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Abstract

Throughout the animal kingdom, Wnt-triggered signal transduction pathways play fundamental
roles in embryonic development and tissue homeostasis. Wnt proteins are modified as
glycolipoproteins and are secreted into the extracellular environment as morphogens. Recent
studies on the intracellular trafficking of Wnt proteins demonstrate multiple layers of regulation
along its secretory pathway. These findings have propelled a great deal of interest among
researchers to further investigate the molecular mechanisms that control the release of Wnts and
hence the level of Wnt signaling. This review is dedicated to Wntless, a putative G-protein
coupled receptor that transports Wnits intracellularly for secretion. Here, we highlight the
conclusions drawn from the most recent cellular, molecular and genetic studies that affirm the role
of Whntless in the secretion of Wnt proteins.
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Introduction

Whts are acylated and glycosylated secretory proteins with established roles in embryonic
development and tissue homeostasis (Logan and Nusse, 2004; Tang et al., 2011). Defects in
Whnt signaling are associated with various human diseases including developmental
abnormalities and cancers (Clevers, 2006). Extensive studies have been performed on Wnt
downstream signaling events, e.g. the canonical and non-canonical pathways, which regulate
target gene expression in signal-receiving cells (Logan and Nusse, 2004; Clevers, 2006;
MacDonald et al., 2009). However, less is known about Whnt trafficking in ligand-producing
cells, and a great amount of interest is now dedicated to dissect the Wnt secretory pathways
completely.

In this review, we highlight the most recent studies on Whnitless, a conserved transmembrane
protein fundamental for transporting Wnts for secretion. Here, we integrate and discuss the
conclusions made by various biochemical, cellular and genetic studies that contribute to the
role of Wntless in Wnt secretion.

Whntless: biochemical and molecular characteristics

Discovered in 2006, Wntless (WIs or Evenness Interrupted/Sprinter in Drosophila, MOM-3/
Mig-14 in C. elegans, and GPR177 in mammals) is an evolutionarily conserved trans-
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membrane protein and is indispensible for the secretion of multiple Wnt proteins (Bénziger
et al., 2006; Bartscherer et al., 2006; Goodman et al., 2006; Belenkaya et al., 2008; Franch-
Marro et al., 2008; Port et al., 2008; Yang et al., 2008; Silhankova et al., 2010). Studies till
date show that depletion of Whnitless in both vertebrates and invertebrates gives rise to Wnt
loss-of-function phenotypes (Belenkaya et al., 2008; Franch-Marro et al., 2008; Port et al.,
2008; Yang et al., 2008; Carpenter et al., 2010; Silhankova et al., 2010; Fu et al., 2011), thus
illustrating a fundamentally conserved function of Wntless in Wnt secretion (MacDonald et
al., 2009).

Structural details of Wntless protein have provided the first piece of evidence in support of
its role in intracellular Wnt trafficking. Through amino acid sequence analysis Wntless is
predicted to contain a long N-terminal region, seven or eight transmembrane segments and
an intracellular C terminus similar to the member of G-protein coupled receptor (GPCR)
superfamily (Fig. 1). Indeed, Wntless has been proposed as a putative orphan GPCR (Jin et
al., 2010). However, there is a lack of evidence supporting whether or not Wntless may
signal as a GPCR. As great structural and functional diversities lie within the GPCR
superfamily, it is difficult to speculate function of Wntless purely based on our classic
GPCR knowledge. In addition, Wntless contains almost no known motifs that are
homologous to existing GPCRs, greatly impeding our understanding of its molecular
function and regulation.

It is well known that most membrane associated secretory proteins, including GPCRs, are
usually N-linked glycosylated. To determine whether Wntless is modified with N-linked
oligosaccharide sides, Wntless protein has been treated with N-glycosidase, which leads to
the occurrence of a fast-migrating band, indicating N-linked glycosylation ofWis (Jin et al.,
2010). However, whether this glycosylation is essential for the interaction between Wntless
and Whts, or for the trafficking of Whntless itself, is not clear.

