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Whnt/B-catenin regulates cellular functions related to tumor initiation and progression, cell proliferation, differ-
entiation, survival, and adhesion. §-Catenin-independent Wnt pathways have been proposed to regulate cell polarity
and migration, including metastasis. In this review, we discuss the possible roles of both p-catenin-dependent and
-independent signaling pathways in tumor progression, with an emphasis on their regulation of Rho-family GTPases,
cytoskeletal remodeling, and relationships with cell-cell adhesion and cilia/ciliogenesis.
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Introduction

Wnts are a family of secreted glycoproteins with
members that activate various intracellular pathways
after binding to seven-pass transmembrane frizzled (Fz)
receptor family proteins or to a complex comprised of
Fz and LDL receptor-related proteins 5/6 (LRP5/6). The
best studied Wnt pathway is the Wnt/B-catenin pathway,
also known as the “canonical” Wnt pathway. In the ab-
sence of Wnt ligands, B-catenin is recruited into a de-
struction complex comprised of adenomatous polyposis
coli (APC) and Axin, which induce the phosphorylation
of B-catenin by casein kinase 1 (CK1) and glycogen syn-
thase kinase 3 (GSK3). This phosphorylation leads to the
ubiquitylation and proteasomal degradation of [3-catenin
(Figure 1A). Upon binding of Wnts to Fz and LRP5/6
receptors, a signal is transduced to activate the cyto-
plasmic phosphoprotein Dishevelled (DVL). Activated
DVL then recruits the destruction complex to the plasma
membrane, inhibiting GSK3 and thus preventing phos-
phorylation of B-catenin. In addition, phosphorylation of
LRP5/6 at intracellular PPPSP motifs by CK1 and GSK3
also stimulates Axin recruitment to the plasma membrane
[1, 2]. Consequently, B-catenin escapes proteasomal deg-
radation, accumulates in the cytoplasm and subsequently
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translocates to the nucleus, where it activates target gene
transcription in cooperation with T-cell factor (TCF) and
lymphoid enhancer-binding protein transcription factors
(LEFs; Figure 1B, for reviews, see [3-6]).

The term non-canonical Wnt pathway has been used
in the literature to refer to Wnt-activated signal transduc-
tion independent of B-catenin stabilization. At least two
non-canonical pathways have been summarized in previ-
ous reviews [7-9]. However, it is still unclear whether
non-canonical Wnt pathways represent truly distinct
pathways or whether they are all parts of a large incom-
pletely characterized signaling network.

One candidate B-catenin-independent Wnt pathway
is the planar cell polarity (PCP) pathway, which was
first elucidated in Drosophila (Figure 2A). Genetic stud-
ies revealed the asymmetric distribution of core PCP
gene products that include Frizzled (Fz), DVL, Prickle
(Pk), Flamingo (Fmi/CELSR) and Strabismus (Stbm/
VANGL?2). PCP signaling is pivotal for establishing cell
polarity in the orientation of wing hairs, the organiza-
tion of multifaceted eye structures, the orientation of
hair cells in the inner ear, and the orientation of bristles
and other asymmetric polar structures. Activation of the
PCP pathway leads to subcellular-localized activation
of Rho-family GTPases and JNK, which are involved in
processes such as embryonic convergent extension (CE)
in Xenopus [10].

Involvement of the established Wnt/B-catenin path-
way members Fz and DVL, along with phenotypic simi-
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Figure 1 Overview of the canonical Wnt-B-catenin pathway. (A) In the absence of Wnt, B-catenin (B-cat) is recruited into the
destruction complex comprised of adenomatous polyposis coli (APC) and Axin, and phosphorylated by casein kinase 1 (CK1)
and glycogen synthase kinase 3 (GSK3). This finally leads to the ubiquitylation and proteolysis of B-catenin. (B) Upon bind-
ing of Wnt to frizzled (Fz) and LDL receptor-related proteins 5/6 (LRP5/6), active Dishevelled (DVL) recruits the destruction
complex to the plasma membrane and prevents B-catenin degradation. Accumulated cytosolic B-catenin subsequently trans-
locates into the nucleus and activates target genes in cooperation with T-cell factor (TCF) and lymphoid enhancer-binding

protein transcription factor (LEF).

