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The Wnt signaling pathway is an ancient and evolutionarily
conserved pathway that regulates crucial aspects of cell fate
determination, cell migration, cell polarity, neural patterning and
organogenesis during embryonic development. The Wnts are
secreted glycoproteins and comprise a large family of nineteen
proteins in humans hinting to a daunting complexity of signaling
regulation, function and biological output. To date major signaling
branches downstream of the Fz receptor have been identified
including a canonical or Wnt/p-catenin dependent pathway and
the non-canonical or B-catenin-independent pathway which can
be further divided into the Planar Cell Polarity and the Wnt/Ca?*
pathways, and these branches are being actively dissected at the
molecular and biochemical levels. In this review, we will summa-
rize the most recent advances in our understanding of these Wnt
signaling pathways and the role of these pathways in regulating key
events during embryonic patterning and morphogenesis.

Introduction

In the modern era of molecular medicine, much effort has been
placed on dissecting the signaling pathways and molecular mecha-
nisms that control the development of an organism. This effort is
deeply engrained in the modern researcher and is singly directed
towards the notion that understanding the mechanisms that control
normal development can exponentially increase our hopes to prevent
and treat the pleiotropic pathologies that arise when these mecha-
nisms go awry. One key pathway that much effort has been placed in
delineating is the Wnt signal transduction pathway.

The Wnt signaling pathway is a conserved pathway in metazoan
animals. The name Wnt is resultant from a fusion of the name of
the Drosophila segment polarity gene wingless and the name of the
vertebrate homolog, integrated or int-1.! The extra-cellular Wnt
signal stimulates several intra-cellular signal transduction cascades,
including the canonical or Wnt/f-catenin dependent pathway and
the non-canonical or f-catenin-independent pathway which can
be divided into the Planar Cell Polarity pathway and the Wnt/Ca?*
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pathway.? Wnt proteins regulate a dizzying array of cellular processes
including cell fate determination, motility, polarity, primary axis
formation and organogenesis and most recently, this pathway has
been implicated in stem cell renewal. As the signaling pathways
that play crucial role during embryogenesis are tightly regulated,
the expression of the Wnt proteins and Wnt antagonists are exqui-
sitely restricted both temporally and spatially during development.?
Deregulated Wnt signaling has catastrophic consequences for the
developing embryo and it is now well appreciated that defective Wnt
signaling is a causative factor for a number of pleiotropic human
pathologies. Most notably, these pathologies include cancers of
the breast, colon and skin, skeletal defects and human birth defect
disorders including the most common human neural tube closure
birth; spina bifida.4

Wnt proteins are secreted glycoproteins that bind to the
N-terminal extra-cellular cysteine-rich domain of the Frizzled (Fz)
receptor family of which there is ten Fz in humans.> The Fz protein
is a seven-transmembrane-span protein with topological homology
to G-protein coupled receptors.® In addition, to the interaction
between Wnt and Fz, co-receptors are also required for mediating
Wnt signaling. For example the low-density-lipoprotein-related
protein5/6 (LRP5/6) is required to mediate the canonical Wnt
signal.> One key level of regulation of Wnt signaling occurs in the
extra-cellular milieu with the presence of a diverse number of secreted
Wnt antagonists.” After binding of Wnt to the receptor complex,
the signal is transduced to cytoplasmic phosphoprotein Dishevelled
(Dsh/Dvl), and studies have uncovered that Dsh can directly interact
with Fz.8 At the level of Dsh, the Wnt signal branches into at least
three major cascades, canonical, Planar Cell Polarity and Wnt/
Ca?*. Dsh is an important downstream component of this transduc-
tion pathway and is the first cytoplasmic protein that is pivotally
involved in all three major branches of Wnt signaling. However, it
still remains unclear how the Dsh protein regulates and channels
signaling into each of these pathways. In this review we will focus on
recent advances in our understanding of the molecular components
of these major signaling branches, the various levels of regulation of
signaling, and the distinct biological outcomes that are achieved. As
a number of excellent reviews have been published, we will direct
readers to these reviews at relevant points and encourage readers
to visit the Wnt page which is an excellent resource for updated
information at: www.stanford.edu/~rnusse/wntwindow.heml.
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Wnt Secretion and Extra-Cellular Regulators