Through the detection of N-terminal Flag-tagged Whntless under non-permeabilized
conditions, Jin et al. determined that the N terminus of Wntless is localized intracellularly,
thereby suggesting presence of an even number of membrane-spanning segments in the
protein (Jin et al., 2010). Using GST pull-down to investigate the interaction between
Whitless and Whnits, a lipocalin-like domain in the N-terminal region near the second
transmembrane domain of Whtless is found to be required for its association with Wnt1,
Whnt3 and Wntb5a (Fu et al., 2009) (Fig. 1). However, little information is available to date
regarding the role of other extracellular loops of Wntless in the interaction between Whntless
and Whnts. In terms of the structural property of Wnts, a conserved serine residue within
most of Wnts (e.g. Ser239 in Drosophila \Wg) has been found to be indispensable for their
interaction with Wntless (Herr and Basler, 2011). Substitution of this serine residue with
alanine significantly affects the physical association of Wnts with Wntless. However, the
exact mechanism underlying the recognition of Wnts by Whntless still remains elusive.

Similar to many known GPCRs, Wntless can be internalized from the cell membrane
through endocytosis (Pan et al., 2008; Port et al., 2008; Harterink et al., 2011; Temkin et al.,
2011). Indeed, a conserved Y XX® endocytotic motif has been identified in the third
intracellular loop of Whntless (Fig. 1). This motif serves as an endocytic signal for
recognition by a clathrin adaptor protein 2 (AP2), and is critical for recycling Wntless from
the plasma membrane (Gasnereau et al., 2011). Site-directed mutation of this conserved
motif in Wntless results in its accumulation on the cell surface. However, sequestration of
Whntless on the plasma membrane can be restored via the addition of the classic motif to its
C-terminal tail. Interestingly, in C. elegans Wntless homolog, this key motif is missing from
the third intracellular loop and is found in the second intracellular loop.
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Two independent studies have identified the interaction between Whntless and Vps35, a core
subunit of retromers responsible for retrograde transport of Wntless from Plasma membrane
to Golgi (discussed in details below). These studies have promoted the discovery of a FLM
tripeptide motif at the end of the third intracellular loop of Whnitless, required for retromer-
dependent transportation (Fig. 1). Immunofluorescence and co-immunoprecipitation studies
indicate that Wntless localizes with yet another subunit of retromer, a cargo sorting protein
SNX3 (Harterink et al., 2011; Zhang et al., 2011). Unfortunately, there is lack of studies to
verify whether this interaction is direct.

Taken together, further structural analysis of Wntless is needed to understand whether this
GPCR-like protein can indeed recruit heterotrimeric G-proteins and subsequently initiate
related signaling pathways in the process of Wnt secretion.

Protein modifications of Wnts: Wntless-Wnts interaction

The posttranslational modifications of Wnts are critically coupled to their secretion and
activity. Wnts are produced and then modified in ER by a membrane-bound acyltransferase,
Porcupine (Fig. 2). Porcupine is believed to facilitate the lipidation of Wnt proteins on at
least two distinct sites: the Nterminal cysteine rich residues (Tanaka et al., 2000, 2002) and a
C-terminal serine 209 residue (Coombs et al., 2010). The conserved cysteine residues at the
N terminus of Wnt proteins are subjected to the addition of palmitate groups (Takada et al.,
2006), creating a binding site for porcupine (Tanaka et al., 2002). However, it is less clear if
porcupine itself adds or facilitates addition of palmitate group to this locus, through other
proteins.

Unlike the incomprehensible role of Porcupine in Wnt palmitation at the cysteine rich
residues, Porcupine is strongly believed to add palmitoyl group to the Serine 209 (van den
Heuvel et al., 1993; Zhai et al., 2004; Galli et al., 2007). Mutation causing loss of
acyltransferase activity in Porcupine leads to impaired Wnt secretion, suggesting the
necessity of these lipid modifications in the release of Wnts (van den Heuvel et al., 1993).