larities between PCP mutants and gain-of-function or
loss-of-function phenotypes for certain Wnt isoforms, has
led to the hypothesis that PCP signaling is a [3-catenin-
independent Wnt pathway, and, consequently, the term
Wnt/PCP is often utilized. However, no specific Wnt
isoform has definitively linked Fz-dependent activation
by a Wnt to PCP signaling in Drosophila. In vertebrates,
Wnt5, Wntll and homologs of PCP genes are involved
in regulating CE movements in the gastrulation phase
of embryonic development [8]. Stbm/VANGL2 mutant
trilobite fish have a severe CE defect that is mimicked
by both overexpression and morpholino knockdown of
Stbm/VANGL?2 in both zebrafish and Xenopus [11-13].
In addition, mutation of Stbm/VANGL?2 in loop-tail mice
also results in defective neural tube closure, likely due
to CE failure [14]. Furthermore, mutation of CELSR in
mice and morpholino gene knockdown of zebrafish and
Xenopus Pk showed similar effects on CE movement
[15-18]. The CE defects seen upon gain-of-function or
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loss-of-function of genes implicated in Wnt/PCP signal-
ing have led to the hypothesis that this pathway may
regulate cellular adhesion and/or cellular motility. In ad-
dition to CE, another distinctive epithelial PCP seen in
vertebrates is the uniform orientation of stereocilia on
sensory hair cells in the mammalian cochlea. Wnt5a is
required for proper cellular distribution of Ltap/Vangl2
and genetically interacts with Ltap/Vangl2 for uniform
orientation of stereocilia, cochlear extension and neural
tube closure [19]. Even though there is evidence suggest-
ing that Wnt signaling is one of the signals to break the
symmetry of these PCP components, the exact contribu-
tion of Wnt is still unclear.

Another proposed B-catenin-independent pathway, the
Wht-calcium (Wnt/Ca®") pathway, is less understood, and
is defined by cell physiology, biochemistry and genetics
(Figure 2B, for reviews, see [8, 20, 21]). The involve-
ment of certain Wnt isoforms in activating both the Wnt/
Ca”" and Wnt/PCP pathways in vertebrates, as well as the
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Figure 2 Overview of B-catenin-independent Wnt pathways. (A) The Wnt/PCP pathway is characterized by asymmetric dis-
tribution of Frizzled (Fz), Flamingo (Fmi/CELSR), Prickle (Pk) and Strabismus (Stbm/VANGL?2), resulting in cell polarity and
the activation of Rho GTPases and JNK through DVL and Dishevelled-associated activator of morphogenesis 1 (DAAM1).
(B) Activation of the Wnt-calcium pathway by interaction of Wnts with Fz and co-receptor Kny or Ror2 increases intracellular
calcium level and subsequently activates calcium/calmodulin-dependent protein kinase Il (CAMKII) and protein kinase C (PKC).

involvement of shared intracellular components between
the two pathways, offers some evidence that these two
pathways may be part of the same signaling network.
Certain Wnt ligands, particularly Wnt5a and Wntl1, trig-
ger the release of intracellular calcium and utilize both
G-proteins and DVL during this process in certain cel-
lular contexts [22, 23]. The signaling specificity between
Wnt/B-catenin and Wnt/Ca®" pathways relies partially on
participation of co-receptors, such as LRP5/6 in the Wnt/[3-
catenin pathway and Knypek and Ror2 in the Wnt/Ca®*
pathway [24, 25]. Increased levels of intracellular cal-
cium subsequently modulate calcium-sensitive proteins
such as calcium/calmodulin-dependent protein kinase I1
(CaMKII) and protein kinase C (PKC) [23, 26].

Like the Wnt/PCP pathway, the Wnt/Ca’* pathway has
also been postulated to play a crucial role in cell adhe-
sion and/or cell movements during gastrulation [27].
Intracellular calcium waves have been observed at the
margin of gastrulating zebrafish embryos [28] and dor-
sal explants of gastrulating Xenopus embryos [29], and
pharmacologically inhibiting this calcium wave results
in CE defects without affecting cell fate [29]. By the
same logic, zygotically mutant zebrafish embryos for
Wnt5 (known as the pipetail mutant) show a reduction in

calcium transient frequency [30], and CE defects [31].
In addition, expression of CaMKII partially rescues CE
defects of Wnt5/pipetail mutants, suggesting the involve-
ment of CaMKII in this process [30]. In the context of
tumor progression, overexpression of Wnt5a in melano-
ma cells induces actin reorganization and increased cell
invasion, through the activation of PKC [32]. This PKC
activation by Wnt5a is most likely through the calcium
release since Wnt5a-induced calcium release has also
been shown in both human mammary epithelial cells [33]
and mouse F9 teratocarcinoma cells [34].

In the context of cancer biology, the Wnt/B-catenin
pathway is implicated in the initiation and progression of
various types of tumors, most likely through the regula-
tion of B-catenin-responsive genes affecting cell fate,
growth and apoptosis [3]. The majority of research on
Whnt signaling and oncogenesis has focused on the role of
mutations or aberrant expression of Wnt signaling com-
ponents in promoting dysregulation of the Wnt/B-catenin
pathway and target gene expression. By contrast, there
are only limited studies on the cytoskeletal-remodeling
roles of Wnt in tumor progression. In this review, we will
summarize the research on Wnt-mediated cytoskeletal
remodeling and its potential role in both embryonic de-
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velopment and tumorigenesis.
Whnt signaling and cytoskeleton

