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ReviewA Second Canon:
Functions and Mechanisms
of �-Catenin-Independent Wnt Signaling

are the intercalations and directed migrations driving
the mediolateral convergence and anteroposterior ex-
tension of the body axis. Such movements include, but
are not limited to, the mediolaterally directed intercala-
tions of presumptive notochord cells (Figure 2E), a pro-
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lation (Figure 2C), is also dependent on proper nonca-
nonical Wnt signaling. We will use the term “CE move-

More is becoming known about so-called noncanon- ments” as a general term for the convergence and
ical Wnt pathways that signal independently of extension of the body axis, and restrict our use of “con-
�-catenin. Here we review recent developments in vergent extension” to those tissues that are known to
both the functions and mechanisms of noncanonical converge and extend through mediolateral intercalation.
Wnt signaling. We also discuss some unresolved and It is also important to note that although these Wnt-
vexing questions. How many noncanonical Wnt path- dependent CE movements are often referred to as gas-
ways are there? How extensive are the parallels be- trulation movements, they represent only a subset of
tween Drosophila planar polarization and vertebrate the cellular movements required for gastrulation and
convergence and extension? Last, we will outline they also continue long after the germ layers have been
some challenges and difficulties we foresee for this established. For a discussion of the precise aspects of
exciting but still very young field. morphogenesis controlled by noncanonical Wnt signal-

ing, there are several excellent recent reviews (Keller,
In the past 20 years, more than 2000 papers have been 2002; Mlodzik, 2002; Myers et al., 2002b; Wallingford et
published about Wnt signaling. The majority of these al., 2002).
concern the canonical Wnt pathway, which signals Overexpression of Different Wnts
through the stabilization of �-catenin to regulate genes

Causes Distinct Phenotypes
that control an impressive array of embryonic and adult

One of the first indications of functional differences be-
processes (Huelsken and Behrens, 2002; Miller et al.,

tween Wnt proteins came from misexpression analysis
1999). An increasing body of research, however, con-

in Xenopus embryos. Overexpression of some Wnts,cerns noncanonical, �-catenin-independent Wnt path-
including XWnt1 and XWnt8, causes a duplication of theways. In vertebrates, the most robust and compelling
embryonic axis that has since been shown to dependdata are for a noncanonical Wnt pathway that controls
on canonical signaling through �-catenin. See Figure 3aspects of gastrulation movements through a mecha-
for a diagram of the Wnt/�-catenin pathway. Overex-nism similar to the Drosophila planar cell polarity (PCP)
pression of other Wnts, however, including XWnt4,pathway (see Figures 1 and 2). There are indications
XWnt5a, and XWnt11, causes defective CE movementsthat vertebrate noncanonical Wnt signaling may also be
without affecting cell fates (Du et al., 1995; Moon et al.,involved in processes as diverse as cochlear hair cell
1993; Figures 1E and 1F).morphology, heart induction, dorsoventral patterning,
Dsh Domain Analysis Suggests an Overlaptissue separation, neuronal migration, and cancer. Po-
between Vertebrate Noncanonical Wnttential mechanisms of noncanonical Wnt signal trans-
Signaling and the Drosophila PCP Pathwayduction are also quite diverse, including signaling through
A series of experiments suggests that noncanonical Wntcalcium flux, JNK, and both small and heterotrimeric G
signaling affects CE movements at least in part throughproteins. While it is difficult to fully integrate these quite
a pathway similar to the Drosophila PCP pathway. Thevaried observations, our goal here is to provide historical
PCP pathway, which controls the orientation of hairs,and critical perspectives for this often baffling field.
bristles, and ommatidia, overlaps the canonical Wnt sig-
naling pathway in that it requires Frizzled (Fz) receptorsNoncanonical Wnt Signaling Controls Cell
and the mysterious cytoplasmic signal transductionMovements during Vertebrate Gastrulation
molecule Dishevelled (Dsh). It diverges downstream,Before reviewing the experiments connecting nonca-
however, in that it does not involve Axin, GSK-3, ornonical Wnt signaling with the control of specific mor-
�-catenin. A diagram of the Drosophila PCP pathway isphogenetic movements during and following vertebrate
given in Figure 4. For detailed reviews, see Adler (2002),gastrulation, it is necessary to discuss certain aspects of

terminology. In general terms, the major cell movements Adler and Lee (2001), Axelrod and McNeill (2002), and
affected or controlled by noncanonical Wnt signaling Shulman et al. (1998).

Structure-function analysis of Dsh has defined distinct
requirements for its three main domains in canonical*Correspondence: rtmoon@u.washington.edu

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Elsevier - Publisher Connector 

https://core.ac.uk/display/81115904?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Developmental Cell
368

Figure 2. Manifestations of Polarity in PCP and Noncanonical Wnt
Signaling

(A) A reminder that polarity, in the abstract sense, consists of having
a spatial asymmetry in some quality. This is often visualized as
having a plus end and a minus end.
(B) Wild-type Drosophila wing cells are polarized in this fashion, as
they have a plus end and a minus end defined by the orientation

Figure 1. Some of the Main Phenotypes of PCP and Noncanonical and origin of the trichome.
Wnt Signaling (C and D) Some gastrulating vertebrate cells also show this type of
(A) The PCP pathway is required to restrict the growth of the actin- polarity, such as the cells of the prechordal plate (blue), which have
rich prehair (red) to the distal vertex of each pupal fly wing cell. The an axis of polarity defined by their unidirectional movement toward
proximal-distal (P-D) axis is indicated. the anterior of the embryo (black).
(B) When the PCP pathway is disrupted, the prehair develops near (E and F) Many gastrulating vertebrate cells, however, such as pre-
the center of the cell and hair polarity is perturbed. sumptive notochord cells, exhibit a bipolar morphology. Such medi-
(C) A strikingly similar example of planar polarity is seen in the olateral (ML) bipolar protrusive behavior is required to drive the
polarized stereocilia of vertebrate cochlear hair cells, where the movements of convergent extension. (D) and (F) are close-up depic-
stereociliary bundles (red) are normally aligned toward the outer tions of the cell morphologies thought to underlie the cell move-
border of the cochlear duct. The axis of polarity from the inner to ments depicted in (C) and (E), with the sites of active tractive behav-
the outer (I-O) border of the duct is indicated. ior indicated in red.
(D) Cochlear hair cell polarity is perturbed by the application of Wnt
conditioned media, or in embryos lacking the function of a homolog
of the PCP gene strabismus. in canonical signaling, can rescue dominant-negative
(E) CE movements, including the movements of convergent exten-