The Wnt ligands are secreted glycoproteins that are heavily modi-
fied prior to transport and release into the extra-cellular milieu.
Studies have revealed that the Wnt proteins are glycosylated in the
endoplasmic reticulum and also are palmitolated.”!” The porcupine
protein has been shown to play an important role in the palmitolation
of the Wnt proteins, and their secretion is regulated by the wntless
or evenness interrupted proteins and the retromer complex.!!"'4 In
the extra-cellular matrix, the Wnt proteins may be bound to and
stabilized by heparan sulfate proteoglycans including Dally and
glypican 3 which further limits their diffusion and modulate their
signaling abilities.!> In the extra-cellular matrix, a number of secreted
proteins that bind to Wnts and prevent their interaction with either
Fz or LRP5/6 to antagonize Wnt signaling have been identified.
These include Dickkopf (Dkk) proteins,'® Wnt-inhibitor protein
(WIF),'” soluble Frizzled-related proteins (SFRP),'® Cerebrus,!”
Frzb?° and the context dependent Wnt inhibitor Wise.?! Each of
these secreted inhibitors are tightly regulated during embryogenesis
and serve to limit or likely create a gradient of Wnt signaling for
pattern formation.?? An interesting recent finding is the identifica-
tion of factors including Norrin?? and R-Spondin2,24 which can bind
to the LRP5/6 receptor and may activate Wnt signaling independent
of a Wnt ligand. The SOST protein can also bind to LRP5/6 where

it can antagonize Wnt signaling.25

The Canonical Wnt Pathway

The canonical pathway was first identified and delineated from
genetic screens in Drosophila and intensive studies in the fly, worm,
frog, fish and mouse have led to the identification of a basic molec-
ular signaling framework (Fig. 1). The hallmark of the canonical
Wnt pathway is the accumulation and translocation of the adherens
junction associated-protein f3-catenin into the nucleus. Without Wnt
signaling, cytoplasmic B-catenin is degraded by a B-catenin destruc-
tion complex, which includes Axin, adenomatosis polyposis coli
(APC), protein phosphatase 2A (PP2A), glycogen synthase kinase
3 (GSK3) and casein kinase la (CK1a).>2¢ Phosphorylation of
[-catenin within this complex by Casein Kinase and GSK3 targets
it for ubiquitination and subsequent proteolytic destruction by the
proteosomal machinery.® Binding of Wnt to its receptor complex
composed of the Fz and the LRP5/6 triggers a series of events that
disrupts the APC/Axin/GSK3 complex that is required for the
targeted destruction of B-catenin.?® The binding of Wnt to the Fz/
LRP5/6 complex induces the membrane translocation of a key nega-
tive regulator of signaling Axin, which binds to a conserved sequence
in the cytoplasmic tail of LRP5/6.2728 It is important to note that
Wht stimulation also regulates the stability of Axin for with Wnt
stimulation a de-phosphorylation of Axin and a decrease in cyto-
plasmic levels of Axin has been documented.?*-3! Recently it was
reported that the microtubule actin cross-linking factor 1 (MACF1)
might play an important role in this membrane translocation of
Axin though the precise mechanism remains unclear.?>33 Upon
membrane translocation of Axin, its binding to LRP5/6 is catalyzed
by the phosphorylation of LRP5/6, mediated by either CKly or
GSK3. An important point to realize is that CK1 and GSK3 appears
to play distinct roles at two levels of canonical signaling; at the level
of LRP5/6 their influence is positive, whereas at the level of -catenin
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Figure 1. A schematic representation of the canonical Whnt signal transduc-
tion cascade. Left, in the absence of Whnt ligand, a complex of Axin, APC,
GSK3-8, CK1 and B-catenin is located in the cytosol. B-catenin is dually
phosphorylated by CK1 and GSK3-f and targeted degraded by the prote-
osomal machinery mediated by B-TrCP. Right, with Wht stimulation, signaling
through the Fz receptor and LRP5/6 co-receptor complex induces the dual
phosphorylation of LRPé by CK1 and GSK3-B and this allows for the translo-
cation of a protein complex containing Axin from the cytosol to the plasma
membrane. Dsh is also recruited to the membrane and binds to Fz and Axin
binds to phosphorylated LRP5/6. This complex formed at the membrane at
Fz/LRP5/6 induces the stabilization of B-cat via either sequestration and/
or degradation of Axin. B-catenin translocates into the nucleus where it
complexes with Lef/Tcf family members to mediate transcriptional induction
of target genes.

