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Wt proteins comprise a major family of signaling molecules that orchestrate and influence a
myriad of cell biological and developmental processes. Although our understanding of the
role of Wnt signaling in regulating development and affecting disease, such as cancer, has
been ever increasing, the study of the Wnt proteins themselves has been painstaking and slow
moving. Despite advances in the biochemical characterization of Wnt proteins, many mys-
teries remain unsolved. In contrast to other developmental signaling molecules, such as
fibroblast growth factors (FGF), transforming growth factors (TGF), and Sonic hedgehog
(Shh), Wnt proteins have not conformed to many standard methods of protein production,
such as bacterial overexpression, and analysis, such as ligand—receptor binding assays. The
reasons for their recalcitrant nature are likely a consequence of the complex set of posttrans-
lational modifications involving several highly specialized and poorly characterized pro-
cessing enzymes. With the recent description of the first Wnt protein structure, the time is ripe
to uncover and possibly resolve many of the remaining issues surrounding Wnt proteins and
their interactions. Here we describe the process of maturation of Wnt from its initial trans-

lation to its eventual release from a cell and interactions in the extracellular environment.

ince the isolation of the first Wnt gene in

1982, then called int-1 (Nusse and Varmus
1982), the study of Wnt has impacted virtually
all aspects of developmental biology, from es-
tablishing the polarity of a single cell within a
tissue to specifying the entire body axis of an
organism. At the cellular level, Wnts have been
described to regulate stem cell self-renewal, ap-
optosis, and cell motility. During development,
the requirement for Wnt can be observed at
stages as early as the first cleavages of the zygote
all the way to adulthood, where Wnts regulate
tissue homeostasis, such as of the skin and
intestine, and, when dysregulated, lead to mul-

tiple disorders, such as cancer and premature
aging.

Even in light of the vast literature on Wnt,
currently totaling approximately 2000 PubMed
citations per year, our understanding of the
gene products orchestrating these diverse bio-
logical processes—the Wnt proteins—is still
quite rudimentary. Early analysis of overex-
pressed Wnt genes, in particular Wntl (re-
named from int-1) (Nusse et al. 1991), revealed
important properties of Wnts, including their
secretion from cells, glycosylation, and tight as-
sociation with the cell surface and extracellular
matrix. Purification of the first Wnt protein

Editors: Roel Nusse, Xi He, and Renee van Amerongen

Additional Perspectives on Wnt Signaling available at www.cshperspectives.org

Copyright © 2012 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a007 864

Cite this article as Cold Spring Harb Perspect Biol 2012;4:a007864



fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

K. Willert and R. Nusse

(Willert et al. 2003) led to the identification of
covalent protein acylation and provided insight
into the poor solubility of these secreted gly-
cosylated lipid-modified signaling molecules.
However, many mysteries still surround Wnt
protein biochemistry and consequently their
mode of action. For example, very little is known
regarding Wnt binding affinities and specifici-
ties to its many substrates, including other se-
creted molecules, cell surface receptors, and pro-
teoglycans. The recent description of a high-
resolution crystal structure of a Wnt protein in
complex with a Frizzled receptor binding do-
main will surely provide many important in-
sights into how these potent growth factors en-
gage their cognate receptors.

Here we describe the current state of our
understanding of Wnt proteins from their ini-
tial translation, transit through the secretory
pathway, where Wnts are extensively modified
and processed, to their secretion from the cell
and subsequent interactions with components
of the extracellular environment. We also high-
light some of the major tools available to ma-
nipulate Wnt proteins and interrogate their sig-
naling pathways.

THE BASICS: WNT GENES AND PREDICTED
PROTEIN PRODUCTS

All metazoan species express Wnt genes, with the
genome of Hydra vulgaris carrying 13 and mice
and humans carrying 19 independent genes (ad-
ditional information can be found on the Wnt
homepage: http: //wnt.stanford.edu). Based on
their primary amino acid sequence, all Wnt
genes are predicted to encode secreted proteins.
The defining property of Wnt proteinsis a nearly
invariant positioning of 22 cysteine residues,
most of which are postulated to form disul-
fide bridges that maintain a globular secondary
structure. Some studies have suggested that Wnt
proteins exist as dimers (Burrus and McMahon
1995; Cha et al. 2008) maintained by inter-
molecular disulfide linkages; however, this has
not been observed to be the case for purified and
biologically active Wnt proteins. In addition, the
recent high-resolution structure of a Wnt pro-
tein suggests that all conserved cysteine residues

are occupied in intramolecular rather than in-
termolecular disulfide bridges (Janda et al.
2012). Wnt proteins carry several stretches of
highly charged amino acids and have a predicted
isoelectric point of nearly 9, which, in combina-
tion with multiple glycosylation events, would
lead one to expect that Wnt proteins are readily
soluble in an aqueous environment.