Wnt11 inhibition of the elongation of activin-treated Xen-sion, extend wild-type embryos along the anterior-posterior (A-P)
opus animal caps, a common ex vivo model of conver-axis while narrowing them along the medial-lateral (M-L) axis. The
gent extension (Tada and Smith, 2000).cartoon depicts a generic vertebrate embryo, showing the anterior

neurectoderm (blue), the notochord (green), and the somites (red). Similar experiments with Dsh domain deletions have
(F) Disruptions of noncanonical Wnt signaling perturb these move- been used to examine the underlying cellular basis for
ments, resulting in shorter, wider embryos. Embryos with these CE CE movements in the context of noncanonical Wnt sig-
defects tend to have secondary defects that vary by species, but

naling. Perturbation of noncanonical Wnt function waswhich can include open blastopores, open neural tubes, and cy-
found to disrupt the mediolateral elongation and align-clopia.
ment of dorsal mesodermal cells and the mediolateral
stabilization of cell protrusions (Wallingford et al., 2000).
While these phenotypes are not entirely comparable toWnt signaling versus PCP signaling. Dsh domain dele-

tions have thus been used as probes for pathway speci- Drosophila PCP (discussed later), aspects of cell polarity
are clearly required for normal CE movements. Together,ficity. There is likely some redundancy of domain func-

tion, as residual �-catenin signaling activity can be these observations with Dsh domain deletions strongly
suggest that some of the morphogenetic effects of Wntobserved in the absence of any of the three conserved

domains (DIX, PDZ, and DEP; Axelrod et al., 1998; Roth- signaling in vertebrate embryos are not through the ca-
nonical �-catenin pathway, and are likely through a path-bacher et al., 2000; Wallingford et al., 2000). Of the three

single-domain deletions, Dsh�DIX is most impaired in way akin to the PCP pathway.
Further Evidence from Vertebratecanonical �-catenin signaling. In contrast, the DEP do-

main is absolutely required for Drosophila PCP and ver- Loss of Function
Experiments based solely on overexpression can betebrate CE (Axelrod et al., 1998; Boutros et al., 1998;

Heisenberg et al., 2000; Tada and Smith, 2000). difficult to interpret. The most convincing evidence, both
of a role for noncanonical Wnts in CE movements andDsh�DIX, which is active in PCP but strongly impaired
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Figure 3. The Canonical Wnt/�-Catenin Pathway
Figure 4. The Drosophila Planar Cell Polarity (PCP) Pathway

Canonical Wnt signaling requires the Frizzled and LRP5/6 corecep-
The PCP pathway includes Frizzled, Dishevelled, Rho, Rho Kinase,tors and leads, by a poorly understood process, to the activation
Flamingo, Strabismus, and Prickle. It is not a simple, linear pathwayof Dishevelled. Dishevelled can inhibit the activity of the so-called
and is best appreciated in a spatial context. Some PCP proteins,�-catenin destruction complex, a complex of proteins including
including Flamingo, become localized to both the proximal and dis-APC, Axin, and GSK-3 that otherwise phosphorylates �-catenin,
tal sides of the cell. Others, however, including Frizzled, Dishevelled,targeting it for destruction by the ubiquitin-proteasome pathway.
and Rho, become localized specifically to the distal side, whereasThese and other mechanisms allow Wnt ligands to both stabilize
Prickle and Strabismus become localized to the proximal side. The�-catenin and promote its entry into the nucleus where it recruits
function of all of these proteins is required to ensure both theirtransactivators to HMG box DNA binding proteins of the LEF/TCF
correct segregation into proximal and distal domains and the subse-family.
quent development of correct planar polarity. The molecular mecha-
nisms underlying this polarization remain unclear.

of the similarity of this pathway with the PCP pathway,
comes from loss-of-function analyses. The zebrafish
silberblick (slb) mutation, which has a defect in the mor- and Moon, 2002). Furthermore, Vangl2, a Stbm homolog,

is mutated in loop-tail mice, which have failures in neuralphogenesis of the prechordal plate, is an allele of wnt11
(Heisenberg et al., 2000). pipetail (ppt), which is an allele tube closure likely due to defective CE movements post-

gastrulation (Kibar et al., 2001). A comparable pheno-of wnt5, has morphogenetic defects in tail extension
(Rauch et al., 1997). The slb/slb; ppt/ppt double mutant type is seen in Celsr1 mice, which are mutant for a

homolog of Fmi (Curtin et al., 2003). There are no knowncombination is more severe, revealing considerable re-
dundancy between Wnt5 and Wnt11 in the anterior mes- mutations in vertebrate pk homologs, but morpholino

knockdowns have recently been used to show a similarendoderm (Kilian et al., 2003). Intriguingly, the relatively
mild slb mutant phenotype can be rescued not only with role for zebrafish and Xenopus pk genes in CE move-

ments (Carreira-Barbosa et al., 2003; Takeuchi et al.,Wnt11 or Wnt5 RNA but also with Dsh�DIX RNA, further
suggesting a similarity with the PCP pathway (Heisen- 2003; Veeman et al., 2003). Not only are the loss-of-

function phenotypes of slb, ppt, tri, and pk similar inberg et al., 2000). The somewhat more severe ppt pheno-
type, however, cannot be rescued with Wnt5 RNA (Kilian that they all affect CE movements without obviously

affecting cell fates, but also strong double-mutant, dou-et al., 2003), suggesting that rescue analysis may not be
the most robust means of characterizing this pathway. ble-morpholino, or mutant/morpholino interactions have

been detected between slb and ppt (Kilian et al., 2003),Fruitful comparisons between vertebrate noncanoni-
cal Wnt signaling and Drosophila PCP signaling have pk1 and tri (Carreira-Barbosa et al., 2003; Veeman et

al., 2003), pk1 and slb (Carreira-Barbosa et al., 2003),also come from the analysis of vertebrate homologs of
Drosophila genes thought to be specifically involved and pk1 and ppt (Carreira-Barbosa et al., 2003).