Dishevelled

DVL is a central molecule in coordinating both -
catenin-dependent and B-catenin-independent Wnt
signaling and plays a role in various physiological and
morphogenetic processes involving cytoskeletal interac-
tions. DVL-1 co-localizes with axonal microtubules and
stabilizes them through inhibition of GSK3f [35]. This
cytoskeletal association is induced by Axin and corre-
lates with a decreased phosphorylation of MAP-1B by
GSK3p [36]. JNK is also involved in this Wnt/DVL-
mediated microtubule stabilization pathway indepen-
dent of Rho GTPases [37]. INK1-deficient mice show
progressive degeneration of long nerve fibers and loss
of microtubule integrity in dendrites, which correlates
with hypophosphorylation of MAP-2 and disruption of
tubulin polymerization [38]. For a summary of the do-
main structures of DVL and their interactions, see Figure
3. DVL controls processes including the establishment
of cell polarity, neuronal dendrite formation/outgrowth,
cell-cell adhesion and gastrulation morphogenesis
through (-catenin-independent Wnt signaling. Disrup-
tion of cell-cell contacts activates the Wnt/DVL pathway,
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which cooperates with Cdc42/Par6/aPKC to promote
polarization of microtubule cytoskeleton [39]. In hip-
pocampal neurons, Wnt5a induces axon differentiation
through the activation of DVL and aPKC in a Par3/Par6/
aPKC complex [40], while DVL activates Rac and JNK
to promote dendrite arborization under Wnt-7b signaling
[41]. Furthermore, DVL also promotes neurite outgrowth
in neuronal differentiating neuroblastoma 2A cells via
a DIX-domain-dependent pathway independent of f3-
catenin and GSK3 [42]. DVL interacts with actin stress
fibers and vesicular membranes through its DIX domain.
This might be a divergence point in Wnt signaling,
which may provide a mechanism for divergent activation
of B-catenin-dependent and -independent Wnt signaling
by partitioning DVL into cytoskeletal and vesicular (j3-
catenin signaling) pools [43].

Adenomatous polyposis coli

A growing body of literature regarding Wnt-related
cytoskeletal interactions in cancer and other contexts
concentrates on the APC gene, which is mutated in >80%
of sporadic colorectal tumors [44]. Like DVL, APC may
also be regulated in various different intracellular pools.
Since APC was identified as a member of the -catenin
destruction complex, research on the effect of APC mu-
tation in colorectal tumors has primarily focused on the
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Figure 3 Protein structures of (A) DVL, (B) APC and (C) Diaphanous-related formins (DRF). Domain structures of these
three proteins and their corresponding interacting partners are indicated.
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accumulation of nuclear -catenin and the consequent
changes in B-catenin-mediated gene transcription [45-
48]. Additionally, APC also interacts with several pro-
teins linked to the cytoskeleton, including Axin, APC-
stimulated guanine nucleotide exchange factor (Asef), IQ
motif-containing GTPase activating protein 1 (IQGAP1),
kinesin superfamily-associated protein 3 (KAP3), end-
binding protein 1 (EB1), microtubules and Drosophila
discs large (DLG) through different domains or repeats
(Figure 3). Most of the APC mutations found in colon
cancer are truncations that retain the N-terminal arma-
dillo repeat domain, with loss of the C-terminal sites that
bind Axin and B-catenin, resulting in a mutant protein
that fails to induce -catenin degradation. The overall re-
sult is activation of the Wnt/B-catenin pathway, similar to
what is seen with activating mutations of (3-catenin that
can be found in small colorectal adenomas [49].

Several observations have highlighted the potential
importance of the interaction between APC and microtu-
bules, as well as the potential impact of these interactions
on cell migration in contexts relevant to cancer biology.
APC has been shown to move along microtubules and
concentrate at their growing ends in epithelial cells [50].
APC interacts with microtubules via direct binding to
the basic region in its C-terminus [51], by indirect asso-
ciation via EB1 [52, 53] and by interacting with kinesin
superfamily proteins [54]. The interaction between APC
and EB1 has been shown only in a subset of microtu-
bule growing ends, and it has been postulated that this
interaction may play an important role in the regulation
of cell migration by APC [55]. APC and EBI stabi-
lize microtubules downstream of Rho and the formin-
homology protein mDia, forming a complex at stable
microtubule ends. Loss-of-function studies, including
RNAI knockdown of EB1 and expression of dominant-
negative EB1 mutant, show that this interaction is crucial
for microtubule stabilization and fibroblast cell migration
in wounding assays [56]. Furthermore, phosphorylation
of APC by GSK3 prevents APC-microtubule association
[57] and also prevents the accumulation of APC at cell
protrusions [58]. Subcellular localization of APC is also
regulated by APC membrane recruitment 1 (AMER1),
a membrane-associated protein that interacts with the
armadillo repeat of APC. Overexpression of AMER1
increases APC level and recruits APC from microtubule
ends to the plasma membrane of epithelial cells. On
the contrary, knockdown of AMERI by siRNA reduces
APC level and promotes its association with microtubule
ends in cellular protrusions [59]. APC also interacts with
kinesin superfamily (KIF) proteins KIF-3a and KIF-3b
through the association with KAP3, and this interaction
is required for its accumulation in clusters near the distal

ends of microtubules at the edges of migrating epithelial
cells [54, 60]. APC mutants found in cancer cells were
unable to accumulate in clusters, and thus may contribute
to dysregulation of cell migration [54].

