proteins, increased intracellular Ca?* release, decreased cyclic guanosine
monophosphate (cGMP) levels, and activation of the two kinases Ca2*-calmodulin-dependent
protein kinase I (CamKII) or calcineurin (CaCN) and protein kinase C (PKC). These processes
can stimulate nuclear factor (NF)-AT and other transcription factors (Veeman et al., 2003;
Wang and Malbon, 2003; Kuhl, 2004). Thus, the Wnt/Ca2* pathway is most likely a G-protein
dependent signaling pathway (Kuhl et al., 2000; Kuhl, 2004; Wang and Malbon, 2004). In the
Wnt/PCP pathway, Wnt proteins bind to Frizzled transmembrane receptors on the cell surface
followed by activating Rho/Rac small GTPase (Habas et al., 2003) and Jun N-terminal kinase
(JNK) (Moriguchi et al., 1999) to assist in the subsequent regulation of cytoskeletal
organization and gene expression (Moulin and Widmann, 2004).

It is important to note that several of the downstream proteins identified in the Wnt-Frizzled
signaling pathway can independently function with proteins from other cellular systems. For
example, Dishevelled is able to directly regulate JINK activity (Li et al., 1999) in addition to
GSK-3p (Boutros et al., 1998). Free B-catenin also can form a complex with a-catenin and
members of cadherins family to function as a structural adaptor protein linking cadherins to
the actin cytoskeleton in cell-cell adhesion processes (Jamora and Fuchs, 2002; Nelson and
Nusse, 2004). Association with cadherins can effectively sequester B-catenin from the
cytoplasmic pool that is responsive to Wnt-Frizzled signaling (Fagotto et al., 1996; Sadot et
al., 1998; Simcha et al., 1998). Therefore, the modulation of cadherin expression and function
can indirectly regulate the Wnt-Frizzled signaling pathway through B-catenin. Because both
cadherins and Wnt proteins have been demonstrated to regulate aspects of synapse formation,
the interaction between these proteins also may play a critical role in the development of
nervous system (Hall et al., 2000; Patapoutian and Reichardt, 2000; Tanaka et al., 2000).
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Wnt signaling and cellular development in neuronal and vascular systems

The Wnt-Frizzled signaling pathway plays an important role in the biology of the development
of the nervous system. In particular, the Wnt-Frizzled signaling pathway is involved in the
development of the neural plate with neuronal progenitor cells and with the subsequent
anterior-posterior extension of the neural tube. Ultimately, the Wnt-Frizzled signaling pathway
leads to the development of the brain, spinal cord, and the extension of numerous sub-
populations of sensory and motor neurons.

Several studies have demonstrated that the Wnt-Frizzled signaling pathway can regulate a
number of patterning events during development of nervous system. In Xenopus embryos, the
Whnt-Frizzled signaling pathway has been shown to activate neuronal development through
inhibition of the expression of bone morphogenetic protein (BMP) 4 (Baker et al., 1999). Yet,
the inhibition of BMP alone is insufficient to account for neural crest induction in Xenopus.
Other BMPs also play a role during the development of nervous system. BMP 5 is involved in
dorsal specification, which may play an important role in dorsal-ventral patterning of the
developing brain which is ultimately under control of the Wnt-Frizzled signaling pathway
(Golden et al., 1999; Ellies et al., 2000). Other work has revealed that BMP and a Wnt-BMP
signaling loop controls cell proliferation, migration, and axonal guidance of neurons in the
developing nervous system (Yeo and Gautier, 2004; Chizhikov and Millen, 2005). It also
appears that blockade of Wnt8 function, as shown by overexpression of a dominant negative
Whnt8, can inhibit the expression of neural crest markers, suggesting that the Wnt-Frizzled
signaling pathway also is necessary for neural crest induction (LaBonne and Bronner-Fraser,
1998; Lewisetal., 2004). Other studies that employ gain-and loss-of-function for Wnt signaling
have demonstrated that the Wnt-Frizzled signaling pathway plays a critical role either in neural
crest induction or in the specification of the neural crest competence territory (Bastidas et al.,
2004).

The canonical Wnt -Frizzled signaling pathway appears to be required for anterior neural
patterning in studies with Xenopus embryos (Kiecker and Niehrs, 2001). Xldax, an inhibitor
of the canonical Wnt -Frizzled signaling pathway, can reduce the expression of anterior neural
markers, indicating that the canonical Wnt -Frizzled signaling pathway is crucial for the
anterior neural development in Xenopus (Michiue et al., 2004). Interestingly, the co-expression
of Wntl and Wnt3a may be necessary for the development of the dorsal neural tube since loss
of these two Whnt proteins results in fewer dorsal lateral neural precursors, suggesting that the
Whnt-Frizzled signaling pathway plays a vital role in regulating dorsal neural patterning (lkeya
et al., 1997; Muroyama et al., 2002; Chizhikov and Millen, 2005).

In fact, several cellular proteins in the Wnt -Frizzled signaling pathway that have been shown
to be involved in the dorsal-ventral patterning of the neural tube also directly regulate patterning
of the telencephalon (Grove and Tole, 1999) and also can contribute to forebrain patterning in
the developing brain (Braun et al., 2003; Abu-Khalil et al., 2004). For example, Wnt 3a, Wnt
5a, and Wnt 2b contribute to the development of the cortical hem which forms the boundary
between the hippocampus and choroids plexus in the embryonic cerebral cortex (Grove et al.,
1998; Lee et al., 2000). Wnt genes, genes encoding Frizzled Wnt receptors, or secreted
Frizzled-related proteins and Tcf/Lef-1 transcription factors, also are expressed in postnatal
mouse cerebral cortex lasting into young adulthood, further indicating that the Wnt/p-catenin
signaling pathway represents a major cortical input during embryonic brain development
(Shimogori et al., 2004).