(see below), their roles are negative. The binding of Axin has been
proposed to remove the negative activity of Axin on canonical Wnt
signaling somehow leading to the activation of the phosphoprotein
Dsh. Intriguingly, Dsh is also known to bind to Axin and Fz and
it remains quite unresolved as to how Dsh becomes activated.343
Dsh is phosphorylated by a number of kinases including Casein
Kinase 1,7 Casein Kinase 2,°® Metastasis Associated Kinase,?
Protein Kinase C%° and Par1.4! It is likely that this phosphorylation
event regulates both the subcellular localization of Dsh and its ability
to interact with effectors for the many branches of Wnt signaling.®
Dsh itself is a modular protein that contains three distinct domains,
a DIX, a PDZ and a DEP domain and for canonical signaling, the
DIX and PDZ domain appear to be central for mediating signaling.®
Once Dsh is activated, it inhibits the activity of the GSK3 enzyme,
and activates a complex series of events that lead to the preven-
tion of degradation of B-catenin and its consequent stabilization
and accumulation in the cytoplasm.#? Stabilized B-catenin then
translocates into the nucleus by a mechanism that remains poorly
understood. B-catenin itself has no nuclear localization sequence
(NLS), nor does its entry into the nucleus appear to require the func-
tion of the importin proteins or the Ran-mediated nuclear import.43
It has been proposed that P-catenin may likely “piggyback” with
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other factors to translocate into the nucleus and one of these may
be Axin which appears to also undergo nuclear shuttling.%44> For
export of B-catenin, studies have identified two mechanisms for this
process noting also that f-catenin does not possess a nuclear export
sequence (NES), first an involvement of the Ran-binding protein3
(RanBP3) along with the APC protein which possesses an NES and
another that is Ran-independent directly engaging proteins within
the nuclear pore complex. In the nucleus, B-catenin exerts its effect
on gene transcription by functioning as a transcriptional co-activator.
A large number of binding partners for B-catenin in the nucleus has
been uncovered and perhaps the best characterized are the members
of the LEF/TCF DNA-binding transcription factors.4-48 This
complex binds to the promoter of target genes. These target genes
include those required for organizer formation during embryogenesis
such as Siamois and Twin and genes involved in oncogenesis such as
Myc and CyclinD1 during cancer formation.*34? Other important
binding partners of B-catenin also include Legless and Pygopus
that influence the nuclear retention and transactivating ability of
B-catenin for transcriptional regulation of its target genes.’0->3

The canonical Wnt signaling plays a pivotal role in cell fate
decisions during early embryogenesis, and perhaps the best model
organism where this was elegantly worked out is the Xenopus
system.®? After fertilization, the process of cortical rotation moves a
dorsalizing factor to the future dorsal side of the embryo to establish
the formation of the signaling center termed the Spemann-Mangold
Organizer. Studies have uncovered that cortical rotation moves the
Dsh protein and other components of the Wnt pathway leading to
stabilization of B-catenin within the future dorsal side of the early
Xenopus embryo, and is a critical event in the formation of the
dorsal Spemann-Mangold Organizer. It was unclear whether a Wnt
ligand was responsible for the establishment of the dorsal organizer
or whether the Wnt signaling cascade was activated intra-cellularly
without the need for a ligand.” However, a recent study demon-
strated that Wntl1 was indeed the Wnt ligand responsible for this
action in early dorsal axis formation.>> In Xenopus embryos, the
microinjection of RNA that activates canonical Wnt signaling can
induce the formation of ectopic dorsal axial structures when injected
ventrally. For example, overexpression of Xwnt8, Dsh, B-catenin or
dominant-negative GSK3 can induce secondary axis formation.>®
Furthermore, in early development of Xenopus, the f-catenin/TCF
complex promotes transcription of 7win and Siamois, which encode
homeodomain transcription factors. Zwin and Siamois proteins are
critical for the expression of organizer-specific genes.>”->® These data
together cement the idea that the canonical pathway is required for
dorsal axis formation during early development.