Whether or not regulation of microtubule stability
by APC and EB1 is controlled by Wnts remains unclear.
As for the roles of Wnt signaling in controlling micro-
tubule cytoskeleton in model animals, the plane of cell
division in Caenorhabditis elegans and Drosophila and
axon remodeling are best studied (for review, see [61]).
Wnt, Frizzled, dsh2 and gsk3 regulate the asymmetric
cell division in EMS blastomere of C. elegans embryos,
possibly through local enrichment of dynactin complex
at the P2-EMS border and alignment of their spindle
along the defined axis [62, 63]. APC is also required for
proper symmetric cell division in the Drosophila epithe-
lium. Knockdown of APC by siRNA leads to asymmetric
cell division in epithelial cells [64]. In axon terminal
remodeling, Wnt3a decreases endogenous APC from the
microtubule plus end and induces the loss of microtubule
growth directionality, resulting in microtubule loop-
ing. Subsequently, the speed of growth cone advance
decreases and growth cone size increases [65]. These
results support a direct role for canonical Wnt signaling
components, such as Wnt3a, Dvl, GSK3f and APC, in
microtubule regulation.

As mentioned previously, APC interacts with the 1Q-
GAPI via its armadillo repeat domain, leading to accu-
mulation of APC/IQGAP complexes at the leading edge
of the lamellipodia [66]. IQGAP1 has been implicated
as a scaffolding protein that modulates crosstalk among
diverse pathways [67]. IQGAPI interacts with active
Rac and Cdc42, and directly binds to and crosslinks ac-
tin filaments [68]. IQGAP1 also localizes microtubules
through interaction with CLIP-170 as a Racl and Cdc42
effector in cell polarization and migration [69]. Deple-
tion of APC or IQGAP1 inhibits the accumulation of
Racl and Cdc42 at the leading edge of migrating cells,
disrupts localized actin meshwork formation and inhibits
overall cell migration in a wounding assay, suggesting
that these four proteins interact as a complex in migrat-
ing cells [66]. With regard to tumorigenesis, IQGAP1
can bind to truncated mutant APC in colon cancer cells;
therefore, interactions between APC and the cytoskeleton
could potentially be involved in the dysregulation of cell
polarity/motility changes. A role for Wnt ligands, Fz or
Dvl upstream of this IQGAP-Cdc42 pathway remains to
be elucidated.

Truncated APC in colon cancer could also cause de-
creased cell adhesion and aberrant migratory properties
through interaction with the Asef, a Rac-specific GEF
that stimulates cell flattening, membrane ruffling and
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lamellipodia formation in MDCK cells. Its GEF activity
highly relies on the interaction with the N-terminal arma-
dillo repeat domain of APC [70]. In colorectal carcinoma
cells, both Asef and mutant APC are required for cell
migration, which potentially involves dysregulation of
cadherin-mediated cell adhesion [71, 72].

The effects of APC loss-of-function on cell motility
and cell migration are still unclear in zebrafish, since no
phenotypes regarding these aspects have been reported
so far. However, these fish still exhibit some phenotypes
that may lend insight into the role of APC in cancer biol-
ogy. APC-mutated zebrafish reveal dual roles of APC in
controlling both retinoic acid biosynthesis and f3-catenin
stabilization [73], and these mutant fish show devel-
opmental abnormalities of both the lens and retina. In
addition to B-catenin stabilization, APC mutation also
inhibits retinoic acid biosynthesis through a -catenin-
independent mechanism, and impaired retinoic acid bio-
synthesis leads to increased cyclooxygenase-2 (COX-2)
expression through up-regulation of the transcription
factor C/EBP-B [74]. More studies on zebrafish APC mu-
tants, as well as on the hypomorphic APC mouse model,
will likely clarify how the diverse functions of this pro-
tein relate to its pivotal role in colon carcinogenesis, and
potentially in other cancer settings as well.