As in the Xenopus overexpression studies, defectsin PCP signaling. These include the membrane protein
Strabismus (Stbm), the LIM domain protein Prickle (Pk), in cell polarity have also been found in the zebrafish

noncanonical Wnt/CE mutants and morphants. Theseand the seven-pass transmembrane cadherin Flamingo
(Fmi). Stbm is mutated in trilobite fish, which have a include defects in the mediolateral elongation and align-

ment of dorsal ectodermal cells, and the velocity ofsevere defect in CE (Jessen et al., 2002). This phenotype
has also been seen by RNA overexpression and morpho- dorsal convergence of dorsal mesodermal cells (Jessen

et al., 2002; Kilian et al., 2003; Marlow et al., 2002; Top-lino-mediated gene knockdown in zebrafish and Xeno-
pus (Darken et al., 2002; Goto and Keller, 2002; Park czewski et al., 2001; Veeman et al., 2003).
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Figure 5. Vertebrate Noncanonical Wnt Signaling

Vertebrate noncanonical Wnt signaling requires Frizzled receptors and the proteoglycan coreceptor Knypek. Like Wnt/�-catenin signaling,
this pathway involves the cytoplasmic signal transduction protein Dishevelled. The pathway differs, however, in requiring Dishevelled to be
localized to the cell membrane via its DEP domain. A main branch downstream of Dishevelled involves the small GTPases of the Rho family.
Dishevelled activation of Rho requires the bridging molecule Daam1. The precise roles of Rho versus other Rho family small GTPases such
as Rac and Cdc42 remain unclear, as is the potential role of the JNK pathway. Dsh can also stimulate calcium flux and the activation of the
calcium-sensitive kinases PKC and CamKII, suggesting that the Wnt/calcium pathway, which had previously been thought of as distinct from
PCP-like signaling, may be a joint part of a common noncanonical Wnt pathway. As in the Drosophila PCP pathway, Prickle and Strabismus
appear to have some role in this process, but not in a linear or well-understood way. While we have depicted a single, unified noncanonical
Wnt pathway, it is possible that certain components are only used in distinct contexts.

Mechanisms of Noncanonical Wnt Signaling release, suggests a potential overlap between the PCP
and Wnt/calcium pathways.Calcium Signaling

A separate line of research suggests that some nonca- Interestingly, PKC� has recently been shown to form
a complex with Dishevelled and to be required to trans-nonical Wnt signaling may involve intracellular calcium

release (see Figure 5 for a consensus view of vertebrate locate Dishevelled to the cell membrane in response to
Xenopus Frizzled7 (Kinoshita et al., 2003). Dishevellednoncanonical Wnt signaling). In zebrafish blastulae,

overexpression of Wnt5a or rat Fz2 stimulates the fre- and PKC may thus be acting together as part of a protein
complex, as opposed to being in a linear pathway asquency of calcium fluxes in the enveloping layer (EVL)

cells as directly measured with a calcium-sensitive dye suggested by the stimulation of PKC activity by Dishev-
elled. PKC� activity was also found to be required for(Slusarski et al., 1997a, 1997b). In Xenopus embryos,

overexpression of Wnt5a or Wnt11 can activate the cal- proper CE movements (Kinoshita et al., 2003).
Rho Family GTPasescium-sensitive kinase protein kinase C (PKC; Sheldahl

et al., 1999) and calcium/calmodulin-dependent kinase Other potential mediators of noncanonical Wnt signaling
include the small GTPases of the Rho family. Rho actsII (CamKII; Kühl et al., 2000a). PKC is also upregulated

in response to Wnt5a overexpression in UACC 1273 downstream of Dishevelled in Drosophila PCP signaling
(Strutt et al., 1997), with Rho-associated kinase (ROK)melanoma cells (Weeraratna et al., 2002). The calcium-

responsive transcription factor NF-AT has been sug- acting as one effector (Winter et al., 2001). A function
for Cdc42 in PCP signaling has also been suggested,gested as a potential target in certain contexts (Murphy

and Hughes, 2002; Saneyoshi et al., 2002). This pathway through expression of a dominant-negative construct
(Eaton et al., 1996). Rho, Rac, and Cdc42 have all beenhas been called the Wnt/calcium pathway, to distinguish

it from the canonical Wnt/�-catenin pathway (Kühl et implicated in vertebrate noncanonical Wnt signaling
(Choi and Han, 2002; Habas et al., 2001, 2003; Penzo-al., 2000b).

A potential role for Dsh in Wnt/calcium signaling has Mendez et al., 2003). The Formin homology protein
Daam1 binds to both Dsh and Rho, and is required foronly recently been tested (Sheldahl et al., 2003). Full-

length Dsh was found to have a modest ability to activate both Wnt activation of Rho and correct CE movements
(Habas et al., 2001). A zebrafish homolog of the Rhocalcium signaling in the calcium flux, PKC, and CamKII

assays. A Dsh construct lacking the DIX domain, and effector Rho kinase (ROK2) has been shown to act
downstream of noncanonical Wnt signaling in the regu-therefore likely active in PCP signaling but not canonical

Wnt/�-catenin signaling, is a strong activator in these lation of CE movements (Marlow et al., 2002). One report
shows that, in addition to activating Rho, Wnt signalingassays. Overexpression of zebrafish Prickle1 also stimu-

lates calcium flux, albeit not as quickly (Veeman et al., can also activate Rac but not Cdc42 (Habas et al., 2003).
In contrast, other groups have used different functional2003). That these reagents, which are thought to specifi-

cally affect PCP signaling, can also stimulate calcium assays to argue that noncanonical Wnt signaling does
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involve Cdc42 (Choi and Han, 2002; Penzo-Mendez et noncanonical Wnt signaling, can also induce JNK activ-
ity and can form a complex with the Jun kinase kinaseal., 2003). These latter works are still somewhat prelimi-

nary, as they used overexpressed G proteins instead kinase MEKK1 (Zhang et al., 1999). Given that these
experiments used a variety of different assays for JNKof assaying the activities of the endogenous proteins.