Following formation of the Spemann-Mangold Organizer, the
canonical Wnt pathway also regulates anterior head formation and
neural patterning. During gastrulation, a number of Wnt inhibitors
including Cerberus, WIFE, Dickkopf and Frzb are expressed in and
secreted from the organizer to modulate formation of the anterior
of the embryo and also promote anterior head formation.?? These
inhibitory proteins can physically bind Wnt and block the forma-
tion of Wnt/Fz complex, resulting in low levels of nuclear $-catenin
protein in the anterior region and a higher level within the posterior
region of the gastrula embryo. The gradient of Wnt signal along
anteroposterior axis is important for the formation of anterior head
structure and neuroectodermal pattering.> Canonical Wnt signaling
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also control subsequent posterior patterning and tail formation, as
well as for formation of various organ systems including the heart,
lungs, kidney, skin and bone3%4748:56 Wnt signaling also has
recently been shown to play important roles in stem cell renewal.48
There seems to be no organ system that the canonical Wnt pathway
does not directly or indirectly regulate formation of during embryo-
genesis. This fact alone highlights the importance and crucial
function of the canonical Wnt pathway.

The Non-Canonical Planar Cell Polarity Pathway

The non-canonical pathway is often referred to as the B-catenin-
independent pathway and this pathway can be further divided into
two distinct branches, the Planar Cell Polarity pathway or PCP
pathway (Fig. 2) and the Wnt/Ca?* pathway (Fig. 3). The PCP
pathway emerged from genetic studies in Drosophila in which
mutations in Wnt signaling components including Frizzled and
Dishevelled were found to randomize the orientation of epithelial
structures including cuticle hairs and sensory bristles.”® Cells in the
epithelia are known to possess a defined apical-basolateral polarity
but in addition they are also polarized along the plane of the epithe-
lial layer. This rigid organization governs the orientation of structures
including orientation of hair follicles, sensory bristles and hexagonal
array of the ommatidia in the eye.® In vertebrates, this organization
has been shown to underlie the organization and orientation of stereo-
cilia in the sensory epithelium of the inner ear, the organization of
hair follicles, and the morphology and migratory behavior of dorsal
mesodermal cells undergoing gastrulation.®! The defining feature of
this pathway is its regulation of the actin cytoskeleton for such polar-
ized organization of structures and directed migration. Moreover this
pathway appears to function independently of transcription.

Recent studies have shown that the non-canonical pathway is
likely equivalent to the Planar Cell Polarity pathway in Drosophila
because the core components of the pathways appear to be the
same.®® The non-canonical pathway though a number of studies was
found to regulate convergent extension movements during zebrafish
and Xenopus gastrulaltion.62 During vertebrate gastrulation, meso-
dermal and ectodermal cells undergo convergent extension. In this
processes, polarized cells intercalate along the mediolateral axis,
resulting in mediolateral narrowing (convergent) and anteropos-
terior elongation (extension).®> The non-canonical Wnt pathway
was shown to regulate both cell polarity and movements of dorsal
mesodermal cells during convergent extension and later during
neural tube closure.®* The Wnt4, Wnt5a and Wntl1 ligands have
been established to signal via the non-canonical pathway, though
recently Wntll has been shown to play a crucial role in early axis
formation via the canonical pathway.>®> Overexpression of these
Wnts disrupted convergent extension in both Xenopus and zebrafish,
without dramatically affecting cell fate determination regulated by
the canonical pathway. Many other components of non-canonical
pathway were also shown to disrupt convergent extension, including
Dsh, Fz, Daaml, Rho, Rac, Prickle and Strabismus.®>74 Other
factors such as PKA were shown to function as a negative regulator
of non-canonical signaling. PKA can interact with RhoA and inhibit
Rho activity, and also PKA does not affect 3-catenin dependent gene
transcription.”>