The primary amino acid sequence of Wnt
shows several hallmarks of secreted proteins,
most notably a signal sequence for secretion, a
stretch of approximately 20 hydrophobic amino
acids. Cleavage of this signal peptide can be pre-
dicted using several computer algorithms; how-
ever, the true first amino acid of a Wnt protein
was identified by amino-terminal sequencing of
a purified Wnt protein (Willert et al. 2003). In-
terestingly, in the case of Wnt5a, the amino-
terminal residue was found to be located 62 ami-
no acids from the predicted translational start
site (Mikels and Nusse 2006). This observation
serves as a cautionary note for those who wish to
append amino-terminal tags (His, HA, or GFP)
onto Wnts, because such tags may be cleaved
from the mature protein upon signal sequence
cleavage. In addition, with only a few exceptions,
tagged Wnt genes produce proteins with sig-
nificantly lower activity (K Willert and R Nusse,
unpubl.), and caution should be exercised with
the interpretation of any data using tagged Wnt
genes.

Aside from targeting Wnt proteins for se-
cretion, the amino terminus may harbor addi-
tional critical biological functions. A survey of
isoform and alternative splicing databases re-
veals that multiple Wnr genes carry distinct 5
untranslated regions (UTRs) and are predicted
to encode distinct amino termini. In the case of
Wnt16, two isoforms with distinct 5" UTRs are
expressed from alternative promoters (Fear et al.
2000). Although little is known regarding the
biological significance of these two isoforms,
it is intriguing that one of the two isoforms
has a broad expression pattern, whereas the oth-
er is restricted to the pancreas. Changes in the
amino terminus of Wnt proteins may represent
a common mechanism by which signaling
activity can be affected, as indicated by the stud-
ies on Tiki, a gene encoding a transmembrane
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protein that antagonizes Wnt signaling (Zhang
etal. 2012). Tiki protein acts cell-autonomously
as a protease to cleave eight amino terminal
residues from a Wnt protein, thereby reducing
receptor-binding and signaling activities. Such
observations suggest that the Wnt family of pro-
teins is significantly more complex and diverse
than expected for 19 genes.

It should be noted that in contrast to Wnt
signaling, which has been conveniently—and
perhaps inappropriately—categorized as either
canonical or noncanonical, no sequence or
structural basis for this distinction has been
identified in Wnt proteins. Although many
studies make reference to either canonical or
noncanonical Wnts, this difference is most likely
conferred by cellular context as determined by
the expressed repertoire of receptors and signal
transducers rather than by an intrinsic property
of the Wnt proteins. The hypothesis that Wnt
signaling activity is conferred by cellular context
rather than by the Wnt protein sequence is sup-
ported by the observations that a so-called non-
canonical Wnt5a can act “canonically” by acti-
vating -catenin signaling in certain contexts
(He et al. 1997; Mikels and Nusse 2006). Fur-
thermore, maternal Wntll, which has been
largely studied for its roles in noncanonical
Wnt signaling, specifies the dorsal axis in Xen-
opus by localizing -catenin to dorsal nuclei,
thus promoting a canonical signaling pathway
(Tao et al. 2005).

INTRACELLULAR PROCESSING OF WNT

Upon translation and targeting to the endoplas-
mic reticulum (ER), Wnt proteins associate
with multiple processing enzymes that chaper-
one Wnts on their journey to the extracellular
space. The intermediate vesicle compartments
through which Wnt passes and the order in
which these posttranslational modifications
are added have not been precisely elucidated.
The two most prominent modifications on
Whnt are glycosylation and acylation. The num-
ber of glycosylation attachments varies signifi-
cantly between Wnts, for example, Wnt1 carries
four and Wnt3a carries two N-linked glycosyla-
tions, whereas the most distantly related Wnt