Studies of the Rho family GTPases in other systems induction and that the activations observed were usually
quite small, it is currently difficult to draw any firm con-have also been rife with confusion, both from crosstalk

and overexpression artifacts. Despite these complica- clusions about the JNK pathway in Wnt signaling. This
is especially true given that JNK activity is known to betions, the Rho family GTPases and their effectors remain

the most obvious connection between noncanonical induced by a wide range of cellular stresses.
Wnt signaling and the cytoskeleton.
Heterotrimeric G Proteins Other Functions of Noncanonical Wnt Signaling
While small Rho family G proteins likely act downstream Cochlear Hair Cell Polarity
of Dsh in noncanonical Wnt signaling, there is also evi- While the majority of research in vertebrates has focused
dence that heterotrimeric G proteins may be involved on functions during gastrulation, there is growing evi-
upstream of Dsh. Stimulation of calcium flux in zebrafish dence that noncanonical Wnt signaling may also have
embryos by noncanonical Wnts and Frizzleds is sensi- other functions. Given the potential connection with Dro-
tive to pertussis toxin (Slusarski et al., 1997a), as is PKC sophila PCP signaling, it has long been a matter of spec-
and CamKII activation in Xenopus (Kühl et al., 2000a; ulation whether a similar pathway might control the ori-
Sheldahl et al., 1999). Dsh�DIX stimulates calcium activ- entation of comparable vertebrate structures with
ity in a pertussis toxin-insensitive manner, consistent strong planar polarity. The most dramatic of these, the
with it acting downstream of the relevant heterotrimeric polarized hair cells of the vertebrate cochlea, have re-
G proteins (Sheldahl et al., 2003). A recent report sug- cently been shown to depend on Wnt and PCP signaling
gests that G�� subunits may be the relevant signaling (Figures 1C and 1D). Application of conditioned media
moiety in this context (Penzo-Mendez et al., 2003). Ex- containing either Wnt7a or Wnt-sequestering proteins
periments in cultured cells have implicated both Gi/o and can block normal hair cell polarization in cochlear ex-
transducin family G proteins (Dejmek et al., 2003; Mur- plants (Dabdoub et al., 2003). Even more compelling,
phy and Hughes, 2002; Wang and Malbon, 2003). Spe- strong defects in hair cell planar polarity are seen in
cific heterotrimeric G protein subunits, however, remain loop-tail mice, which are mutant for a homolog of stbm
to be tested by rigorous loss-of-function methods in (Montcouquiol et al., 2003), and Celsr1 mice, mutant for
embryos for roles in noncanonical Wnt signaling. a homolog of fmi (Curtin et al., 2003). Similar but milder
The JNK Pathway defects were also seen in mice mutant for scribble1
Another potential, albeit controversial, mediator of non- (Montcouquiol et al., 2003). Drosophila scribble is known
canonical Wnt signaling is the JNK pathway. Loss of to be involved in the apical-basal polarity of epithelia
JNK cascade components can dominantly suppress the (Bilder and Perrimon, 2000), but had not been previously
Drosophila eye PCP phenotype resulting from Dsh over- implicated as a potential PCP gene. It will be interesting
expression (Boutros et al., 1998). The importance of this to see whether similar mechanisms control other verte-
observation is open to question, however, because null brate structures with strong PCP, such as the polarized
alleles of Jun cause polarity defects in only 1.6%–3% cilia of the respiratory and reproductive tracts.
of ommatidia in the fly eye (Weber et al., 2000), and Tissue Separation
mutations in JNK pathway components have no PCP While numerous studies have shown a role for nonca-
phenotype in the otherwise unperturbed fly. Dsh can nonical Wnt signaling in CE movements, it has also been
induce JNK activity in vertebrate cells (Boutros et al., suggested that such signaling might play a quite differ-
1998; Li et al., 1999; Moriguchi et al., 1999), as can ent role during gastrulation in maintaining proper sepa-
certain Wnts (Habas et al., 2003; Yamanaka et al., 2002), ration between the germ layers (Winklbauer et al., 2001).
but the mechanisms for this remain quite unclear. The A morpholino targeting zygotic Xenopus frizzled7 causes
DEP domain is necessary for JNK induction, suggesting severe gastrulation defects, including an open neural
a connection with the PCP pathway (Boutros et al., 1998; tube and a shortened body axis. On closer examination,
Li et al., 1999; Moriguchi et al., 1999). The DEP domain however, convergent extension was found to be unaf-
alone, meanwhile, which is generally antimorphic with fected in these embryos, but a defect was observed
respect to PCP signaling, is also able to induce JNK in the separation of the involuting mesoderm from the
activity (Li et al., 1999; Moriguchi et al., 1999). There are overlying ectoderm. In an explant assay for this tissue
contradictions in the literature as to whether the Rho separation behavior, the Fz7 morphant phenotype could
family GTPases are involved in JNK activation by Dsh, be rescued with PKC but not with Dsh, Dsh�DIX, Cdc42,
with one report that JNK activation by Dsh is via Rac or �-catenin. These results can be interpreted as indicat-
but not Rho or Cdc42 (Habas et al., 2003), another that ing that the Fz7 tissue separation behavior requires the
it requires Rac and Cdc42 (Moriguchi et al., 1999), and action of a Wnt/calcium pathway distinct from Wnt/PCP
a third report that the small GTPases are not required or canonical Wnt signaling. We would suggest, however,
(Li et al., 1999). Pk and Stbm also have modest abilities that the absence of rescue in a given assay is not neces-
to activate JNK signaling in vertebrate cells (Park and sarily an informative result. While the mechanisms of
Moon, 2002; Takeuchi et al., 2003; Veeman et al., 2003), Fz7 signaling remain uncertain in this context, the tissue
and Pk has even been reported to form a complex with separation phenotype remains of considerable interest
JNK (Takeuchi et al., 2003). Adding a further layer of given the known influences of noncanonical Wnt signal-