Whtless has been found to be localized in the entire Wnt secretory route including ER,
Golgi, vesicles and Plasma membrane (Bénziger et al., 2006; Bartscherer et al., 2006; Fu et
al., 2009; Coombs et al., 2010) (Fig. 2). Having a lipocalin-like structure allows Wntless
capable to bind to hydrophobic regions like the palmitate groups in mature Wnts. The
affinity of Wntless toward the hydrophobic regions in Wnts might facilitate the physical
association of Wnts with Wntless. Rather than palmitation at the cysteine residues,
palmitoylation at Ser209 in Wnt3a by Porcupine is required for its physical interaction with
Whntless (Coombs et al., 2010) and its release from ER (Willert et al., 2003; Takada et al.,
2006; Komekado et al., 2007). Consistently, reduced Ser209 palmitoylation of Wnt3a
demonstrates ER retention (Takada et al., 2006), reflecting a defective Wnt secretion
probably due to disrupted Wnt-Wntless association.

On the other hand, as impaired Wnt secretion also affects downstream Whnt signaling,
different interpretations of the experimental findings exist on whether a specific Wnt
lipidation promotes only its secretion, signaling, or both (Tang et al., 2011). For example,
the absence of cysteine rich residues in Wntl, Wnt3a and Wnt5a results in depleted Wnt
signaling in vertebrates (Galli et al., 2007; Kurayoshi et al., 2007), whereas absence of
palmitation at cysteine residue in Drosophila \Wg causes ER retention (Franch-Marro et al.,
2008). Whether it is the amino acid itself altering protein folding, or the lipid modification
on the amino acids affecting Wnt secretion and its signaling is yet to be established.
Furthermore, the Drosophila\Wnt D is recently identified as the only Wnt protein that
neither requires lipid modification nor an association with Wntless for its secretion (Ching et
al., 2008; Herr and Basler, 2011).
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Another posttranslational modification undergone by Whnits in the ER is N-terminal
glycosylation (Fig. 2). In Drosgphila, N-terminal glycosylation at Ser239 is stimulated by
Porcupine, and this modification is indispensable for its interaction with Wntless (Tanaka et
al., 2002). Overall, this suggests that the posttranslational modifications of Wnts contribute
to their transport and secretion from ligand-producing cells. However, whether these specific
modifications provide opportunities for precise regulation of Wnt trafficking and exocytosis
via Whntless or other secretory pathway components awaits definitive studies (Fig. 2).

Whnt-Wntless dissociation

Apart from post translational modifications, an interesting physical parameter that seems to
have a strong impact on Wnt secretion is the environmental pH. Endosomal pH gradient
plays an important role in the secretory pathway of proteins. An acidic pH ~ 5.5 of secretory
vesicle appears to promote dissociation of Wnt3a from Whntless and facilitates Wnt secretion
out of the cell (Coombs et al., 2010). The precise role of the endosomal pH gradient in Wnt
secretory pathway is yet to be explored.

Retrograde trafficking of Wntless

The fate of Wntless is distinct from Wnts after the Wnt-WIs protein complex reaches the
plasma membrane. Whnitless is recycled back into Wnt-producing cells and is reutilized for
yet another round of Wnt secretion (Belenkaya et al., 2008; Franch-Marro et al., 2008; Port
et al., 2008; Yang et al., 2008; Silhankova et al., 2010) (Fig. 2). Clathrin coated (Port et al.,
2008; Harterink et al., 2011) and Rab5 (Rojas et al., 2008; Harterink et al., 2011) positive
early endosomal vesicles retrieve Wntless from Plasma membrane. This transport is also
demonstrated to be AP2 and dynamin dependent (Belenkaya et al., 2008; Franch-Marro et
al., 2008; Pan et al., 2008; Port et al., 2008; Yang et al., 2008; Silhankova et al., 2010).