The Wnt -Frizzled signaling pathway also functions as a regulator of specific precursor

populations in the developing brain. Ectopic expression of Wnt1 can strongly induce
overproliferation of precursor cells in the caudal midbrain during midgestation. Yet, in the
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mature organism, Wnt 1 exhibits a cell size promoting effect specifically on neurons,
suggesting modulation of the development process during different periods of gestation by the
same Whnt protein (Panhuysen et al., 2004). Additional work also demonstrates that
autoregulation of canonical Wnt/B-catenin signaling pathway can control midbrain
development through the expression of transcription factor Tcf-4 isoforms that require Wnt2b,
but also control Wnt2b (Kunz et al., 2004). It also is clear that Lef1/Tcf proteins regulate the
generation of dentate gyrus granule cells and the development of the hippocampus (Galceran
etal., 2000). Mouse embryos homozygous for a Lef1-lacZ fusion gene, which encodes a protein
that not only is deficient in DNA binding, but also interferes with p-catenin-mediated
transcriptional activation by other Lef1/Tcf proteins, are absent of the hippocampal structure.
Recent studies further demonstrate roles for Dishevelled, Rac, and JNK signaling pathways
during neuronal development. Wnt7f and Dishevelled can activate Rac and JNK signaling
pathways to promote dendritic branching growth in cultured hippocampal neurons, since
application of dominant-negative Rac, administration of dominant-negative JNK, or inhibition
of JNK activity can inhibit Dishevelled-mediated dendritic growth (Rosso et al., 2005). These
multiple studies illustrate that the Wnt -Frizzled signaling pathway can employ p-catenin and
Lefl/Tcf transcription factors to control the proliferation and differentiation of almost all cells
of nervous system. The Wnt -Frizzled signaling pathway regulates the development of the
nervous system through multiple cell populations that can involve neural stem cells (Bronner-
Fraser, 2004; Hirabayashi et al., 2004; Lee et al., 2004; Muroyama et al., 2004), cortical and
hippocampal neurons (Patapoutian and Reichardt, 2000; Machon et al., 2003), dopaminergic
neurons (Castelo-Branco et al., 2003), and sensory neurons (Bronner-Fraser, 2004; Lee et al.,
2004).

In consideration of the extensive involvement of the Wnt system during development of the
brain, it should come as no surprise that Wnt proteins also have a significant role in the vascular
system. In work that has examined p-catenin expression in the avian mesonephros, a transitory
embryonic kidney that is used in the study of vascular development and degeneration,
degenerating mesonephros and glomerular capillary tufts had significantly depressed B-catenin
expression. Thiswas in contrast to viable cells with prominent B-catenin expression, suggesting
that B-catenin expression was linked to remodeling of the vascular system (Nacher et al.,
2005). Other studies show that targeted disruption of LRP-5, a Wnt co-receptor, results in
persistent embryonic eye vascularization, further supporting a role for Wnt during postnatal
vascular regression (Katoh, 2002). In regards to cardiac development, it has been shown that
conditional targeting of APC, a protein that can down-regulate intracellular levels of -catenin,
in the neural crest yields apoptosis of cardiac neural crest cells, resulting in cardiac anomalies
atbirth (Hasegawa et al., 2002). This work suggests that Wnt signaling and B-catenin is required
for proper development of cardiac tissue. Several studies also provide support for the ability
of the Wnt system through GSK-3p to regulate cardiac development and hypertophy (Hardt
and Sadoshima, 2002). Additional studies demonstrate that Wnt 11 can promote
cardiomyogenic differentiation of human circulating endothelial progenitor cells through
activating the non-canonical PKC-dependent signaling pathway (Koyanagi et al., 2005).

Control of apoptotic pathways by Wnt signaling

Apoptosis, also termed programmed cell death, is considered to be an active component of cell
death that contributes to neuronal, myocardial and vascular destruction. Apoptosis, along with
the proliferation and differentiation of cells, has long been recognized to play an important role
in processes such as tissue homeostasis and morphogenesis during normal vertebrate
development. During the development of the nervous system, the neurotrophic apoptosis that
occurs within undifferentiated and differentiated cells has served as a paradigm to illustrate
the importance of apoptosis for the normal development of nervous system (Yeo and Gautier,
2004). Dysfunctions in the regulation or execution of apoptosis are implicated in a wide range
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of developmental abnormalities and diseases (Maiese and Chong, 2004; Mattson, 2004).
Apoptosis also serves as a central pathway that can lead to a cell’s demise in a variety of tissues
and has recently been identified in organisms as diverse as plants (Hatsugai et al., 2004).

Apoptosis consists of membrane phosphatidylserine (PS) exposure and DNA fragmentation
(Maiese etal., 2004) (Fig. 1). Apoptotic injury is believed to contribute significantly to a variety
of disease states that especially involve the nervous system such as cerebral ischemic disease,
Alzheimer’s disease, and trauma (Chong et al., 2004b; Doonan and Cotter, 2004; Ferretti,
2004; Koyama and lkegaya, 2004; Li et al., 2004a). Outside of the nervous system, such as
during cardiovascular injury, apoptosis also may be a significant precipitant of cell death
(Maiese, 2001; Maiese and Chong, 2003), since ischemic injury has been shown to result in
apoptosis in cardiomyocytes (Cai et al., 2003).

As an early event in the dynamics of cellular apoptosis, PS exposure may be required for
embryogenesis (Bose et al., 2004). Yet, in mature tissues, membrane PS externalization can
become a signal for the phagocytosis of cells (Hong et al., 2004; Chong et al., 2005a) (Fig. 1).
In the nervous system, cells expressing externalized PS may be removed by microglia (Lin and
Maiese, 2001; Li et al., 2004b). An additional role for membrane PS externalization in the
vascular cell system is the activation of coagulation cascades (Chong et al., 2002b, 2004a).
The externalization of membrane PS residues in endothelial cells (ECs) can promote the
formation of a procoagulant surface (Bombeli et al., 1997) (Fig. 1).