In the non-canonical pathway, the Wnt signal is thought to be
mediated through Fz independent from the LRP5/6 co-receptor.’
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However, a recent study has shown that LRP6 can regulate conver-
gent extension movements’® and more studies to address this
question will be required. Importantly, thus far in Drosophila it is
not clear whether a Wnt molecule regulates this pathway.>® The Fz
co-receptors for the non-canonical pathway are not clearly defined
even though there are putative candidates including NRH1,””
Ryk,”8 PTK77% and ROR2.8" The signal is then transduced to
Dsh, leading to its activation. The PDZ and DEP domains of Dsh
are both utilized to activate two parallel pathways that activate the
small GTPases Rho and Rac.® For activation of the Rho branch of
signaling, Wnt signaling induces a Dsh-Daam1 complex that leads
to the activation of Daam1 and consequently activation of the Rho
GTPase via at least one Rho guanine exchange factor identified
thus far, WGEE®78!1 Daam1 (Dishevelled associated activator of
morphogenesis 1) is a Formin-homology protein that can bind to
Dsh and RhoA suggesting the possibility of a positive feedback loop
for signaling.®” Activation of Rho GTPase leads to the activation of
the Rho-associated kinase (ROCK)3? and myosin,3? which leads to
modification of the actin cytoskeleton and cytoskeletal rearrange-
ment. The second branch of signaling requires the DEP domain of
Dsh and activates the Rac GTPase. This activation is independent
of Daam1 and activated Rac in turn stimulates JNK activity.00:84
The factors downstream of JNK for non-canonical signaling remain
poorly resolved. While both Rho and Rac have been implicated in
transcriptional regulation, to date it is not clear whether any genes
are transcribed downstream of these two GTPases for non-canonical
signaling. The prevailing dogma remains that their primary roles
are indeed solely for cytoskeletal modulation.®® Tt should be noted
that how the activities of Rho and Rac, which are thought to have
opposing functions, are coordinated for cell polarization and direc-
tional migration remains poorly defined.

While numerous experiments have confirmed that non-canonical
signaling play an important role in convergent extension movement,
how exactly this pathway regulates this process remains murky. In
the PCP pathway in Drosophila, evidence has uncovered a key role
in differential localization of key components including Fz, Flamingo
(Fmi), Dsh, Strabismus and Prickle which mediates polarization.>
However, in vertebrates, differential localization has remained
difficult to uncover due to a lack of quality reagents for examining
this question. In dorsal migrating mesodermal cells, a differential
localization of Dsh, Rac and PKC8 has been observed along the
medial and lateral edges of the migratory cells in Xenopus but
Prickle appears to be localized anteriorly (in zebrafish cells).>8> The
subcellular localization of Dsh remains one of the best analyzed. In
cells undergoing convergent extension, Dsh is localized at the plasma
membrane and accumulates in lamellipodia.8¢ In other cells, Dsh
is located in the cytoplasm and possibly the nucleus where it may
regulate canonical Wnt signaling.28” Overexpression or downregu-
lation of Dsh was observed to disrupt membrane localization and
mediolateral cell polarity. Thus, asymmetric and membrane accu-
mulation of the Dsh protein and activation of PCP pathway seem
to be required for convergent extension.8® It should also be noted
that it remains unclear whether the non-canonical Wnt pathway
plays an instructive or permissive role for gastrulation movements.
The evidence in zebrafish demonstrated that injection of Wntll
RNA into the two-cell stage embryo was sufficient to rescue the
gastrulation defects observed in the silberblick mutant, indicating
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Figure 2. A schematic representation of the Planar Cell Polarity transduction
cascade. Wht signaling is transduced through Fz independent of LRP5/6
leading to the activation of Dsh. Dsh through Daam1 mediates activation of
Rho which in turn activates Rho kinase (ROCK). Daam1 also mediates actin
polymerization through the actin binding protein Profilin. Dsh also mediates
activation of Rac, which in turn activates JNK. The signaling from Rock, JNK
and Profilin are integrated for cytoskeletal changes for cell polarization and
motility during gastrulation.

that localized expression of Wntl1 was not required and thus its role
was permissive.?? Further studies will undoubtedly provide answers
to this important question in the future.