Diaphanous-related formin-homology proteins

Despite many studies demonstrating that homologs
of Drosophila core-PCP components are involved in the
regulation of vertebrate CE movements, the molecular
mechanisms underlying this process remain largely un-
clear; studies have focused largely on the link between
Wnt pathway components and the cytoskeleton. Among
B-catenin-independent pathways, the implicated involve-
ment of Rho-family GTPases and their effectors provides
the most obvious connection to cytoskeleton remodeling.
B-Catenin-independent Wnt signaling can activate Rho
family GTPases through at least two mechanisms: (1)
direct activation of Racl by DVL; and (2) activation of
RhoA via DVL-associated activator of morphogenesis-1
(Daaml), possibly through the weak-similarity guanine-
nucleotide exchange factor (WGEF) [75]. Daam]1 be-
longs to a group of proteins known as formins, a large
family that regulate actin-filament assembly in response
to various signals [76-78]. Formins are defined by the
highly conserved formin-homology domains 1 and 2
(FH1 and FH2). The FH1 domain contains poly-proline
stretches and binds to proteins with SH3 domains, such
as the actin-binding protein profilin, while the FH2 do-
main binds actin directly and can promote filamentous
actin nucleation. In addition, they have been shown to
protect the barbed end of actin filaments [79, 80]. Form-
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ins are crucial for a variety of cellular functions, includ-
ing cell protrusion, polarized-cell growth, vesicular
transport, cell polarity establishment and cell migration
[81, 82].

A recent phylogenic study on formin-homology pro-
teins showed that metazoan FH2 domains segregate into
seven subfamilies and three of them have high similarity
on domain structures outside the FH2 domain, includ-
ing Diaphanous (Dia), Daam and formin-related gene
in leukocytes (FRL), which together form a subclass of
Diaphanous-related formins [83]. These domains include
a GTPase-binding domain (GBD), a Diaphanous-inhib-
itory domain (DID) and a coiled-coil region, followed
by FH1, FH2 and the C-terminal Diaphanous auto-
regulatory domain (DAD) [77]. In the resting state, these
Diaphanous-related formins exert autoinhibition through
the intra-molecular interaction of N-terminal DID and C-
terminal DAD. This autoinhibition is relieved upon bind-
ing to active Rho-family GTPases (GTP-bound) through
the GBD, which triggers a structural change and exposes
the FH2 domain, thus triggering actin polymerization [82,
84, 85] (Figure 3).

Daam1 was shown to be involved in Wnt/Fz signal-
ing during Xenopus gastrulation through direct binding
to the DEP and PDZ domains of DVL and to Rho GT-
Pase through its GBD [86]. Unlike other Diaphanous-
related formins that are activated by Rho-family GTPas-
es, Daaml is activated upon Wnt/Fz signaling by DVL
through the interaction of DVL with its DAD domain and
the release of its auto-inhibitory conformation [87]. Ac-
tive Daam1 subsequently activates Rho through WGEF,
leading to cytoskeletal remodeling via downstream ef-
fectors, possibly Rho kinase (Rok) and Diaphanous (via
interaction with profilin and actin) [88-91]. Consistently,
Daam1 collaborates with Rho, Cdc42, CIP4 and Src in
the formation of branched protrusions and in reorganiz-
ing the actin cytoskeleton [92].

Daaml has already been implicated in cancer through
its regulation of the endocytosis of ephrin B (EphB) re-
ceptors [93]. Ephrins and Eph receptors signal to induce
cytoskeletal changes necessary for the invasive capacity
of melanoma cells, which is dependent on proper local-
ization and activity of RhoA [94]. In addition, -catenin
and TCF inversely control the expression of the EphB2/
EphB3 receptors and their ligand ephrin-B1 in colorectal
cancer [95]. Reduced expression of EphB2 also parallels
invasion and metastasis in colorectal tumors [96]. The
ability of Wnts to activate Daam1 could also consequent-
ly regulate membrane levels of EphB by providing spa-
tial cues for Rho activation and the triggering of RhoA
and/or Daam1-mediated endocytosis of EphB or other
membrane proteins. The loss of EphB enhances tumor
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formation in APC-deficient mice, further highlighting the
link between Wnt signaling and proteins, such as EphB,
that are involved in cytoskeletal remodeling [97].

Dial is also involved in Wnt-regulated CE movements
in vertebrates [98]. Overexpression of human Dial can
rescue gastrulation defects caused by both Wntl1 and
RhoA knockdown in zebrafish, suggesting that Dial
acts as a major effector downstream of both Wnt and
RhoA [88, 98, 99]. The closely related zebrafish Dia2 is
also activated by RhoA and cooperates with profilin I to
control actin assembly and cell protrusion during zebraf-
ish gastrulation (Lai et al., unpublished). In the context
of cancer, there are some initial reports on the potential
link between Wnt and Dial. In melanoma cells, the Wnt-
regulated target micropthalmia transcription factor (Mitf)
epigenetically controls melanoma proliferation and in-
vasiveness through Dial. Low Mitf levels lead to down-
regulation of Dial, with resultant reorganization of the
actin cytoskeleton and increased ROCK-dependent inva-
siveness. By contrast, increased Mitf expression leads to
decreased invasiveness [100].