In contrast to the early externalization of membrane PS residues, the cleavage of genomic DNA
into fragments is considered to be a delayed event that occurs late during apoptosis (Dombroski
etal., 2000; Maiese and Vincent, 2000; Jessel et al., 2002; Kang et al., 2003b). Several enzymes
responsible for DNA degradation have been differentiated based on their ionic sensitivities to
zinc (Torriglia et al., 1997) and magnesium (Sun and Cohen, 1994). Calcium, a critical
independent component that can determine cell survival (Weber, 2004), also may determine
endonuclease activity through calcium/magnesium - dependent endonucleases such as DNase
I (Madaio et al., 1996). Other enzymes that may degrade DNA include the acidic, cation
independent endonuclease (DNase I1) (Torriglia et al., 1995), cyclophilins (Montague et al.,
1997), and the 97 kDa magnesium-dependent endonuclease (Pandey et al., 1997). In the
nervous system, three separate endonuclease activities are present that include a constitutive
acidic cation-independent endonuclease, a constitutive calcium/magnesium-dependent
endonuclease, and an inducible magnesium dependent endonuclease (Vincent and Maiese,
1999b). The physiologic characteristics of the magnesium dependent endonuclease, such as a
pH range of 7.4-8.0, a dependence on magnesium, and a molecular weight of 95-108 kDa, are
consistent with a recently described constitutive 97 kDa endonuclease in non-neuronal tissues.

Oxidative stress can lead to apoptosis in neurons, ECs, cardiomyocytes, and smooth muscle
cells through multiple cellular pathways (Chong et al., 2005c¢). Oxidative stress, such as nitric
oxide (NO) exposure results in nuclei condensation and DNA fragmentation (Vincent and
Maiese, 1999b; Goldshmit et al., 2001; Chong et al., 2003b; Pugazhenthi et al., 2003). In
neurons, NO exposure produces apoptotic death in hippocampal and dopaminergic neurons
(Vincent and Maiese, 1999a; Witting et al., 2000; Chong et al., 2003a; Sharma and Ebadi,
2003). Injury during NO exposure also can become synergistic with hydrogen peroxide to
render neurons more sensitive to oxidative injury (de la Monte et al., 2003; Wang et al.,
2003). Externalization of membrane PS residues also occurs in neurons during anoxia (Chong
et al., 2002b), NO exposure (Chong et al., 2003d), or during the administration of agents that
induce the production of reactive oxygen species, such as 6-hydroxydopamine (Salinas et al.,
2003).
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The Wnt-Frizzled signaling pathway controls apoptosis in a variety of cell populations during
both development and injury (Fig. 2). During development, Wnt signaling can either facilitate
or prevent apoptosis depending upon the environmental stimuli present. For example, Wnt
proteins can regulate apoptosis within rhombomeres 3 and 5 in the developing hindbrain and
in limb buds during vertebrate limb development to control development of the hindbrain and
the limb (Ellies et al., 2000;Grotewold and Ruther, 2002a,b).

A number of studies in a variety of organisms have demonstrated that the Wnt-Frizzled
signaling pathway can regulate apoptosis through a variety of mechanisms that include the
Wnt-BMP signaling loop (Golden et al., 1999; Ellies et al., 2000), secreted Frizzled-related
protein-2 (SFRP2) expression (Ellies et al., 2000; Jones et al., 2000), Wnt-B-catenin signaling
(Galceran et al., 2000; Brault et al., 2001; Ahmed et al., 2002; Hari et al., 2002), c-Jun N-
Terminal kinase signaling (Grotewold and Ruther, 2002b; Lisovsky et al., 2002; Yeo and
Gautier, 2004), GSK-3B-NF-kB signaling (Bournat et al., 2000; Kozlovsky et al., 2002) and
gene expression such as human Dickkopf-1 (hDkk-1) (Shou et al., 2002), nemo (Mirkovic et
al., 2002), sox 10 (Honore et al., 2003) and tau (Jackson et al., 2002).

As one of the best characterized members of the Wnt family, Wnt1 signaling has been
associated with the control of apoptosis during injury in some cell systems. Wnt1 prevents
apoptosis through B-catenin/Tcf transcription mediated pathways (Chen et al., 2001; Rhee et
al., 2002). Overexpression of exogenous Whntl results in the protection of cells against c-myc
induced apoptosis through induction of B-catenin, cyclooxygenase-2, and Wnt1 induced
secreted protein (WISP-1) (You et al., 2002). Wnt1 signaling also can inhibit apoptosis through
prevention of cytochrome c release from mitochondria and the subsequent inhibition of caspase
9 activation (Chen et al., 2001). The APC gene also appears to represent another mechanism
that regulates apoptosis. The APC gene functions to cleave B-catenin leading to the down-
regulation of transactivation of Tcf/Lef (Munemitsu et al., 1995). Without Tcf/Lef activity,
APC is then permitted to increase the activities of caspase 3, caspase 7, and caspase 9 and lead
to the cleavage of poly (ADP-ribose) polymerase (PARP) to enhance the vulnerability of cells
to apoptosis (Chen et al., 2003).