ing on cell adhesion (Torres et al., 1996).confusion, Axin, which has no known role in PCP or
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Cardiogenesis and Myogenesis a matter of some debate as to whether noncanonical
Wnt signaling might inhibit Wnt/�-catenin signaling inThe majority of research on noncanonical Wnt signaling

has emphasized phenotypes involving cell behavior but developmental contexts. Relatively subtle effects on
�-catenin-dependent dorsoventral patterning can benot cell fates. There are indications, though, that nonca-

nonical Wnts may also be involved in more traditional seen upon overexpression of dominant-negative Wnt11
or mutant forms of the noncanonical Wnt effector Cam-inductive events. Wnt11, for example, has been impli-

cated in cardiogenesis in both quail (Eisenberg and KII in Xenopus embryos (Kühl et al., 2000a). It has also
been suggested that Wnt5a might signal through theEisenberg, 1999) and Xenopus (Pandur et al., 2002). An

XWnt11 morpholino causes defects in heart patterning, calcium effector NF-AT to regulate ventral fates (Sane-
yoshi et al., 2002). Zebrafish mutations in wnt5, wnt11,and XWnt11 overexpression is sufficient to induce early

cardiac markers in Xenopus animal caps. The analysis and stbm have no obvious effect on dorsoventral pat-
terning, initially suggesting that the proposed interac-of noncanonical Wnt signaling in heart development is

difficult, however, as the inhibition of canonical Wnt/ tions of noncanonical Wnt signaling with the Wnt/
�-catenin pathway are not of physiological relevance.�-catenin signaling is known to be a crucial step in heart

induction (Schneider and Mercola, 2001) and there is It has recently been reported, however, that MZppt ze-
brafish embryos lacking maternal and zygotic Wnt5thought to be crosstalk (discussed later) between ca-

nonical and noncanonical Wnt signaling. It is also diffi- function are somewhat dorsalized (Westfall et al., 2003).
A similar phenotype was not seen with a different,cult to exclude that cardiac phenotypes in whole em-

bryos might be secondary to earlier morphogenetic slightly less severe allele of ppt (Kilian et al., 2003; Rauch
et al., 1997), so it will be important to confirm that thedefects. Despite these challenges, some evidence from

Xenopus explant assays suggests that XWnt11 may dorsalized phenotype results from the null ppt allele
and not some other genetic difference between thesehave effects on cardiac gene expression that are not

explained by either the inhibition of Wnt/�-catenin sig- strains. Another recent report has documented ex-
panded domains of Wnt/�-catenin signaling in the limbnaling or the perturbation of morphogenetic movements

(Pandur et al., 2002). buds of wnt5a knockout mice (Topol et al., 2003), further
demonstrating a potential in vivo context for the long-Canonical and noncanonical Wnt signaling have also

recently been shown to have intertwined roles in the hypothesized negative interaction between noncanoni-
cal and canonical Wnt signaling.development of skeletal muscle in the chick wing bud.

Wnt/�-catenin signaling controls the numbers of termi- Noncanonical Wnt Signaling and Cancer
Given the observed antagonisms between noncanonicalnally differentiated myoblasts, whereas Wnt5a and

Wnt11 affect the relative proportions of slow and fast Wnt signaling and Wnt/�-catenin signaling, and the ex-
tremely well-established link between hyperactivatedtwitch muscle fibers (Anakwe et al., 2003). Curiously,

Wnt5a and Wnt11 have opposite effects in this context, �-catenin signaling and cancer (reviewed by Miller et
al., 1999), it is possible that noncanonical Wnt signalingwhich is a rare example of these proteins not being

equivalent in effect. The mechanism for these distinct might suppress tumor formation. Indeed, antisense
depletion of wnt5a in C57MG mammary epithelial cellsfunctions is unknown, but the Wnt5a effect could be
can mimic the transforming effects of Wnt-1 overexpres-phenocopied with activated CamKII.
sion (Olson and Gibo, 1998). Wnt5a expression can alsoNoncanonical Wnt Signaling Antagonizes
inhibit the constitutively high Wnt/�-catenin signalingWnt/�-Catenin Signaling
activity of SW48 colon cancer cells (Topol et al., 2003).One of the earliest observations about noncanonical
Wnt5a does not, however, always act as a simple tumorWnt signaling was that it has an ability to inhibit canoni-
suppressor. Wnt5a expression levels have been foundcal Wnt signaling. Overexpression of Wnt5a, for exam-
to positively correlate with the severity of certain mela-ple, can block secondary axis induction by Wnt8 in Xen-
nomas; and activation or inhibition of Wnt5a signalingopus embryos (Torres et al., 1996). A plethora of
can, respectively, enhance or inhibit the motility andnonexclusive mechanisms has been proposed to ex-
invasiveness of UACC 1273 melanoma cells (Weeraratnaplain this antagonism. It could be an indirect effect of
et al., 2002). It is intriguing that Wnts known to affectreduced cell adhesion (Torres et al., 1996). It might in-
cell adhesion and movements in embryos can also affectvolve the activation of Nemo-like kinase (NLK), which
metastatic behaviors in some cancers. While these pre-can phosphorylate TCF/LEF transcription factors and
liminary results are exciting, the breadth and depth ofthereby interfere with their DNA binding ability (Ishitani
noncanonical Wnt functions in cancer remain to be ex-et al., 1999). Wnt5a has been reported to activate NLK
plored.through CamkII and TAK1 (Ishitani et al., 2003). Another

potential mechanism for noncanonical Wnt-mediated in-
hibition of canonical signaling would involve competi- New Complexities from Drosophila