Wnt Proteins

homolog, Drosophila WntD, appears to be de-
void of any glycosylations or any modification
because its mass is identical to the predicted
mass based on amino acid content (Ching et
al. 2008). When overexpressed, Wnts often re-
solve as multiple bands in immunoblots, which
return to a single species upon treatment with
glycosidases or site-directed mutagenesis of the
individual predicted glycosylation sites. Inter-
estingly, in the rare cases in which Wnt proteins
have been detected in soluble form (Wntl,
Wnt3a, Wnt5a, Wingless [Wg], and WntD),
the protein migrates as a single species, suggest-
ing that upon complete intracellular processing,
the composition of Wnt is quite homogeneous.
Site-directed mutagenesis of individual glyco-
sylation sites has minor effects on Wntl activity
in overexpression assays (Mason et al. 1992),
whereas secretion of Wnt3a and Wnt5a glyco-
sylation mutants is significantly impaired (Ko-
mekado et al. 2007; Kurayoshi et al. 2007), sug-
gesting that glycosylation likely plays a critical
role in control over Wnt folding and subsequent
secretion.

In contrast to glycosylation, acylation is ab-
solutely essential for Wnt activity. Although ear-
ly studies suggested that glycosylation is not
critical for Wnt signaling (Mason et al. 1992),
subsequent studies have argued that nonglyco-
sylated Wnt is not acylated and consequently
not secreted (Komekado et al. 2007). Initial
mass spectrometry studies of purified Wnt3a
identified two types of covalently attached acyl
groups: a palmitic acid linked via a thioester to a
conserved cysteine residue (Willert et al. 2003)
and a palmitoleic acid linked via an oxyester to a
conserved serine residue (Takada et al. 2006).
However, the recently published crystal struc-
ture of Xenopus Wnt8 in complex with a Friz-
zled CRD indicates that only the conserved ser-
ine residue is lipidated, whereas the conserved
cysteine is occupied in a disulfide linkage, thus
arguing that Wnt proteins are modified by a
single lipid moiety (Janda et al. 2012). Muta-
genesis of the serine lipid modification sites
(5209 in mouse Wnt3a) yielded nonfunction-
al and poorly secreted protein (Takada et al.
2006). In contrast, Wg carrying a mutation of
the predicted acyl-modified serine (S239) is
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secreted and shows poor signaling activity
(Franch-Marro et al. 2008a). Despite this appar-
ent discrepancy between Wnt3a and Wg, the
emerging model is that acylation of Wnt is re-
quired for proper intracellular processing and
signaling activity.

The mechanism by which a lipid is attached
to the Wnt polypeptide backbone has not been
elucidated at the biochemical level. However,
the critical role for the resident ER protein Por-
cupine (Porcn) in Wnt processing (van den
Heuvel et al. 1993; Kadowaki et al. 1996) and
its homology to membrane-bound O-acyl-
transferases (MBOAT) (Hofmann 2000) have
led to the hypothesis that Porcn catalyzes the
transfer of a lipid to serine. The requirement
for acylation in Wnt function is highlighted by
the fact that mutations in Porcn ablate all Wnt
signaling and result in early embryonic lethality
in mice (Barrott et al. 2011; Biechele et al. 2011)
with embryos failing to gastrulate and form
mesoderm. Mutations in human PORCN, an
X-linked gene, lead to a rare genetic disorder,
called focal dermal hypoplasia (FDH), charac-
terized by skin abnormalities and a host of de-
velopmental malformations and defects (Grzes-
chik et al. 2007; Wang et al. 2007). Mutations in
PORCN are lethal in males, consistent with the
early embryonic lethality observed in mouse
knockouts. In contrast, females survive, albeit
with a host of defects, owing to random X-in-
activation, which produces mosaic PORCN ex-
pression with cells that express PORCN rescuing
those that do not.

Although glycosylation and acylation ap-
pear to occur on all Wnt proteins (with the
exception of the distantly related Drosophila
WntD) (Ching et al. 2008), several other post-
translational modifications, which were not re-
vealed in the high-resolution structure of Xen-
opus Wnt8, may be restricted to specific Wnts.
For example, tyrosine sulfation has been shown
to regulate Wnt5a and 11 hetero-oligomer for-
mation, and the resulting Wnt multimer shows
higher signaling activity than either individual
Wnt (Cha et al. 2009). Using antisense oligonu-
cleotides to deplete specific maternal mRNAs,
the investigators of this study showed that
the enzyme tyrosyl-protein sulfotransferase-1

(TPST-1) is required for Xenopus dorsal axis
formation and for O-sulfation of specific tyro-
sine residues on Wnt5a and 11.