In summary, subcellular localization and regulation of
Diaphanous-related formins by Wnt signaling seem to be
important for both their effector roles and their regula-
tion of cellular processes, including the activation of Rho
GTPases and direct effects on cytoskeletal remodeling.
Understanding the mechanisms by which Diaphanous-
related formins are regulated will provide more insights
into how these proteins may participate in motility and
metastasis in cancer cells. In addition, they may provide
important clues as to how B-catenin-independent Wnt
signaling may affect tumor progression through the regu-
lation of cytoskeletal processes.

Rho-family GTPases

Wnt signaling activates several members of Rho
family GTPases to affect cellular function. Rho fam-
ily GTPases are well-known regulators for cell growth,
morphology change, polarity establishment, cell cycle
regulation, as well as invasion and migration, which are
fundamental steps in tumorigenesis. Although RhoH
is the only member of Rho family known to be altered
genetically in human cancer [101], changes in other
Rho activity regulators have been reported in tumor pro-
gression. Leukemia-associated Rho guanine nucleotide
exchange factor (LARG), a Rho-specific GEF, has been
isolated as a fusion partner of the mixed-lineage leuke-
mia (MLL) gene in a patient with acute myeloid leuke-
mia (AML) [102, 103]. Another GEF, Tiam-1, has been
found mutated in renal carcinomas, and this mutation re-
sults in constitutively active Tiam-1 and sustained Racl
activation. Links between Rho GTPases and metastasis

have also been shown. By studying genes that correlate
to metastatic phenotype, RhoC was found to enhance
metastasis when overexpressed, whereas a dominant-
negative RhoC inhibited metastasis [104]. In addition,
overexpression of other members of the Rho family or
some upstream or downstream components of Rho sig-
naling has been detected in many human tumors [105].
For a detailed review on how Rho GTPases are involved
in tumorigenesis, see [106].

Rho GTPases and their regulators likely exert their
roles in tumor progression through regulation of both
cytoskeletal remodeling and gene expression. Activation
of Cdc42 by Wnt5a and Src-family kinase Yes in human
mammary epithelial cells can counteract Wnt5a/Ca*'-in-
duced nuclear factor of activated T-cells (NFAT) activity,
a transcription factor implicated in invasive breast cancer
and metastasis [107, 108], through serine phosphoryla-
tion by casein kinase I [33]. We have described how
B-catenin-independent Wnt signaling activates RhoA
and Racl in regulation of actin cytoskeleton previously,
and we will discuss another parallel pathway involving
RhoB and Rab4, which regulate distribution of adhesion
molecules, in the following section. However, the signifi-
cance of Wnt regulation of Rho family GTPases in tumor
progression needs to be elucidated by more intensive
studies. References linking selected Wnt components and
cytoskeleton-related proteins are summarized in Table 1.

Table 1 Summarized references showing the interaction of DVL,
APC and Daam1 with their cytoskeletal-related interacting proteins

Pathway Cytoskeletal-related References

components interacting proteins

Dishevelled Actin stress fiber [43]
Daaml1 [86]
Rac [89]
WGEF [75]

APC IQGAP [66]
Asef [70]
Microtubule [51]
mDia [56]
EBI1 [56]
KAP3 [54]
AMER1 [59]

Daaml Actin [91]
Rho [86]
Cdc42 [92]
Profilin [90]
WGEF [75]
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Whnt signaling and cell adhesion

Whnt signaling and adhesion complex

The loss of cell adhesion has been implicated in the
progression of cancer, particularly with regard to models
of epithelial-to-mesenchymal transitions (EMT) and loss
of the extracellular adhesion protein E-cadherin. Adher-
ent junctions are composed of E-cadherin and catenin
family proteins, including o-catenin, 3-catenin and p120-
catenin. As mentioned above, a strong link has been
revealed between mutations in canonical Wnt pathway
components (such as APC truncations), which in turn
affect cytosolic B-catenin stability, and tumor progres-
sion [45, 48, 109-111]. Thus, the balance of B-catenin in
adherent junctions and in the activation of target gene
transcription is likely critical to several aspects of tumor
cell biology.

Serine-threonine phosphorylation at the amino-termi-
nus of B-catenin by CK1 and GSK3p induces the binding
of B-catenin to B-TrCP (B-transducin repeat-containing
protein), an E3-ligase that promotes the degradation of
“cytosolic” B-catenin [112-114]. The mechanism that
regulates the balance between cytosolic B-catenin and
B-catenin in adherent junctions (so-called “junctional -
catenin”) also relies on site-specific phosphorylation [115]
(Figure 4A). Phosphorylation of tyrosines 142 and 654
in the first and last armadillo repeats of B-catenin leads
to the disassembly of the E-cadherin/B-catenin/q-catenin
complex at the plasma membrane and to increased -
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\ ~
O