Dwnt4 and Ovarian Morphogenesistion for molecules such as Dishevelled that are shared
between the two pathways. This latter mechanism is a There is recent evidence from Drosophila that nonca-

nonical Wnt signaling may be more diverse than pre-likely cause of the relatively small inhibitory effects of
Stbm and Pk overexpression on Wnt/�-catenin signaling viously appreciated. Mutation of Drosophila wnt4 causes

a defect in ovariolar morphogenesis whereby the ovario-(Park and Moon, 2002; Veeman et al., 2003). Yet another
proposed mechanism involves the Wnt5a-induced tran- lar sheath cells fail to properly migrate over the develop-

ing ovarioles (Cohen et al., 2002). This effect cannot bescriptional upregulation of Siah2, which can stimulate
�-catenin degradation (Topol et al., 2003). phenocopied by perturbing TCF function, so it appears

to not involve the Wnt/�-catenin pathway. The pheno-Given these multiple potential interactions between
canonical and noncanonical Wnt signaling, it has been type is seen in flies mutant for dsh1, an allele that disturbs
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planar cell polarity without affecting Wnt/�-catenin sig- is that the vertebrate noncanonical pathway clearly in-
volves Wnt ligands, such as Silberblick (Wnt11) andnaling, suggesting some connection with PCP signaling.
Pipetail (Wnt5), whereas no Wnt ligand is known to beIt is not seen, however, in mutants for stbm, pk, fmi,
involved in Drosophila PCP signaling. While it is difficultdiego (dgo), or other PCP genes, nor are any of these
to prove a negative result, this disparity suggests a dra-proteins found to be polarized in the ovariolar sheath
matic difference in how the two pathways function. Thatcells as they are in cells acquiring planar polarity. The
said, there is no evidence that the Wnt proteins involvedovariolar defect can also be phenocopied by misex-
in vertebrate CE act instructively as directional cues.pressing a pseudosubstrate inhibitor of PKC. We specu-
Indeed, apparently uniform Wnt expression appears tolate that this pathway may represent a core noncanoni-
suffice in at least one instance (Heisenberg et al., 2000).cal Wnt pathway that transduces signals by a
Another distinction is that the Drosophila pathway func-mechanism similar to the PCP pathway but without a
tions solely in epithelia, and the proteins involved arecassette of proteins, including Pk and Stbm, required
first recruited to apical epithelial junctions, whereas thefor intracellular polarity.
vertebrate pathway also acts in mesenchymal tissuesDerailed and Neuronal Morphogenesis
where such junctions are not thought to exist (Keller,A more dramatically heterodox example of Drosophila
2002).noncanonical Wnt signaling comes from a recent study
Unipolarity versus Bipolarityof the derailed mutation, in which contralaterally pro-
A further potential difference between noncanonical Wntjecting axons that should cross the midline at the ante-
signaling during vertebrate gastrulation and Drosophilarior commissure of each segment instead cross at the
planar polarity concerns the nature of the cell polarityposterior commissure (Yoshikawa et al., 2003). Derailed
involved (Figure 2). The Drosophila PCP pathway con-is a RYK family atypical receptor tyrosine kinase. Its
trols the polarity of several distinct structures: the tri-extracellular region contains a Wnt inhibitory factor do-
chomes of the wing, bristles on the body, and the omma-main, which suggested that its ligand might be a Wnt
tidia of the compound eye. In each case, however, themolecule. A screen for modifiers of a Derailed misex-
structure is unipolar: trichomes point distally (Figure 2B),pression phenotype identified wnt5 (orthologous to ver-
bristles point to the posterior, and ommatidia are ori-tebrate wnt5 genes) as a dominant suppressor. wg,
ented toward the eye’s equator. It is somewhat morewnt4, fz fz2 double heterozygotes, and dsh all failed to
difficult to measure the polarity of gastrulating cells, assuppress the phenotype. Wnt5 was also found to form
they do not have obvious markers of polarity. Cell polar-a complex with Derailed. Further genetic tests will be
ity can be inferred, however, as a function of cell shapenecessary to fully exclude the possibility that canonical
and cell movement. Unlike Drosophila PCP signaling,or PCP signaling might be involved in this pathway, but
noncanonical Wnt-dependent polarity during vertebrateit appears likely that Derailed is a receptor for an entirely
gastrulation involves both unipolar and bipolar cell mor-novel Wnt pathway.
phologies (reviewed in Keller, 2002; Myers et al., 2002b;It is currently unknown whether Derailed homologs
Wallingford et al., 2002). Prechordal plate cells, for ex-act downstream of any vertebrate Wnts to control axonal
ample, migrate in a coherent, unipolar fashion towardpathfinding or any other processes. We note, however,
the animal pole (Figures 2C and 2D). Xenopus dorsalthat aspects of noncanonical Wnt signaling have been
ectodermal cells intercalate via unipolar medial protru-implicated in neuronal morphogenesis. Wnt7a and
sions (Elul and Keller, 2000). Presumptive notochordWnt3a, acting independently of �-catenin, are involved
cells, in contrast, are elongated and aligned along thein synaptic remodeling and dendritic arborization (Hall
mediolateral axis in a bipolar fashion that is known to beet al., 2000; Krylova et al., 2002). While this pathway is
required for the intercalatory movements of convergentnoncanonical in that it does not involve �-catenin, it may
extension (Figures 2E and 2F). While it is possible thatnot be homologous to PCP-like signaling as it is thought
the key aspect of polarity in each case is that cells are

to involve GSK-3. Also, zebrafish Stbm (Jessen et al.,
aligned with each other and with the axes of the embryo,

2002) and Prickle1 (Carreira-Barbosa et al., 2003) are
the specification of bipolar structures is still a significant

required for the correct migration of hindbrain facial difference with respect to the Drosophila PCP pathway.
motor neurons from rhombomere 4 to rhombomeres 6 Asymmetric Protein Localization in Vertebrates?
and 7. This may represent a novel function for Stbm and Concerns about unipolarity versus bipolarity are espe-
Prickle1, as it cannot be phenocopied by overexpress- cially valid given what is known about asymmetric pro-
ing dominant-negative Dishevelled (Jessen et al., 2002). tein localization during Drosophila PCP signaling. While
The intricacies of all of these proteins in neuronal pat- the molecular mechanisms for generating polarity re-
terning will require much further study. main mysterious, it is now known that many PCP pro-