Additionally, the ER-resident Oto protein
may promote the addition of glycophosphati-
dylinositol (gpi)-like anchors to Wntl and 3a,
thereby increasing their hydrophobicity and ER
retention (Zoltewicz et al. 2009), although the
site of this modification is not known. Overex-
pression of gpi-specific phospholipase D (GPI-
PLD) leads to the release of Wnt protein, pre-
sumably by cleavage of the gpi anchor. Interest-
ingly, the phospholipases D1 and D2 are direct
targets of Wnt/B-catenin signaling and act in a
positive-feedback loop to increase signaling in
cancer (Kang and Min do 2010; Kang et al.
2010). A possible mechanism for this increase
in Wnt signaling may be through the release of
ER-retained Wnt proteins. These studies also
provide a possible mechanistic basis for poor
Wnt secretion.

STRUCTURE OF WNT PROTEINS

While it required 20 years to obtain a pure and
biologically active Wnt protein, it took another
10 years to achieve its crystallization and provide
a high-resolution structure of a Wnt protein.
The feat was accomplished in Chris Garcia’s
laboratory and has revealed several interesting
properties of Wnt proteins (Janda et al. 2012).
The 3.25 A crystal structure was determined for
Xenopus Wnt8 (XWnt8) in complex with the
CRD of mouse Frizzled8 and reveals a highly
unusual two-domain structure with amino-
terminal and carboxy-terminal domains (NTD
and CTD) forming a protein fold previously
not identified in any other protein structure
(Fig. 1). The NTD is composed of a cluster of
a-helices with 10 of the conserved cysteine res-
idues forming five disulfide bridges, whereas the
CTD is dominated by two B-sheets and main-
tained by six disulfide bridges.

In this structure, Wnt extends a thumb from
the NTD and an index finger from the CTD to
grasp the globular Frizzled CRD. Interestingly,
the thumb extends a lipid at serine 187, the
highly conserved residue previously identified
to carry a covalently attached palmitoleic acid
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Figure 1. Structure of Wnt. (A) Space-filling model of XWnt8. The Frizzled CRD structure has been removed.
(Yellow clusters) The N-linked glycosylations in XWnt8. (B) Secondary structure for Wnt. (Orange) The
conserved 22 cysteine residues are numbered to indicate the pairs that form disulfide bridges. N-linked
glycosylations are not shown because the numbers and positions of N-linked glycosylations are highly variable
among Wnts. (Dashed line) The approximate position of the linker region where Wg carries an insert of about
80 amino acids. (Figures were generated with the kind assistance of C. Janda and C. Garcia, Stanford Univer-

sity.)

(Takada et al. 2006). This protein—lipid thumb
structure is nestled in a deep hydrophobic
groove of the CRD, where it makes multiple
contacts to completely traverse the CRD sur-
face. As is the case with the thumb, the points
of contact of the index finger in the CTD with
the CRD are also dominated by hydrophobic
and highly conserved residues. Some of the
contact points on the Frizzled8 CRD are substi-
tuted in other Frizzled CRDs, thus providing a
possible mechanism to influence Wnt—Frizzled
binding specificities. To further extend the hand
analogy for the Wnt structure, the region be-
tween the thumb and the index finger is akin to
the palm, where the NTD and CTD are inti-
mately associated. Interestingly, the solvent-ex-
posed linker region between NTD and CTD
corresponds to the region with the greatest flex-
ibility among Wnt proteins; in particular, Wg
carries a large insert of 80 amino acids not pre-
sent in other Wnts. This “Wg insert” has been
used to generate arguably the best antisera to
any Wnt protein (van den Heuvel et al. 1989,

1993), further supporting the model that this
nonconserved linker region is solvent exposed
and likely not involved in binding to the Friz-
zled CRD.

This Wnt structure will enable a more ra-
tional approach to interrogate Wnt—Frizzled
interactions and design Wnt agonists and an-
tagonists. A remaining unanswered question
concerns the structure of an uncomplexed
Wnt protein. The covalently attached lipid ne-
cessitates some type of interaction, either with
a carrier protein, such as Swim (Mulligan et
al. 2012), or with membranous domains, to
shield this hydrophobic moiety in a largely
aqueous environment. The highly accessible
presentation of the lipid moiety on Wnt makes
the interaction with carrier molecules or the
plasma membrane a likely scenario. An alterna-
tive possibility is that the hydrophobic portions
of the thumb and index finger fold in to form a
fist; however, the current crystal structure does
not provide evidence for such intramolecular
folding.
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SECRETION OF WNT