SFRP2 is one of the family members of secreted Frizzled-related proteins, also known as
secreted apoptosis-related protein 1 (SARP1), that functions as an antagonist of the Wnt-
Frizzled signaling pathway to reduce apoptosis during development (Melkonyan et al., 1997;
Rattner et al., 1997). For example, there exists a negative relationship between the expression
of SFRP2 and the occurrence of apoptosis in rhombomeres 3 and 5. The overexpression of
SFRP2 in the rhombencephalic neural crest can prevent the apoptosis of premigratory neural
crest cells from rhombomeres 3 and 5 by inhibiting the expression of Wntl and BMP 4. In
contrast, depleting SFRP2 function or overexpressing Wntl in rhombomeres results in
apoptosis (Ellies et al., 2000). As an example of how the cellular environment can influence
the modulation of apoptosis by the Wnt system, SFRP2 can be associated with increased
apoptotic injury during degenerative disease processes such as retinitis pigmentosa that is
characterized by progressive death of the photoreceptors due to apoptosis. SFRP2 has been
shown to have significantly increased expression in areas of retinal degeneration, suggesting
that during neurodegenerative disease blockade of Wnt signaling can lead to cell injury (Jones
etal., 2000). In a similar vein, human Dkk-1 and Nemo also are Wnt antagonists similar to the
SFRPs, but they can contribute to promote apoptosis by inhibiting the Wnt-Frizzled signaling
pathway (Mirkovic et al., 2002; Shou et al., 2002). The results of exogenous application of
Dkk-1 have identified that the apoptosis in the limb bud is induced by Dkk-1 through the
prevention of the Wnt -Frizzled signaling pathway (Glinka et al., 1998; Grotewold and Ruther,
2002b).

Histol Histopathol. Author manuscript; available in PMC 2008 February 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 11

The Wnt-B-catenin signaling pathway is a typical Wnt-Frizzled signaling pathway that
regulates multiple cellular and development processes including control of cell proliferation
and differentiation, cell polarity, and specification of cell fate, such as apoptosis. Yet, different
from the Wnt-BMP signaling loop, the Wnt-p-catenin signaling pathway can prevent apoptosis
through the regulation of B-catenin and Tcf/Lef. In B-catenin mutant embryos, the removal of
jB-catenin can lead to apoptotic loss of the hindbrain, the melanocyte lineage, neural crest cells,
sensory neurons and dorsal root ganglia (Brault et al., 2001; Hari et al., 2002). Over-expression
of exogenous Wnt-1 results in the protection of cells against c-Myc induced apoptosis through
induction of B-catenin, cyclooxygenase-2, and Wnt-1 induced secreted protein (WISP-1) (You
etal., 2002).

Additional work has revealed that the Wnt signaling pathway can decrease apoptosis and
increase survival of neurons or neuronal cell lines by activating NF-kB (Bournat et al., 2000),
inhibiting GSK-3p (Kozlovsky et al., 2002), or blocking the release of cytochrome c. In the
absence of Wnt activity, GSK-3p phosphorylates p-catenin at serine or threonine residues of
the N-terminal region to predispose degradation of B-catenin through ubiquination (Fig. 3).
GSK-3p dependent phosphorylation of B-catenin can be promoted through phosphorylation of
AXxin (Yamamoto et al., 1999). In studies with chemotherapeutic agents, Wnt1 signaling also
can inhibit apoptosis through prevention of cytochrome c release from mitochondria and the
subsequent inhibition of caspase 9 activation (Chen et al., 2001).

The Wnt pathway also may rely upon protein kinase B (Akt) to promote cellular differentiation
and survival (Chong et al., 2005b) (Fig. 3). Since Wnt can inactivate GSK-3 and block the
phosphorylation of -catenin (Ikeda et al., 1998; Papkoff and Aikawa, 1998), this leads to the
activation of B-catenin followed by transcription of its target genes for cellular protection. Akt
may be necessary in pathways that involve Wntl, since Akt inhibits the activity of GSK-3p
through phosphorylation of this protein to promote cell survival (Crowder and Freeman,
2000). Furthermore, neuronal cell differentiation that is dependent upon Wnt signaling appears
to become stalled without Akt phosphorylation and the subsequent inactivation of GSK-3
(Fukumoto et al., 2001). In addition, Wnt has been demonstrated through WISP-1 to activate
the anti-apoptotic signaling pathway of Akt following genomic DNA damage (Su et al.,
2002) and to block cell injury during serum withdrawal through increased Akt phosphorylation
and activity (Longo et al., 2002).

Wnt and neurodegenerative disease

In line with the “anti-apoptotic” effects of Wnt signaling, absence or dysfunction in Wnt
signaling can lead to neuronal injury. Wntl expression has been demonstrated in the brains of
individuals affected by neuropsychiatric disorders (Miyaoka et al., 1999). Furthermore, retinal
degeneration during retinitis pigmentosa with the progressive loss of photoreceptors has been
associated with increased secretion of Frizzled-related protein-2, a Wnt inhibitory protein,
suggesting that loss of Wnt signaling may contribute to retinal neurodegeneration (Jones et al.,
2000). Additional work demonstrates that a mutation in the membrane-type Frizzled-related
protein gene may be involved in retinal photoreceptor degeneration (Kameya et al., 2002).

During Alzheimer’s disease, neurotoxicity of Ap in hippocampal neurons has been linked to
increased levels of GSK-3p and loss of B-catenin. Decreased production of Ab can occur during
the enhancement of PKC activity (Savage et al., 1998) which may be controlled by the Wnt
pathway (Garrido et al., 2002). The proteolytic processing of amyloid precursor protein (APP)
during Alzheimer’s disease also has been closely linked to the Wnt pathway through presenilin
1 (PS1) and Dishevelled. PS1 is required for the processing of APP and has been shown to
down-regulate Wnt signaling and interact with B-catenin to promote its turnover (Soriano et
al., 2001). Dishevelled also can regulate the a-secretase cleavage of APP through PKC/
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mitogen-activated protein kinase dependent pathways, increasing soluble production of APP
(SAPP) (Mudher et al., 2001). Overexpression of mouse Dishevelled-1 and -2 inhibits
GSK-3p mediated phosphorylation of tau protein and may thus prevent formation of
neurofibrillary tangles during Alzheimer’s disease (Wagner et al., 1997). Thus, Dishevelled
may increase neuronal protection during neurodegenerative disorders through sAPP
production and reduction in tau phosphorylation.