Af
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catenin-dependent transcription [116-120]. This regula-
tory mechanism modulates the ability of (-catenin to
bind different interacting partners, especially E-cadherin,
which is a critical player in EMT, and the progression
of malignancy in tumors. For example, tyrosine 654 of
B-catenin is essential for E-cadherin binding, and phos-
phorylation of this residue prevents this interaction [116,
120, 121]. On the other hand, tyrosine 142 of B-catenin
is crucial for B-catenin interaction [117-119, 122]. This
residue interacts intra-molecularly with other residues to
form a stabilized armadillo repeat for o-catenin interac-
tion, and mutation or phosphorylation of this residue
abolishes B-catenin/o-catenin interaction [117, 118, 122].
Overexpression of tyrosine kinases and mutations in
tyrosine phosphatase genes that might facilitate the phos-
phorylation of B-catenin have been identified in tumors
[123, 124]. Particularly, the non-receptor tyrosine kinases
Met and c-Src are overexpressed in a number of human
malignancies [123, 125-127].

Although tyrosine phosphorylation of f-catenin dis-
rupts its interactions with E-cadherin and ¢-catenin,
which in turn affects the assembly of adhesion complex,
it does not affect the interaction of f3-catenin with TCF/
LEF proteins. TCF/LEF binds to B-catenin at a region
overlapping with E-cadherin binding in the central arma-
dillo domain, but the last armadillo repeat, which con-
tains tyrosine 654, is not required for their binding [120,
128-131]. Loss of E-cadherin-mediated cell adhesion
also correlates with increased B-catenin-dependent tran-
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Figure 4 Wnt signaling and cell adhesion. (A) Adherent junctions are comprised of E-cadherin, B-catenin and a-catenin. (B)
B-catenin and plakoglobin (PG) are interchangeable between adherent junctions and desmosomes, which are mainly com-
prised of desmosomal cadherin, PG and desmoplakin (DP). Phosphorylation of PG increases the affinity of PG to a-catenin,
triggering the substitution of PG for B-catenin in adherent junctions and the subsequent activation/repression of transcription
of target genes in cooperation with TCF/LEF.
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scription [128, 132, 133]. This may partly explain how
dysregulation of tyrosine kinases/phosphatases such as
Met and c-Src contributes to tumor progression in certain
contexts.

Consistent with this concept, proteoglycan Glypi-
can-3 (GPC3) could serve as a metastasis suppressor in
mammary tumor LM3 cells partly through increasing
E-cadherin expression and E-cadherin/p-catenin associa-
tion [134]. It was suggested that suppression of canoni-
cal Wnt pathway by re-expressing GPC3 in LM3 cells
increased E-cadherin transcription in LM3-GPC3 cells
and the enhanced level of E-cadherin could sequester
more f-catenin to the membrane, inhibit their signaling
function and generate a negative feedback loop. In turn,
the increased number of E-cadherin/pB-catenin complexes
leads to higher homotypic adhesion and less motile phe-
notype.

In another context of cancer, the melanoma cell ad-
hesion molecule (MCAM, also known as MUCI18 or
CD146) in dispersed melanoma cells has recently been
shown to be redistributed upon Wnt5a stimulation [135].
MCAM is an immunoglobulin G-family cell adhesion re-
ceptor, which has been implicated in melanoma tumori-
genesis and metastasis [136]. Wnt5a induced redistribu-
tion of MCAM into a polarized structure called Wnt5a-
mediated receptor-actin-myosin polarity (W-RAMP)
in the presence of gradient cue CXCL12. This process
requires non-canonical Wnt signaling components DvI2
and PKC, and involves membrane internalization and
endosome trafficking regulated by RhoB and Rab4, and
remodeling of cytoskeletal protein actin and myosin IIB.
The W-RAMP structure subsequently triggers membrane
contractility and nucleus movement in the direction of
membrane retraction. This mechanism allows Wnt sig-
naling to control cell orientation, polarity and directional
movement to positional cues from chemokine gradients
and is parallel to the previously discussed non-canonical
Wnt-RhoA pathway.

Wnt signaling and desmosomes

Desmosomes are cell junctions primarily made of
desmosomal cadherins, including desmocollins and des-
mogleins, plakoglobin (y-catenin) and members of the
plakin family of cytolinkers. Desmosomes have been
considered as not only a static structure but also a signal-
ing center [137, 138]. The connection of desmosomes
and Wnt signaling is derived largely from the resem-
blance between plakoglobin and -catenin. As the central
molecules in desmosomes and adherent junctions, plako-
globin and f-catenin are interchangeable in these roles,
and plakoglobin interacts with, and possibly competes
for, many of the same binding partners as -catenin. Fur-