The Non-canonical Wnt/Ca2+ Pathway

The second branch of the non-canonical Wnt signaling pathway
is termed the Wnt/Ca®* pathway and though this pathway shares a
number of components of the Planar Cell Polarity pathway described
previously, it has clear distinctions that allow it to be described as a
separate branch (Fig. 3). This pathway further modulates canonical
signaling for dorsal axis formation and Planar Cell Polarity signaling
for gastrulation cell movements. The Wnt/Ca?* pathway emerged
with the finding that some Wnts and Fz receptors can stimulate
intracellular Ca?* release from ER and this pathway is dependent
on G-proteins.?®?! Ca®* waves in the embryo have further been
demonstrated in regions of the zebrafish?? and Xenopus embryos”?
undergoing gastrulation where it is thought to play crucial roles in
early pattern formation. Wnt5a, Wntll and rat Fz2 (RFz-2) are
capable of intracellular Ca®* release, without affecting B-catenin
stabilization.”! Calcium release by overexpression of Wnt5a or RFz-2
in zebrafish embryos is inhibited by pertusis toxin and the o subunit
of transducin, which inhibit G protein signaling.”*?> These reports
indicate that Wnt/Fz signaling leads to release of intracellular Ca?*
through trimeric G proteins. The calcium release and intracellular
accumulation activates several Ca®* sensitive proteins, including
protein kinase C (PKC)? and calcium/calmodulin-dependent
kinase II (CamKII).?” CamK11 have been shown to activate the
transcription factor NFAT to promote ventral cell fates in the
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Figure 3. A schematic representation of the Wnt/CaZ2* signal transduction
cascade. Wht signaling via Fz mediates activation of Dsh via activation of
G-proteins. Dishevelled activates the phosphodiesterase PDE which inhibits
PKG and in turn inhibits Ca?* release. Dsh through PLC activates IP3, which
leads to release of intracellular Ca2+, which in turn activates CamK11 and
calcineurin. Calcineurin activate NF-AT to regulate ventral cell fates. CamK11
activates TAK and NLK, which inhibit p-catenin/TCF function to nega-
tively regulate dorsal axis formation. DAG through PKC activates CDC42 to
mediate tissue separation and cell movements during gastrulation.

Xenopus embryo.”® CamK11 has also been shown to activate TGFf
activated kinase (TAK1) and Nemo-like kinase (NLK) which can
antagonize B-catenin/TCF signaling.”? Ca?* can also activate PKC
which regulates the process of tissue separation during gastrulation
via activation of the small GTPase CDC42.10

The role of the Wnt/Ca?* pathway during embryogenesis is
diverse and includes the negative regulation of dorsal axis forma-
tion, promotion of ventral cell fate, regulation of tissue separation
and convergent extension movements during gastrulation, and later
in heart formation. In Xenopus embryos, calcium waves and release
have been documented in cells undergoing during convergent exten-
sion and disruption of calcium release by pharmacological agents
block convergent extension movements.”®! The Wnt5a and Wntl1
ligands can induce Ca?* release and activate PKC and CamKII. The
inhibition of convergent extension movements induced by misex-
pression of Wnt5a can be partially rescued by expression of CamKII
in zebrafish embryos.!%! In addition, overexpression of CamKII itself
can inhibit gastrulation movements in Xenopus embryos.”” The
Dsh protein via the PDZ and DEP domains can also induce Ca®*
release and activation of PKC and CamKI11 in order to regulate heart
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formation, suggesting that it is a crucial component of the Wnt/Ca?*
pathway.”® Together, these studies show that the Wnt/Ca®* pathway
functions as a critical modulator of both the canonical and Planar
Cell Polarity pathways. In the future, it will be important to under-
stand how this pathway functions at the molecular level to regulate
the diverse biological outcomes of these two pathways.

Other Wnt Signaling Pathways

While the canonical, Planar Cell Polarity and Wnt/Ca?* pathways
remain the most studied branches to date, a number of other path-
ways have been emerging. These pathways may share overlapping
components of the Planar Cell Polarity and Wnt/Ca?* branches but
appear to have distinct outcomes. As such their relationship to these
branches remains currently obscure but we will briefly describe what
is known about these pathways. During neuronal migration and
synaptogenesis, Wnt signaling has been shown to regulate the micro-
tubule cytoskeleton and this pathway relies on the activity of GSK3
and Dsh.192193 During axonal guidance, another Wnt pathway via
the Ryk receptor and proto-oncoprotein Src regulates repulsion of
neurons. 04105 During gastrulation, Wnt signaling via casein kinase
inhibits the Rap1-GTPase leading to cytoskeletal modulation. 06107
For cell growth, Wnt signaling via Dsh and GSK3 regulates the TSC2
tumor suppressor to negatively regulate mTor. 108109 For epithelial
polarity and cell migration, Wnt signaling via Dsh, aPKC, Par3, Par6
and LGl modulates cell polarity and the microtubule cytoskeleton.!!?
During myogenesis, Wnt signaling via PKA and the transcription
factor CREB modulates gene transcription of muscle specific genes
including MyoD and Myf5.1!! During gastrulation, Wnt signaling
via the ROR2 receptor modulates expression of the proto-cadherin
PAPC via a CDC42 and JNK pathway.!!? Together these emerging
pathways hint to the complexity by which Wnt signaling may exert
effects on a number of developing cellular systems and studies to
understand how these pathways are integrated remain crucial.