As ER and Golgi-processed Wnt protein is tar-
geted for secretion (Fig. 2), a sorting receptor
encoded by the Whntless gene (Wls, also known
as Eveness interrupted/Evi, Sprinter, MIG-14,
and Gprl77), a multispan transmembrane pro-
tein, binds and accompanies Wnt to the cell
surface (Banziger et al. 2006; Bartscherer et al.
2006; Goodman et al. 2006). Wls binding of
Wnt3a requires acylation on Ser-209, indicating
that it acts downstream from Porcn. A compre-
hensive mutational analysis indicated that acyl-
ation of the Ser equivalent of Wg***° is required
for the interaction of WIs with all Wnts, ex-
cept WntD (Herr and Basler 2011). Further-
more, by using a membrane-tethered Wg pro-

Extracellular

Tl

tein, WgNRT (Zecca et al. 1996), Herr and
Basler provided evidence that mere membrane
association is not sufficient for Wg associa-
tion with Wils, thus suggesting that acylation
by Porcn enables Wnt’s functional interaction
with Wls. In addition, in the case of Wg, glyco-
sylation on conserved residues does not affect
the dependence of Wnt on Wls.

Vacuolar acidification is required for release
of Wnt protein (Coombs et al. 2010), and small
drug inhibition of the V-ATPase, a proton
pump required for vacuolar acidification, pre-
vents Wls from releasing Wnt so that Wnt—Wls
complexes accumulate both in cells and at the
plasma membrane (Coombs et al. 2010). How-
ever, although essential, a decrease in pH is not
sufficient to dissociate the Wnt—WIs complex.
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Figure 2. Wnt secretion. Upon translation, Wnt proteins (yellow ovals) undergo a series of modifications as they
transit through the secretory pathway and associate with several proteins, including Porcn in the endoplasmic
reticulum and Wls in the Golgi apparatus. Efficient secretion of Wnt also requires the recycling of W1ls via the

retromer complex.
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RNA interference screens in two separate
laboratories identified members of the p24 pro-
tein family as cargo receptors for Wnt in anter-
ograde transport and secretion (Buechling et al.
2011; Portetal. 2011). Although the two groups
differ slightly on which of the nine fly p24 fam-
ily members are involved in Wg secretion, they
agree in the basic finding that these cargo pro-
teins specifically regulate Wg secretion and that
secretion of other signaling molecules (e.g., De-
capentaplegic, Hedgehog, and Unpaired) is un-
affected. Therefore, Wnt protein does not exit a
cell through passive transport or bulk flow but
requires specific cargo proteins, such as the p24
family of highly conserved transmembrane re-
ceptors, to exit from the ER.

Once Wnt is released from the cell, Wls is
recycled via endosomes and the retromer com-
plex to the Golgi, where it acts again to escort a
newly processed Wnt protein to the cell surface
(Coudreuse et al. 2006; Prasad and Clark 2006;
Belenkaya et al. 2008; Franch-Marro et al
2008b; Port et al. 2008; Yang et al. 2008). As a
result, interfering with either Wls expression or
its recycling via the retromer inhibits Wnt secre-
tion. In contrast to the classical retromer com-
plex, which involves the sorting nexins SNX1—
SNX2 and SNX5-SNX6 (referred to as SNX—
BAR sorting nexins) and cargo-selective VPS26,
VPS29, and VPS35, WIls recycling requires the
distantly related sorting nexin SNX3 (Harterink
etal. 2011; Zhang et al. 2011). Therefore, retro-
grade transport of Wls is distinct from other
recycled cargo, raising the possibility of specifi-
cally interfering with Wnt secretion through
targeted disruption of Wls recycling via SNX3.

If retromer components Vps35 and Vps26
are mutant, Wls is targeted for degradation rath-
er than for endosomal recycling to the Golgi so
that it is no longer available to facilitate Wnt
secretion. Such defects in the retromer complex
can be rescued by overexpression of Wls. In Cae-
norhabditis elegans, it has been shown that the
recycling of the Wls homolog MIG-14 from the
cell surface to the Golgi requires the MTM-
6/MTM-9 myotubularin complex, which de-
phosphorylates PIP3, a central regulator of en-
dosomal trafficking (Silhankova et al. 2010). A
conserved endocytosis motif required for Wls

Wnt Proteins

recycling has been identified in the third intra-
cellular loop of WIs; its mutation results in Wls
accumulation on the cell surface and impairs
Wg secretion and signaling (Gasnereau et al.
2011).