teins become asymmetrically localized during planar po-
Questions and Concerns for the Future larization (Figure 4). Fz (Strutt, 2001) and Dsh (Axelrod,
How Similar Are the Drosophila PCP and 2001) become localized to the distal side of the pupal
Vertebrate Noncanonical Wnt Pathways? wing cell, whereas Stbm (Bastock et al., 2003) and Pk
Despite the many advances in understanding noncanon- (Tree et al., 2002) become localized to the proximal side.
ical Wnt signaling, many questions and controversies Fmi (Usui et al., 1999) appears to be localized in a bipolar
remain. While it is increasingly well established that a manner to both proximal and distal sides, and Dgo (Fei-
�-catenin-independent Wnt pathway similar to the Dro- guin et al., 2001) also localizes to the boundaries but
sophila PCP pathway is required for vertebrate CE on which side is not known. It is a matter of great interest
movements, it is unclear how far this similarity extends. as to whether there is a comparable asymmetric local-

ization of the homologous proteins during vertebrateThe most obvious, though easily overlooked, difference
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gastrulation. Given that both unipolar and bipolar mor- et al., 1995; Moon et al., 1993). Coexpression of human
Frizzled5 with Wnt5a has been reported to cause dupli-phologies seem to be involved, are there corresponding

unipolar and bipolar arrangements of the relevant pro- cated axes (He et al., 1997), suggesting that specificity
is not absolutely determined by the ligand. Zebrafishteins? If so, how can bipolar arrangements be reconciled

with proposed models for generating asymmetry? Frizzled2 (Sumanas et al., 2001) and Xenopus Frizzled7
(Djiane et al., 2000; Medina et al., 2000) have been impli-Dsh tagged with GFP (DshGFP) is recruited from cyto-

plasmic vesicles to the cell membrane in Xenopus dorsal cated as putative receptors for noncanonical Wnt signal-
ing during gastrulation. In the Xenopus PKC and CamKIIexplant cells undergoing active convergent extension

(Wallingford et al., 2000). On at least a superficial level, assays, however, Fz2, Fz3, Fz4, and Fz6 predominantly
activate noncanonical signaling, whereas Fz1 and Fz7it appears that asymmetric PCP protein localization may

not be essential in this assay, as the DshGFP can be predominantly activate �-catenin signaling (Kühl et al.,
2000a; Sheldahl et al., 1999). Specificity may also beexpressed at levels that do not perturb convergent ex-

tension without it displaying any obvious mediolateral determined by the presence of putative coreceptors
such as LRP5/6 for Wnt/�-catenin signaling (Tamai etasymmetry (Wallingford et al., 2000). A recent report,

however, describes bipolar DshGFP localization in simi- al., 2000; Wehrli et al., 2000) versus Knypek (Topczewski
et al., 2001) or Ror2 (Oishi et al., 2003) for noncanonicallar explants (Kinoshita et al., 2003). A thorough examina-

tion of this issue will require better antibodies to visualize Wnt signaling. In Drosophila, Fz can couple to both the
canonical and PCP pathways, while Fz2 is dedicated tothe endogenous proteins.

What Do Prickle and Strabismus Do? the canonical pathway (Bhanot et al., 1999). As pathway
specificity is apt to be context dependent, it may proveAnother important question concerns the functions of

Prickle and Strabismus. While these proteins are clearly challenging to decipher.
How Many Noncanonical Wnt Pathwaysessential for correct Drosophila PCP and normal verte-

brate gastrulation movements, it is still unclear what Are There?
Another unresolved issue concerns the classification ofthese molecules actually do. In Drosophila, they do not

fit in a simple linear pathway downstream of Fz or Dsh. �-catenin-independent Wnt signaling phenomena into
discrete pathways. Different authors have, dependingThe activity of all of the main PCP genes is required to

generate the reciprocal localization of Pk and Stbm to on their own predilections, referred to Wnt/calcium sig-
naling, Wnt/PCP signaling, Wnt/JNK signaling, and Wnt/the proximal side and Fz and Dsh to the distal side of

the pupal wing cell. Various physical interactions have Rho signaling. Do these represent a single, unified path-
way, or are there a multitude of noncanonical Wnt path-been proposed: between Stbm and Dsh (Bastock et

al., 2003; Park and Moon, 2002), between Pk and Dsh ways? While the issue is not yet fully resolved, the evi-
dence that the Wnt/PCP and Wnt/calcium pathways are,(Takeuchi et al., 2003; Tree et al., 2002), and between

Pk and Stbm (Bastock et al., 2003). That said, knowledge if not fully congruent, at least significantly overlapping,
is certainly provocative. The same Wnts, Wnt5a andof these potential protein complexes has not, to date,

illuminated a molecular mechanism for the polarization Wnt11, that are proposed to be involved in PCP-like
signaling also activate calcium signaling (Heisenberg etof cell structures. Clonal analyses and protein localiza-

tion studies have led to the proposal that Pk might act al., 2000; Kilian et al., 2003; Sheldahl et al., 1999; Slusar-
ski et al., 1997b). The ostensibly PCP-specific Dsh�DIXin an intercellular feedback loop to amplify some initial

bias by excluding Dsh from the proximal half of the cell can also activate calcium signaling (Sheldahl et al.,
2003), as can zebrafish Pk1 (Veeman et al., 2003). Thewhile encouraging Fz and Dsh to localize to the distal

side of the adjacent cell (Tree et al., 2002). This model Wnt/calcium pathway, however, has been defined in
overexpression assays at blastula stages. While it isremains preliminary, however, pending biochemical and

mechanistic evidence. It remains controversial whether known that there are dramatic calcium waves during
gastrulation that are required for normal cell movementsPk can affect Dsh membrane localization in other sys-

tems. One group has reported that Pk can block Dsh (Wallingford et al., 2001), it will be important to determine
whether these waves are affected in ppt, slb, or tri em-translocation to the membrane in response to Fz in cul-

tured cells (Tree et al., 2002), but another has not ob- bryos.
If the Wnt/calcium and Wnt/PCP pathways representserved any such inhibition (Bastock et al., 2003). Two

separate groups have not detected any inhibition of Dsh different views of the same underlying pathway, this
would not imply that all �-catenin-independent Wnt sig-membrane translocation by Pk in Xenopus animal cap

explants (Takeuchi et al., 2003; Veeman et al., 2003), but naling is the same. It has not been fully examined, but
there is as yet no evidence that the PCP-specific pro-a third has reported such an effect in zebrafish blastulae

(Carreira-Barbosa et al., 2003). One might predict quite teins Strabismus and Prickle are involved in cardiogen-
esis, tissue separation, dorsoventral patterning, or otherdistinct effects of PCP protein overexpression in unipo-

lar, bipolar, and unpolarized cell types. Further studies potential noncanonical Wnt functions. One possibility
is that there is a core noncanonical Wnt signaling moduleare clearly required to reconcile the specificity and uni-

versality of these observations, and it will likely prove that signals through Fz and the DEP domain of Dsh,
and that PCP proteins such as Pk and Stbm are onlyimportant to test these proteins in their natural contexts.