Signal Specificity

The large number of Wnt ligands in vertebrates along with the
many branches of signaling that are triggered by Wnt ligands have
led to the question of whether a specific Wnt ligand may selectively
activate one particular branch of signaling. However, the answer to
this question remains unresolved since some Wnt ligands can activate
both canonical and non-canonical pathways.”¢4113 For example,
Wnt8 can lead to the accumulation of nuclear f-catenin but it does
not activate Wnt/Ca®* signaling and Wnrl1 thus far can activate
both canonical and non-canonical signaling.>® Likewise, Wnt5a can
activate the non-canonical pathway and induce calcium flux but not
activate B-catenin stabilization.”’!"4 Similarly, the Frizzled recep-
tors appear to activate both canonical and non-canonical pathways
precluding a direct classification of these proteins into either specific
activators or canonical or non-canonical signaling.4’6’7 However, it
must be noted that some studies have reported that some Fz recep-
tors may have preference for the Wnt/Ca?* branch of signaling. The
misexpression of rat frizzled-1 (RFz-1) in zebrafish embryos did not
increase Ca?* release and activation of PKC and CamKII. On the
other hand, RFz-2 stimulates CamKII activity and induces PKC
translocation.®!1> Thus, it is still unclear how different Wnt ligands
or Frizzled receptors are able to deploy specific pathway activation.
The current dogma appears to be that the specificity of a particular
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pathway may not be dictated by a specific ligand/receptor combina-
tion per se. It is reasonable to propose and several studies have shown
that co-receptors, binding partners of Dsh and/or subcellular local-
ization of Dsh are likely the important factors that may dictate signal
specificity.”® For example, LRP-5 and LRP-6 are implicated in only
the canonical pathway,>® while NRH1, PTK7 and ROR2 selectively
transduce the non-canonical pathway.®113

The Dsh protein is the first intracellular component that binds
to Fz and functions in all branches of signaling. The Dsh protein, as
previously mentioned has three conserved domains: DIX, PDZ and
DEP domains'!¢ and it appears that these specific domains are utilized
for pathway specific signaling.® The DIX domain of Dsh binds to
Axin, which is a component of f-catenin destruction complex, and
inhibits complex formation and the DIX domain is essential for
canonical pathway but not required for non-canonical pathway. The
PDZ domain of Dsh function in the canonical, non-canonical and
Wnt/ Ca?* pathway while the DEP domain functions in non-canon-
ical signaling.®3 The DEP domain is also required for membrane
translocation of Dsh.!!” In addition to the use of distinct domains, the
specific pathway that Dsh activates depends on its binding partners.
Complexity of this signaling can be seen in the thirty or so binding
partners identified to date and we can expect more continue to be
added in the future.® The components of non-canonical signaling,
such as Daam1, Strabismus and Prickle can bind to PDZ domain of
Dsh and function in PCP pathway.® Conversely, the Dsh that binds to
CK1, GSK3 and GBP functions in canonical signaling.>”

The subcellular localization of Dsh is also important for speci-
ficity of signaling. As mentioned above, asymmetric membrane
accumulation of Dsh is important for the non-canonical pathway
and convergent extension movements.! 8120 Removal of Dsh from
the membrane inhibits Rho activation, resulting in disruption of
convergent extension but does not impair canonical signaling.®8
Although recent studies have showed that Dsh shuttles between
the cytoplasm and nucleus, the importance of Dsh function in the

nucleus remains unclear.>-8”

Conclusion

The recent evidence to date has strongly cemented the fact that
Whnt signaling plays a critical role in pattern formation during
embryogenesis. Many studies over the last two decades have iden-
tified numerous signaling components that have helped to build
a molecular framework for the many branches of the Wnt signal
transduction pathway. However, the diverse function, integration
and specificity of the Wnt signaling are still unclear. Furthermore, we
lack a clear understanding of many of the biochemical aspects within
this signaling framework. Recent studies have demonstrated a strong
correlation and at times causative relationships between deregu-
lated Wnt signaling and human diseases. Thus the investigation of
Wnt signaling remains an important goal for dually understanding
both the basic mechanism of embryonic development and human
diseases. Undoubtedly, the future holds many important break-
through studies in Wnt signaling that will further our understanding
of this important pathway and we all await these discoveries with
eager enthusiasm.
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