Although it is clear that the Wls/retromer
system is essential for Wnt secretion, studies
performed in flies and worm have reached ap-
parently contradicting conclusions with respect
to the signaling range of Wnt secreted from
retromer-defective cells. Long-range, but not
short-range action of Egl-20 (a worm Wnt)
was impaired in retromer mutants, suggesting
that the retromer complex is important for
packaging Wnt for long-range signaling (Cou-
dreuse et al. 2006). In contrast, flies carrying
mutations in Vps35 are defective in short-range
signaling as evidenced by strong reduction in
expression of the Wg target senseless (Franch-
Marro et al. 2008b).

In motor neurons in Drosophila, Wls not
only transports Wnt from the Golgi to the plas-
ma membrane, but also functions to shuttle
Wnt across the synaptic cleft of the neuromus-
cular junction in exosome-like vesicles (Korkut
et al. 2009). Furthermore, postsynaptically in
the muscle, Wls also guides Wg-activated Friz-
zled-2 trafficking before Frizzled-2 is proteolyt-
ically cleaved and its carboxyl terminus is im-
ported into the nucleus (Mathew et al. 2005;
Ataman et al. 2006; Korkut et al. 2009).

Structural modeling suggests that the ER
luminal portion of WIls contains a lipocalin-
family fold (Coombs et al. 2010), which has
been shown to interact with lipids. Interestingly,
alipocalin fold has also been predicted by NMR
analysis of the Wnt inhibitory factor (WIF) do-
main (Liepinsh et al. 2006; Malinauskas 2008),
which is found in the secreted Wnt antagonist
WIF1 and the Wnt receptor Ryk. Furthermore,
a fly lipocalin, named Swim (secreted Wnt in-
teracting molecule) has been proposed to act
as Wnt chaperone and shield the hydropho-
bic moieties on Wnt, thereby enabling efficient
Wnt diffusion or transport in a largely aque-
ous environment (Mulligan et al. 2012). Ex-
pression of certain lipid-binding proteins, in-
cluding Lipocalin2 and FABPS5, is up-regulated
in cells overexpressing Wntl (Ziegler et al. 2005,
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2007). Additionally, Wls/Gpr177 is also a target
of Wnt signaling in mouse cells (Fu et al. 2009),
suggesting the presence of feed-forward regula-
tion that ensures sufficient chaperones are avail-
able to usher Wnt through the secretory path-
way. However, in flies, Wls appears not to be a
target of canonical Wnt signaling (Herr and
Basler 2011). Alternatively, it is tempting to
speculate that Wnt expression triggers a signal-
ing system similar to that of the unfolded pro-
tein response, thereby activating expression of
genes that encode fatty acid-binding proteins,
such as lipocalins, which facilitate the export
of hydrophobic Wnt proteins from the ER and
to the cell surface. During the transit from the
Golgi to the plasma membrane, Wnt protein is
passed from Wls to a lipocalin, which then ac-
companies it in the extracellular space and may
regulate its distribution. However, it has been
shown that the secretion of the Swim protein
is independent of Wg (Mulligan et al. 2012).
Following release from the secretory ma-
chinery, it has been suggested that Wnts become
tethered to the plasma membrane via their lipid
moieties, a feasible model given the lipid’s ac-
cessibility as revealed by the protein structure
(Janda et al. 2012). Although this is a formal
possibility, it is clear that a significant pro-
portion of Wnt (e.g., Wnt3a and Wnt5a) can
be purified in a biologically active form from
conditioned media. Alternatively, Wnt proteins
may become incorporated into lipoprotein
complexes. In Drosophila, Wg (and Hh) was
found to colocalize and associate with the lipo-
protein Lipophorin, a particle with similar char-
acteristics to ApoB-based lipoproteins (Pana-
kova et al. 2005). Knockdown of Lipophorin
expression by RNA interference significantly re-
duced the signaling range of both Wg and Hh,
suggesting that lipoprotein complexes regulate
long-range Wnt signaling. In mammalian cells,
Wnt3a was shown to cofractionate by KBr iso-
pycnic density centrifugation with the lipopro-
tein marker hApoB100 and was associated with
both high- and low-density lipoproteins (HDL
and LDL) (Neumann et al. 2009). Furthermore,
addition of HDL, but not LDL, supported
Wnt3a solubility in medium containing delipi-
dated fetal calf serum. Taken together with its

hydrophobic properties, Wnt solubility in the
extracellular environment necessitates mole-
cules or complexes that interact with hydropho-
bic moieties.