Pathway Specificity used when intracellular polarity is required. It is also
possible that the calcium response is only one of severalThere is also considerable uncertainty as to how speci-

ficity is determined between canonical and noncanoni- distinct effector branches available for noncanonical
Wnt signaling. There is also considerable evidence forcal Wnt signaling. Overexpression of Wnt5a or Wnt11

clearly causes entirely different embryonic phenotypes a �-catenin-independent yet GSK-3-dependent Wnt
pathway in neuronal morphogenesis (Hall et al., 2000;in Xenopus than overexpression of Wnt1 or Wnt8 (Du
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Krylova et al., 2002). The recent characterization of Drl Wnt signaling. We hope that the canon for �-catenin-
independent Wnt signaling will soon be as impressiveas a putative receptor for dWnt5 in axonal pathfinding
as that for canonical Wnt/�-catenin signaling.(Yoshikawa et al., 2003) suggests yet another potential

type of noncanonical Wnt signaling.
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Pandur, P., Lasche, M., Eisenberg, L.M., and Kühl, M. (2002). Wnt-mus/Van Gogh, is altered in the mouse neural tube mutant Loop-
11 activation of a non-canonical Wnt signalling pathway is requiredtail. Nat. Genet. 28, 251–255.
for cardiogenesis. Nature 418, 636–641.Kilian, B., Mansukoski, H., Barbosa, F.C., Ulrich, F., Tada, M., and

Heisenberg, C.P. (2003). The role of Ppt/Wnt5 in regulating cell shape Park, M., and Moon, R.T. (2002). The planar cell-polarity gene stbm



Review
377

regulates cell behaviour and cell fate in vertebrate embryos. Nat. Yang, Y. (2003). Wnt-5a inhibits the canonical Wnt pathway by pro-
moting GSK-3 independent �-catenin degradation. J. Cell Biol. 162,Cell Biol. 4, 20–25.
899–908.Penzo-Mendez, A., Umbhauer, M., Djiane, A., Boucaut, J.C., and
Torres, M.A., Yang-Snyder, J.A., Purcell, S.M., DeMarais, A.A.,Riou, J.F. (2003). Activation of G�� signaling downstream of Wnt-
McGrew, L.L., and Moon, R.T. (1996). Activities of the Wnt-1 class11/Xfz7 regulates Cdc42 activity during Xenopus gastrulation. Dev.
of secreted signaling factors are antagonized by the Wnt-5A classBiol. 257, 302–314.
and by a dominant negative cadherin in early Xenopus development.Rauch, G.J., Hammerschmidt, M., Blader, P., Schauerte, H.E.,
J. Cell Biol. 133, 1123–1137.Strahle, U., Ingham, P.W., McMahon, A.P., and Haffter, P. (1997).
Tree, D.R., Shulman, J.M., Rousset, R., Scott, M.P., Gubb, D., andWnt5 is required for tail formation in the zebrafish embryo. Cold
Axelrod, J.D. (2002). Prickle mediates feedback amplification to gen-Spring Harb. Symp. Quant. Biol. 62, 227–234.
erate asymmetric planar cell polarity signaling. Cell 109, 371–381.

Rothbacher, U., Laurent, M.N., Deardorff, M.A., Klein, P.S., Cho,
Usui, T., Shima, Y., Shimada, Y., Hirano, S., Burgess, R.W., Schwarz,K.W., and Fraser, S.E. (2000). Dishevelled phosphorylation, subcellu-
T.L., Takeichi, M., and Uemura, T. (1999). Flamingo, a seven-passlar localization and multimerization regulate its role in early em-
transmembrane cadherin, regulates planar cell polarity under thebryogenesis. EMBO J. 19, 1010–1022.
control of Frizzled. Cell 98, 585–595.

Saneyoshi, T., Kume, S., Amasaki, Y., and Mikoshiba, K. (2002). The
Veeman, M.T., Slusarski, D.C., Kaykas, A., Louie, S.H., and Moon,Wnt/calcium pathway activates NF-AT and promotes ventral cell
R.T. (2003). Zebrafish Prickle, a modulator of noncanonical Wnt/Fzfate in Xenopus embryos. Nature 417, 295–299.
signaling, regulates gastrulation movements. Curr. Biol. 13, 680–685.

Schneider, V.A., and Mercola, M. (2001). Wnt antagonism initiates
Wallingford, J.B., Rowning, B.A., Vogeli, K.M., Rothbacher, U., Fra-cardiogenesis in Xenopus laevis. Genes Dev. 15, 304–315.
ser, S.E., and Harland, R.M. (2000). Dishevelled controls cell polarity

Sheldahl, L.C., Park, M., Malbon, C.C., and Moon, R.T. (1999). Pro- during Xenopus gastrulation. Nature 405, 81–85.
tein kinase C is differentially stimulated by Wnt and Frizzled homo-

Wallingford, J.B., Ewald, A.J., Harland, R.M., and Fraser, S.E. (2001).
logs in a G-protein-dependent manner. Curr. Biol. 9, 695–698.

Calcium signaling during convergent extension in Xenopus. Curr.
Sheldahl, L.C., Slusarski, D.C., Pandur, P., Miller, J.R., Kühl, M., and Biol. 11, 652–661.
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