Wnt, Vascular regeneration, and vascular injury

Complimentary to the potential protective role the Wnt system may provide in neuronal
populations is the ability of the Wnt pathway to modulate angiogenesis (Table 2), a process
that consists of new capillary formation from pre-existing vessels into an avascular area (Chong
et al., 2002a). This process involves vascular basal lamina formation, migration of ECs, and
alignment of migrating cells for tubular formation (Chong et al., 2002c;L.i et al.,
2004b;Sakamaki, 2004). There are at least two types of angiogenesis. Sprouting angiogenesis
is characterized by the proliferation and migration of ECs into vascular sites (Risau, 1997). In
contrast, non-sprouting angiogenesis or intussusceptive microvascular growth occurs by
splitting the existing vasculature into transluminal pillars or transendothelial bridges (Burri
and Djonov, 2002). Angiogenesis takes place in various physiological and pathophysiological
conditions. It is physiologically active during embryogenesis (Risau, 1997). In the adult, it
occurs during more limited periods such as during menstruation and during some pathological
conditions such as wound healing, chronic inflammation, and tumor growth.

Several Wnt ligands, such as Wnt2, Wnt5a, Wnt7a, and Wnt10b, are expressed endogenously
in ECs and vascular smooth muscle cells (VSMCs). More importantly, Wnt receptors that
involve Fzd1, Fzd2, Fzd3, and Fzd5, as well as cysteine-rich 61 that contains Wnt-induced
secreted proteins-1, 2 and 3 are also expressed in these cell populations for Wnt to exert a direct
biological effect (Brigstock, 2002; Goodwin and D’ Amore, 2002). It has been demonstrated
that mice deficient in Wnt2 and Fzd5 display vascular abnormalities that include defective
placental vasculature as well as embryonic lethal mutations (Ishikawa et al., 2001; Goodwin
and D’ Amore, 2002), suggesting that the Wnt pathway is essential for vessel development.

In several vascular cell populations, Wnt signaling plays a significant part in the modulation
of new vessel formation. Overexpression of Wntl can lead to the proliferation of cultured
primary ECs, increase the free pool of B-catenin, and activate transcription through Tcf/Lef,
suggesting that the Wnt-Frizzled signaling pathway is closely involved in the proliferation of
ECs (Wright et al., 1999). Yet, Wnt1 signaling also can have a regulatory role, such as during
the proliferation of umbilical vein ECs, to block further growth through mechanisms that
involve cell-cell contact (Cheng et al., 2003). Studies with mice homozygous for the deletion
of the Wnt receptor ligand Fzd5 that can synergize with Wnt2, Wnt5a, and Wnt10b lead to
embryos that died in utero approximately 10 days post coitum as a result of defects in yolk sac
angiogenesis, supporting a critical role for Wnt during embryo vascular development (Ishikawa
etal., 2001). In contrast, mice heterozygotes were found to be viable, fertile and appear normal.
In disease that involve failure of peripheral retinal vascularization, mutations in Fzd4, a gene
encoding the Wnt receptor Frizzled-4, are believed to account for the vascular failure. Studies
have shown that injection of only wildtype Fzd4, but not mutated Fzd4, into Xenopus embryos
can activate CamKIl and PKC, components of the Wnt/Ca2* signaling pathway, to control
retinal angiogenesis (Robitaille et al., 2002), supporting that Wnt-Frizzled signaling pathway
broadly controls vascular development and function in a number of organ systems. In addition,
FrzA, as a member of secreted Frizzled-related protein, can increase migration and tube
formation of ECs to result in enlarged, longer, and mature of vessels, further supporting the
necessity of the Wnt-Frizzled signaling pathway during development of vasculature (Dufourcq
etal., 2002).
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In addition to vascular development, the Wnt pathway participates in the remodeling of
vascular structure and the regulation of apoptosis during vascular injury (Table 2). Using a rat
aorta balloon injury model, the Frizzled receptor (rFrz) genes, rFrz1 and rFrz 2, have been
shown to be transiently down-regulated as early as one hour following balloon. Yet, Frzb-1, a
secreted protein that acts as an antagonist of Wnt signaling, can be increased and appears to
coincide with the arrest of aortic smooth muscle cell proliferation (Mao et al., 2000). Similarly,
the secreted protein FrzA can be elevated in ECs during traumatic manipulation and
subsequently block the proliferation of ECs (Duplaa et al., 1999). In regards to apoptotic
vascular injury, it has been shown that within eight hours following EC shear stress, expression
of B-catenin is significantly increased at the cell-cell junctions of ECs (Noria et al., 1999). In
addition, transfection of a degradation-resistant 3-catenin into rat VSMCs blocked apoptosis
during vascular balloon injury and was associated with cell cycle progression by activating
cyclin D1. Furthermore, use of a dominant negative Tcf-4 transgene lacking the B-catenin
binding domain, Tcf4(N31), abolished cytoprotection (Wang et al., 2002). The Wnt- Frizzled
signaling pathway also is involved with venous injury. In a crush injury vein model, Wnt5a
can have increased expression that may be beneficial coupled to the repression of inhibitor
proteins of the Wnt system (Price et al., 2004).

Wnt and cardiac infarction

In regards to ischemic heart disease, new vessel formation through angiogenesis is considered
to be critical for effective reparative processes (Table 2). The neovascularization following
myocardial infarction contributes to the restoration of blood supply to the infarct area. In
transgenic mice following myocardial infarction, overexpression of FrzA can result in the
reduction of infarct size, prevention of cardiac rupture, and improvement in cardiac function
following the increase of capillary density and the decrease of apoptotic cardiomyocytes
(Barandon et al., 2003). Additional work also has demonstrated that B-catenin is translocated
from the plasma membrane to the cytoplasm of ECs following the expression of Dishevelled
during the phase of the neovascularization after myocardial infarction (Blankesteijn et al.,
2000). These data suggest that the Wnt system and its components that involve B-catenin can
prevent cardiomyocyte injury and preserve potential myocardial function.