WNTs IN THE EXTRACELLULAR
ENVIRONMENT

As they reach the cell surface, Wnt proteins en-
counter a myriad of interacting molecules. Early
biochemical studies revealed a high affinity of
Wnts for polyanionic compounds, including
heparin and suramin (Brown et al. 1987; Papkoff
etal. 1987; Bradley and Brown 1990; Burrus and
McMahon 1995). Multiple biochemical and ge-
netic studies since then have underscored the
importance of these interactions between Wnt
and extracellular carbohydrate chains. Multiple
genes involved in heparan sulfate (HS) synthesis,
including sugarless, sulfateless, tout-velu, sister of
tout-velu, and brother of tout-velu, regulate Wg
signaling (Binari et al. 1997; Hacker et al. 1997;
Haerry et al. 1997; Lin and Perrimon 1999; Bor-
nemann et al. 2004; Han et al. 2004; Takei et al.
2004). Although mutations in these genes do
not completely block signaling, clear wg-related
phenotypes are observed, suggesting an impor-
tant modulatory role for these enzymes in Wnt
signaling.

Biochemical studies have revealed that com-
ponents of the extracellular space, such as Gly-
picans (Capurro et al. 2005a,b) and Biglycan
(Berendsen et al. 2011), modulate Wnts—recep-
tor interactions and can significantly influence
signaling output and strength. Mutations of ze-
brafish Knypek, a heparan sulfate proteoglycan
(HSPG), leads to defects in convergent exten-
sion movements, a process regulated by Wntl11
(Topczewski et al. 2001) and controlling the
location of the centrosome/microtubule-or-
ganizing center (MTOC) relative to the cell nu-
cleus and the body axes (Sepich et al. 2011).
HSPGs have also been found to maintain solu-
bility and activity of Wnt protein and prevent
their aggregation in low serum conditions (Fu-
erer et al. 2010). Furthermore, the degree of O-
sulfation of HS has been shown to regulate Wnt
signaling activity (Ai et al. 2003). Desulfation of
heparin and HS chains of Glypicanl by the cell
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surface sulfatase QSulfl reduces Wnt binding,
thus producing a low-affinity HS—Wnt com-
plex that can more effectively engage their re-
ceptors and initiate Wnt signal transduction.

In addition to their complex interactions
with glycans in the extracellular space, Wnts
encounter multiple protein-binding partners,
including WIE Sfrp, and cell surface receptors.
Subsequent articles in this collection address
these interactions in detail.

TOOLS AND METHODS TO STUDY WNT
PROTEINS AND SIGNALING

Wnt Proteins

The purification of Wnt eluded many attempts
for two decades. Initial purification strategies
focused on the founding Wnt protein, Wntl
(initially referred to as Int-1), and found it to
be poorly soluble and largely associated with the
extracellular matrix and the cell surface (Brown
etal. 1987; Papkoff et al. 1987). The first cell-free
and biologically active Wnt proteins were Wg
(van Leeuwen et al. 1994) and mouse Wnt3a
(Shibamoto et al. 1998). These soluble Wnt
proteins have been used extensively in the
form of conditioned medium harvested from
cells overexpressing Wnt. Although convenient,
these Wnt-conditioned media harbor countless
contaminating proteins and activities that may
complicate the interpretation of any biological
assay.

Despite extremely low expression levels
(~100 pgWnt3a/L), a sensitive and reliable ac-
tivity assay involving (3-catenin stabilization en-
abled the purification of the first biologically ac-
tive Wnt protein, Wnt3a (Willert et al. 2003).
This purification scheme has been applied to
other Wnt proteins with varying degrees of suc-
cess. Whereas Wnt3a and Wnt5a (Mikels and
Nusse 2006) were readily purified using nearly
identical protocols, purification of other Wnt
proteins has proven more difficult because they
tend to form protein aggregates lacking biolog-
ical activity (K Willert and R Nusse, unpubl.). At
present, the reasons for such differences in the
biochemical properties of Wnts are unknown,
leaving us with the current conclusion that not

Wnt Proteins

all Wnt proteins are created equal. Further ad-
vances in Wnt protein biochemistry are certain
to come, and the recently published high-reso-
lution structure of a Wnt protein (Janda et al.
2012) will likely provide insight into many re-
maining mysteries in Wnt biochemistry.