thermore, these two diverse proteins can function both
in cell adhesion and in signaling in the nucleus [139].
Overexpression of plakoglobin induces axis duplication
in Xenopus, suggesting the involvement of plakoglobin
in Wnt/B-catenin signaling [140]. Indeed, overexpression
of either B-catenin or plakoglobin can activate a Wnt-re-
sponsive reporter and the Nr-CAM promoter containing
TCF/LEF-binding site [141]. Plakoglobin could stimu-
late Wnt/B-catenin signaling indirectly by affecting j-
catenin localization and/or stability, since expression of
cytoplasmic-restricted membrane-anchored plakoglobin
still induces axis duplication [142]. However, the effects
of plakoglobin can also be direct and negative, since pla-
koglobin binds to an adjacent site on Tcf-4 along with (3-
catenin. The interaction between plakoglobin and Tcf-4
depends on the phosphorylation status of Tcf-4, and this
interaction negatively affects the transcriptional activity
of Tcf-4 [143]. Similar to -catenin, phosphorylation of
plakoglobin also affects its affinity to different interact-
ing partners and is crucial for its subcellular localiza-
tions. Phosphorylation of tyrosine 549 of plakoglobin
by the tyrosine kinase Fer increases the binding affinity
of plakoglobin to a-catenin of adherent junctions and
upregulates the transcriptional activity of the B-catenin-
Tcf-4 complex, possibly through the substitution for
B-catenin in the adherent complex [144] (Figure 4B).
In support of the idea that the influences of plakoglobin
on Wnt/B-catenin signaling depend on its subcellular
localization, down-regulation of the desmosomal com-
ponent desmoplakin results in nuclear localization of
plakoglobin and a reduction of Wnt/B-catenin signaling
in cardiac myocytes [145]. Previous studies have shown
loss of desmoglein-2 in gastric cancer [146, 147], des-
mocollin-2 in colorectal cancer [148] and desmocollin-3
in breast cancer [149], and it will be interesting to see
whether or how these mutations may affect Wnt signal-
ing in their respective contexts. In addition to affecting
Wnt/B-catenin signaling, nucleus-localized plakoglobin
can also activate c-myc and Bcl-2 genes and promote
cell proliferation (for a review, see [137]). Desmosomes
seem to sequester plakoglobin, just like sequestering of
B-catenin by adherent junctions, but further studies are
needed to clarify how regulation of the balance between
junctional and nuclear pools of these proteins may play a
role in cancer and other cellular processes.

Wnhnt signaling and cilia
Growing evidence indicates connections between
cilium/ciliogenesis and both B-catenin-dependent and

-independent Wnt signal transduction. Inversin has been
suggested as a switch between canonical and non-canon-
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ical Wnt signaling during renal development in response
to fluid flow over the primary cilium [127]. It has been
proposed that extracellular fluid flow increases Inversin
expression and subsequently leads to cytoplasmic (but
not membrane-associated) DVL degradation. In this
model, the presence of fluid flow over the primary cilium
changes the location of DVL from the cytosol to the
membrane through Inversin expression and proteasomal
degradation, which then switches a Wnt signal from (-
catenin-dependent to -catenin-independent signaling
[127]. Another good example comes from the study of
the zebrafish cystic kidney gene seahorse. The transcript
of seahorse is highly enriched in heavily ciliated tissues
and is closely associated with ciliary functions, such as
establishment of left-right asymmetry. In consistence
with its functions, seahorse genetically interacts with
inversin, although it is dispensable for cilia assembly or
motility. Interestingly, Seahorse associates with DVL,
constrains the canonical Wnt pathway and promotes the
non-canonical Wnt pathway during gastrulation. These
results provide an additional link between ciliary signals
and Wnt pathways [150].

In addition, the PCP protein VANGL?2 localizes to
the cilia of both renal and bronchial epithelial cells. It
has been shown that VANGL?2 interacts genetically with
basal body-specific proteins whose dysfunction causes
Bardet-Biedl syndrome (BBS), such as BBS1, BBS4
and BBS6 [151, 152]. Mice with mutated BBS genes
display phenotypes that overlap with PCP mutants, such
as open eye lids, incomplete neural tube closure and dis-
rupted stereociliary bundles in the inner ear [151, 152].
Nonetheless, the temporal relationship between cilium/
ciliogenesis and Wnt signaling remains elusive. Defects
in maintenance of primary cilium and the loss of normal
signaling in cilium may disrupt the balance between
canonical and non-canonical Wnt signaling, triggering
dysregulated cell proliferation and differentiation, which
ultimately contribute to cancer.

Concluding remarks

Whnt signaling appears to be involved in multiple as-
pects of tumorigenesis. Extensive studies have focused
on the regulation of B-catenin levels by the destruc-
tion complex, but growing evidence suggests that links
between Wnt signaling and the cytoskeleton are also
involved in tumorigenesis. Clearly, the relationship be-
tween Wnt and well-known regulators of cancer cell mo-
tility, such as APC, Rho family GTPases, Diaphanous-
related formins, adherent and desmosomal junctions, and
cilia-related proteins, provides ample areas for further
investigation.
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