Following myocardial infarction, the remodeling of the injured heart tissue involves cellular
proliferation, migration, and neovascularization. The proliferation and migration of fibroblast-
like cells into the infarcted area can contribute to the deposition of extracellular matrix to
promote granulation tissue extension. Subsequently, myofibroblasts emerge that contribute to
the preservation of cardiac function by preventing the dilatation of the infarcted area (Gabbiani,
1998). The neovascularization following myocardial infarction serves to restore blood supply
to the infarcted area to preserve cardiac function.

During the complicated process of wound healing in the heart, abnormalities of some
components of the Wnt-Frizzled signaling pathway, such as Wnt (Barandon et al., 2003),
Frizzled (van Gijn et al., 2001), Dishevelled-1 (Chen et al., 2004), GSK-3p (El Jamali et al.,
2004), B-catenin (Bergmann et al., 2004), and SFRP (Barandon et al., 2003), have been
observed. For example, during myoblast proliferation and migration following myocardial
infarction, elevated expression of Frizzled genes including Frizzled 1, 2, 5, 6, 7, 8, and 10 have
been identified during heart remodeling. The overexpression of some Frizzled genes may be
associated with reduction in infarct size and the prevention of cardiac rupture to improve
cardiac function (Barandon et al., 2003). It is important to note that different members of the
Whnt family may contribute to distinct events during cardiac injury. Both Wnt8a and Wnt10b
are upregulated following myocardial infarction while Wnt7b is down-regulated to
undetectable levels during this period (Barandon et al., 2003).
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Furthermore, the expression of another component, Dishevelled-1, of the Wnt-Frizzled
signaling pathway also has been found in the myofibroblasts during cardiac infarction. Absence
of Dishevelled-1 can not only induce the formation of myocardial infarction in mice, but also
enhance the development of infarct rupture in the first week after myocardial infarction
(Blankesteijnetal., 1999). In addition, the expression of Dishevelled-1 mRNA and cytoplasmic
Dishevelled-1 protein are significantly enhanced within days in the myofibroblasts, vascular
ECs, and smooth muscle cells of newly formed and pre-existing blood vessels in the region of
amyocardial infarction. As a result, Dishevelled-1 may play a critical role in the wound healing
process following myocardial infarction through the regulation of proliferation and migration
of myofibroblasts and vascular ECs (Chen et al., 2004).

In addition to Frizzled, Dishevelled-1, and several Wnt genes, other members of the Wnt
signaling cascade also appear to have relevant roles during myocardial infarction. Expression
of SFRP3 and SFRP4 in failing human ventricular myocardium is increased when compared
to donor hearts. This increased expression of SFRP is associated with the expression of the
pro-apoptotic Fas proteins, but inversely linked to the expression of the anti-apoptotic protein
Bcel-x_ (Schumann et al., 2000). Other studies illustrate that infarct rupture following
myocardial infarction is correlated with decreased levels of p-catenin in cardiomyocytes
(Blankesteijn et al., 1999). The lack of B-catenin in the adherence junctions of cardiomyocytes
may lead to impaired structural integrity of the heart, since B-catenin may play a vital role in
a structural adaptor protein linking cadherins to the actin cytoskeleton in cell- cell adhesion
(Ligon et al., 2001). Yet, the role of B-catenin during cardiac infarction is not entirely clear,
since cytosolic B-catenin exists in vascular ECs and smooth muscle cells that reside in the area
of myocardial infarction (Barandon et al., 2003).

As an additional parameter that can lead to cardiac failure, pathological cardiac hypertrophy
may be dependent upon modulation of the Wnt pathway. In volume-overloaded rabbit hearts,
the cardiac hypertrophy is accompanied by suppressed mRNA expression of p-catenin (Itoh
etal., 2002). The suppressed levels of B-catenin may be a result of increased GSK-3p activity.
Ectopic expression of GSK-3p can lead to embryonic heart development (Marvin et al.,
2001; Schneider and Mercola, 2001), suggesting that GSK-3B my function as a negative
regulator of cardiac hypertrophy. Additional work has demonstrated that inhibition of
GSK-3p by Akt through phosphorylation of a serine residue at position 9 can play an important
role in the development of cardiac hypertrophy (Haq et al., 2000; Hardt and Sadoshima,
2002).

Wnt and trophic factor regulation

Interestingly, the angiogenic effects of some growth factors may be closely linked to the Wnt-
Frizzled signaling pathway. Vascular endothelial growth factor (VEGF) can initiate increased
EC growth and stimulate new vessel formation by promoting tyrosine phosphorylation of -
catenin in ECs (Cohen et al., 1999; Roura et al., 1999). In addition, fibroblast growth factor 2
(FGF2) can inhibit GSK-3 activity, augment nuclear levels of -catenin, and enhance Tcf/Lef-
dependent transcription of a cyclin D1-luciferase construct, suggesting that the angiogenic
properties of FGF2 are tightly regulated by B-catenin activation in the Wnt-Frizzled signaling
pathway (Dono et al., 2002; Holnthoner et al., 2002).

Other cytokines and trophic factors also may have some dependence on the Wnt signaling
pathway (Maiese et al., 2004, 2005). One potential candidate is erythropoietin (EPO). EPO is
currently approved by the Food and Drug Administration for the treatment of anemia that can
be the result of a variety of conditions. Yet, in a relatively short time period, the premise that
EPO is required only for erythropoiesis has been advanced by studies demonstrating the
existence of EPO and its receptor in other organs and tissues outside of the liver and the kidney,
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such as the heart and brain. As a result, EPO has been identified as a possible candidate in the
formulation of therapeutic strategies for both cardiac and nervous system diseases.