Whnt Agonists and Antagonists (Proteins)

Aside from Wnts, several other proteins with
Wnt signaling activities have been identified,
including Norrin (Xu et al. 2004; Junge et al.
2009) and R-spondin (Kazanskaya et al. 2004;
Kim et al. 2006; Nam et al. 2006). Recent studies
identified the receptor for R-spondin to be en-
coded by the Lgr5 homologs (Carmon et al.
2011; de Lau et al. 2011; Glinka et al. 2011).
Interestingly, Lgr5, which was previously iden-
tified as a Wnt target gene and stem cell marker
in intestinal crypts (Barker et al. 2007), associ-
ates with the Frizzled /Lrp Wnt—receptor com-
plexes. Therefore, the emerging model involves
a complex of cell surface molecules in which
Wnt signals acting through Frizzled /Lrp are
potentiated by an R-spondin/Lgr receptor com-
plex. Removal of R-spondinl or mutation of
Lgr4/5 in cultured crypt organoids can be res-
cued by small molecule Wnt pathway agonists
(see below), suggesting that the R-spondin/Lgr
signaling axis serves to enhance Wnt signaling.
Taken together, although R-spondins by them-
selves have no known intrinsic Wnt signaling
activity, they may serve to elevate and thereby
uncover endogenous Wnt signaling activities.

Several genetic and biochemical studies
have identified multiple secreted proteins that
potently antagonize Wnt signaling, including
DKK, Sfrp, WIF (for review, see Cruciat and
Niehrs 2012), and Klotho (Liu et al. 2007).
The protein Wise/Sclerostin can act both as
an activator or inhibitor depending on cellular
context (Itasaki et al. 2003). These proteins and
their mode of action are discussed in detail in
a subsequent article. Additionally, several Wnt
antagonists have been engineered by fusing
Wnt-binding domains, such as the cysteine-
rich domain (CRD) of Frizzled, to an affinity
tag, such as the constant region of human im-
munoglobulin heavy chain.
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Wnt Agonists and Antagonists (Small
Molecules)

The most widely used class of small molecule
agonists of Wnt signaling inhibits GSK3. Most
prominent among these is lithium, which at mil-
limolar concentrations potently inhibits GSK3
and leads to B-catenin stabilization (Klein and
Melton 1996). Several other small molecule
GSK3 inhibitors with ICs, values in the nano-
molar to micromolar ranges have been identi-
fied (Bregman et al. 2004; Sato et al. 2004) and
are commercially available. These GSK3 inhibi-
tors potently activate the Wnt pathway, but their
use can be problematic because GSK3 represents
a major signaling hub for multiple other signal-
ing pathways and its inhibition will most cer-
tainly affect other pathways in addition to Wnt.

A chemical library screen led to the identi-
fication of two potent and highly specific inhib-
itors of Wnt signaling, called IWP and IWR
(Chen et al. 2009). IWR interacts and stabi-
lizes Axin protein, thereby accelerating [3-cate-
nin degradation. IWP interacts with PORCN
and inhibits its acyl transferase activity. Because
PORCN activity is essential for processing of all
Wnhts, its inhibition will likely block secretion
of all Wats, thus producing the equivalent of
an “all Wnt mutant phenotype.” Importantly,
inhibition of endogenous Wnt signaling with
this drug in cell culture can be readily rescued
by providing exogenous Wnt protein (e.g., see
Ten Berge et al. 2011). In addition, because
PORCN function is dedicated to Wnt process-
ing, it is likely that treatment of cells with IWP
will not affect any other processes besides Wnt
signal transduction.

CONCLUDING REMARKS

With their diverse functions and roles in count-
less biological processes, isolation and further
characterization of Wnt proteins will certainly
provide insights into mechanisms and modes
of action. Its interactions with receptors, core-
ceptors, proteoglycans, and secreted proteins
underscore the critical role of Wnt proteins as
major players in regulating and controlling cell
behavior and fate. Many obstacles still need to

be overcome to provide us with a better under-
standing of Wnts’ actions. For example, mea-
suring affinities with which each of the 19 Wnts
interacts with the various components it en-
counters in the extracellular environment will
lead to a better understanding of how signaling
specificities are achieved. In addition, identifi-
cation and characterization of Wnt-containing
complexes (e.g., Wnt—Rspondin—Fzd—Lgr) is
critical in controlling Wnt activities, because
formation of such complexes likely affects sig-
naling outputs. Finally, with the first crystal
structure of a Wnt protein in hand, we will
now be able to take a more rational approach
in elucidating and dissecting Wnt interactions
and binding activities.
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