EPO appears to be efficacious during cardiac ischemia and reperfusion injury (Li et al.,
2004a; Maiese et al., 2005). EPO administration either prior to or during myocardial ischemia/
reperfusion can decrease infarct size, resulting in enhanced cardiac function and improved left
ventricular contractility (Parsa et al., 2004). EPO also can promote microvascular growth in
the heart, suggesting that functional cardiac recovery with EPO may ensue also from the
generation of new blood vessels (Ribatti et al., 1999). Other experimental studies have
illustrated a potential direct protection of myocardial cells during EPO administration that can
increase cardiac cell proliferation in neonatal rats, reduce myocardiocyte apoptosis during
ischemia-reperfusion injury, and improve left ventricular function (Moon et al., 2003; Parsa et
al., 2003).

In the nervous system, both cell culture and animal model work have demonstrated neuronal
and vascular protection with EPO (Chong et al., 2002a,c; Genc et al., 2004). Systemic
administration of EPO before or immediately after a retinal insult can protect retinal ganglion
cells from apoptosis (Grimm et al., 2002) and can improve functional outcome and reduce lipid
peroxidation during spinal cord injury (Kaptanoglu et al., 2004). EPO also can block microglial
cell activation and proliferation to prevent phagocytosis of injured cells through pathways that
involve cellular membrane PS exposure (Chong et al., 2004a) and the regulation of caspases
(Chong et al., 2003b,c). EPO can directly address cellular inflammation by inhibiting several
pro-inflammatory cytokines, such as IL-6, tumor necrosis factor-o(TNF-a), and monocyte
chemoattractant protein 1 (Chong et al., 2002c; Genc et al., 2004).

A number of trophic factors and cytokines, such as EPO, may depend upon a member of the
Whnit signaling pathway. For example, new work illustrates that EPO can maintain the
subcellular localization of B-catenin in the nucleus of microglia during oxidative stress that
involves oxygen-glucose deprivation, suggesting that EPO protects -catenin from degradation
(Fig. 4). In addition, other components of the Wnt pathway that are utilized by EPO, such as
Akt, can offer cellular protection (Maiese et al., 2003). EPO can phosphorylate Akt and is
dependent upon the activation of Pl 3-K and Janus Kinase 2 (Jak2) (Witthuhn et al.,
1993;Chong et al., 2002b). One of the principal pathways through which EPO prevents cellular
apoptosis is through the activation of Akt (Maiese et al., 2004,2005) During anoxia or free
radical exposure, expression of the active form of Akt (phospho-Akt) is increased (Kang et al.,
2003a,b). EPO can significantly enhance the activity of Akt during oxidative stress and prevent
inflammatory activation of microglia (Chong etal., 2003a-c). This up-regulation of Akt activity
during injury paradigms appears to be vital for EPO protection, since prevention of Akt
phosphorylation blocks cellular protection by EPO (Chong et al., 2003a-c). Through the
regulation of the P1 3-K/Akt dependent pathway, EPO can prevent cellular apoptosis following
N-methyl-D-aspartate toxicity (Dzietko et al., 2004), hypoxia (Chong et al., 2002b), and
oxidative stress (Chong et al., 2003a-c).

Conclusion

In recent years, our understanding of the Wnt-Frizzled signaling pathway has advanced at a
tremendous pace. The Wnt-Frizzled signaling pathway that consists of the pathways of Wnt/
B-catenin, Wnt/Ca2*, and Wnt/planar polarity have significant roles during embryonic
development, neurodegenerative disease, and cardiovascular disease. In particular, the Wnt-
Frizzled signaling pathway is involved with the development of the neural plate and with the
subsequent anterior-posterior extension of the neural tube. Ultimately, the Wnt-Frizzled
signaling pathway leads to the development of the brain, spinal cord, and the extension of
numerous sub-populations of sensory and motor neurons. If one examines the cardiovascular
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system, members of the Wnt family are intimately involved in vascular remolding, cardiac
development, and cardiac hypertophy. The Wnt-Frizzled signaling pathway also controls both
early and late apoptotic injury paradigms in a variety of cell populations during the development
of an organism as well as during acute and chronic injury. Diseases of the nervous system,
such as Alzheimer’s disease or retinal degeneration, and disorders of the vascular system, such
as cardiac infarction and EC injury, are closely regulated by the Wnt pathway. Furthermore,
both angiogenic factors and other trophic factors rely upon members of the Wnt family.
Through further identification and targeting of the critical elements that shape and control the
Whnt-Frizzled signaling pathway, a greater understanding of the biological potential of Wnt-
Frizzled signaling pathway can emerge for the development of new therapeutic options against
neurodegenerative and vascular diseases.
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Fig. 1.

Wnt maintains cellular integrity in endothelial cells and potentially fosters a novel capacity to
block thrombosis and microglial activation. Wnt functions through activation of its receptor

Frizzled resulting in the inhibition of glycogen synthase kinase-3p (GSK-3p), which induces
mitochondrial (Mito) membrane depolarization followed by cytochrome c (Cyto c) release and

prevents the activity of B-catenin. Without Wnt, GSK-3[ can activate caspases and

subsequently leads membrane phosphatidylserine (PS) exposure, resulting in the induction of
thrombosis in vascular system and PS receptor (PSR) expression on microglia with microglial

activation.
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The Wnt-Frizzled signaling pathway employs Akt to regulate an array of vital cellular functions
that involve cellular protection, angiogenesis, cardiovascular remodeling, DNA repair, and the
maintenance of membrane asymmetry in neuronal and vascular systems. The Wnt-Frizzled
signaling pathway employs Akt to impact upon the survival of neurons, endothelial cells, and
cardiomyocytes to prevent cellular injury and promote angiogenesis. Through the activation
of Akt, microglial activity is modulated to block harmful cytokine release and prevent the
phagocytosis of cells “tagged” by cellular phosphatidylserine (PS) membrane exposure. The
Whnt-Frizzled signaling pathway function in cardiovascular remodeling that involves regulation
of LVH (left ventricular hypertrophy) and reduction in MI (myocardial infarction) and HF
(heart failure).
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The Wnt-Frizzled signaling pathway regulates PS exposure and apoptosis. The Wnt protein
binds to its Frizzled receptors resulting in the activation of Dishevelled followed by the
inhibition of GSK-3p (glycogen synthase kinase), Axin and APC (adenomatous polyposis coli)
tumor suppressor protein complex. The suppressed GSK-3p, Axin and APC complex prevents
phosphorylation (p) of p-catenin and leads to the accumulation of B-catenin. p-catenin enters
into cellular nucleus and contributes to the formation of Lef/Tcf (lymphocyte enhancer factor/
T cell factor) and p-catenin complex that may cooperate with factors activated by other
signaling pathways resulting in cellular proliferation, differentiation, survival and apoptosis
through the induction of target nuclear gene transcription. In addition, the binding of Wnt to
Frizzled receptors also can directly activate Akt that prevents the activity of GSK-3p and blocks
Mito (mitochondrial) Cyto (cytochrome) c release. The inhibition of Cyto c release from Mito
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leads to the reduction of caspase activity followed by the decrease of DNA fragmentation and
phosphatidylserine (PS) exposure resulting in the prevention of apoptosis.
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Eythropoietin (EPO) employs the Wnt pathway to modulate B-catenin. The pretreatment of
EPO at 1 hour before oxygen-glucose deprivation (OGD) regulates the B-catenin location in
microglia following OGD. Immunohistochemical double staining for B-catenin was obtained
in microglia twelve hours following an six hour period of OGD by using a primary rabbit anti-
B-catenin antibody with Texas-red avidin. OGD in microglia was performed by replacing
media with glucose-free HBSS containing 116 mM NaCl, 5.4 mM KCI, 0.8 mM MgSQy, 1
mM NaH,POy4, 0.9 mM CaCly, and 10 mg/L phenol red (pH 7.4) and cultures were maintained
in an anoxic environment (95% N, and 5% CO,) at 37 C for 6 hours. Cell nuclei were stained
with DAPI (4’-6-diamidino-2-phenylinodole). Representative images illustrate the
accumulation of p-catenin in the microglial cytoplasm during OGD and the translocation of
f-catenin from the cytoplasm to nuclei following the application of EPO, but the expression
of B-catenin exists in both cytoplasm and nuclei without cellular translocation in control
(untreated) microglia.
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Neuronal and cardiac expression of the Wnt and the Wnt receptor with biological function.

ORGAN CELLULAR EXPRESSION BIOLOGICAL RESPONSE
Wnt Wnt Receptor

Brain Neurons Neurons Cell regulation and cytoprotection
Astrocytes Astrocytes Cell regulation and cytoprotection

Vascular System

Heart

Progenitor stem cells
Endothelial cells

Progenitor vascular stem cells
Vascular smooth muscle cells

Progenitor cardiac stem cells

Endocardial cells
Cardiomyocytes

Progenitor stem cells
Endothelial cells

Progenitor vascular stem cells
Vascular smooth muscle cells

Progenitor cardiac stem cells

Endocardial cells
Cardiomyocytes

Cellular development and maturation
Angiogenesis (cell proliferation, differentiation,
migration)

Angiogenesis and cardiomyogenesis
Angiogenesis, vascular remodeling, and
cytoprotection

Cardiomyogenesis and cardiac conduction cell
development

Endocardial cushion formation

Cardiac remodeling and cytoprotection
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CARDIOVASCULAR EVENTS Wnt SIGNALING COMPONENTS OUTCOME REFERENCES
Angiogenesis Whntl expression increased HUVEC proliferation inhibited; Cheng et al.,
HUVEC morphology altered 2003
Whntl and f-catenin expression EC and VSMC proliferation increased Wright et al.,
increased 1999

Arterial Injury

Myocardial Infarction

Cardiac Hypertrophy
Cardiac Injury

FrzA expression increased

GSK-3B inhibited and B-catenin
increased

Fzd 4 increased; CAMKII and PKC
activated increased

Dishevelled expression and B-catenin
CYR 61 expression increased
B-catenin accumulation increased
FrzA expression increased

FrzA expression increased

GSK-3B expression inhibited
GSK-3B expression inhibited
SFRP 3/4 increased and B-catenin
decreased

FrzA expression increased

Vessel density increased

New vessel formation increased
Retinal angiogenesis increased
Neovascularization increased

VSMC adhesion and chemotaxis
increased; angiogenesis increased
VSMC survival increased and apoptosis
decreased

Proliferating vascular ECs decreased

Infarct size, leukocyte infiltration, and
apoptosis decreased; capillary density
increased, and cardiac function
improved

Cardiomyocyte apoptosis decreased

Cardiomyocycte hypertrophy increased
Pro-apoptotic Fas increased; anti-
apoptotic Bcl-xL decreased;
cardiomyocyte apoptosis increased
Cardiac apoptosis decreased; cardiac
function improved

Barandon et al.,
2003; Dufourcq
etal., 2002
Holnthoner et
al., 2002
Robitaille et al.,
2002
Blankesteijn et
al., 2000
Brigstock et al.,
2002

Wang et al.,
2002

Duplaa et al.,
1999

Barandon et al.,
2003

Bergmann et al.,
2004
Hag et al., 2000
Schumann et al.,
2000

Barandon et al.,
2003

CAMKII, calcium/calmodulin-dependent protein kinase I1; CYR 61, cysteine-rich 61; EC, endothelial cell; Fzd, Frizzled; GSK-3p, glycogen synthase
kinase-3p; HUVEC, human umbilical vein endothelial cell; PKC, protein kinase C; SFRP, secreted Frizzled related protein; VSMC, vascular smooth

muscle cell.
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