From early endosomes, Whnitless is carried to the Golgi in a retromer-dependent manner in
small vesicles (Belenkaya et al., 2008; Franch-Marro et al., 2008; Port et al., 2008;
Silhankova et al., 2010; Yang et al., 2008) (Fig. 2). Retromer is a complex of different
protein subcomplexes including a cargo recognition Vps26-Vps29-Vps35 trimer (Seaman,
2005; Attar and Cullen, 2010) and a cargo sorting, SNX-BAR (Sorting Nexin Protein with
Carboxyl terminal Bin amphiphysin Rvs) hetero or homodimer (Carlton et al., 2004; Carlton
et al., 2005; Wassmer et al., 2007). These SNX proteins contain BAR domains that tether
them to specific regions of endosomal membraneg, in this case phosphatidy-linositol 3-
phosphate (PI3P) rich region (Seaman, 2005). Hence, functionality of SNX proteins is also
dependent on the overall lipid composition of vesicular membranes and the activity of
enzymes like PI3P phosphatases (Seaman, 2005). The Vps subcomplex identifies and binds
to the cargo whereas SNX-BAR sorts out proteins into tubular structures which are directed
constitutively to different cellular subcompartments (Belenkaya et al., 2008; Franch-Marro
et al., 2008; Port et al., 2008; Yang et al., 2008; Silhankova et al., 2010; Harterink et al.,
2011).

In contrast, it was recently found that SNX-BAR is dispensable for a retromer dependent
Whitless recycling. Instead, Wntless retrieval requires SNX3, yet another nexin family
protein without BAR domains (Harterink et al., 2011; Zhang et al., 2011) (Fig. 2). The
absence of BAR domains in SNX3 facilitates formation of small endosomal vesicles rather
than larger tubular structures. Probably, this is how Whntless traffic is sorted from other
housekeeping proteins in a more regulated manner. SNX3 sorts Wntless traffic to the trans-
Golgi network (TGN) by preventing its degradation in Lysosomes and promoting its
stabilization. This sorting action is possibly achieved by SNX3 via recruitment of Vps26 to
the endosomal membrane containing Wntless (Harterink et al., 2011).
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Other experimental data from invertebrates illustrate the inevitability of Vps complex
components, Vps26 and Vps35, in the retrograde trafficking of Wntless from the plasma
membrane to the TGN (Belenkaya et al., 2008; Franch-Marro et al., 2008; Port et al., 2008;
Yang et al., 2008; Silhankova et al., 2010). Overall, it is believed that the retromer complex
maintains the stability of Wntless (Belenkaya et al., 2008; Franch-Marro et al., 2008;
Harterink et al., 2011; Port et al., 2008; Yang et al., 2008; Silhankova et al., 2010). The
molecular details involving recruitment of Wntless-recognition retromer component to the
endosomal membrane by SNX3 and the precise underlying mechanism that prevents the
degradation of Wntless by retrieval to the TGN are still unclear.

Synaptic transmission of Wnts via Wntless

Till date it is known that Whntless is associated with Wnt secretion as discussed above, and is
believed to be present in all Wnt-producing cells. Nonetheless, the precise function of
Whntless in Wnt-receiving cells is obscure. RNAI studies in Drosophila neuromuscular
junction show that Wnt1 travels through the synapse via exocytic vesicles containing multi-
vesicular bodies (Korkut et al., 2009). The transport of Wntl from the cell body to the
presynaptic terminal and further trans-synaptic transport to the post-synaptic terminal are
found to be Wntless dependent. These vesicles are endocytosed and the Wnt-Wntless
complex is internalized by the post-synaptic neuron. Furthermore, Wntless appears to target
a Wnt receptor interacting protein, dGRIP, to the post-synaptic plasma membrane (Korkut et
al., 2009). This study demonstrates the role of Wntless in the post-synaptic terminal, which
is comparable to Wnt-receiving non-neuronal cells. However, whether the same is true for
vertebrates is yet to be established.

Gprl77 knockout mouse models: insights into role of Wntless in
development

To investigate the role of Wntless in mammalian development, two independent groups have
generated Gpr177 conditional knockout mouse models using different gene targeting
strategies. Homozygous Gprl77knockout mice in both studies exhibited embryonic lethality
(Fu et al., 2009; Carpenter et al., 2010). Gpr177knockout mice developed by Fu et al.
survived through E10.5 while the mice generated by Carpenter et al. survived through E8.5.
At E7.5-8.5 Gpr177~ embryos lacked primitive streak and mesoderm, hence appearing as
an egg cylinder (Fu et al., 2009; Carpenter et al., 2010).

Studies of E6.5-7.5 embryos demonstrate that Gpr177-knockout affects B-catenin activation
in the canonical Wnt-signaling pathway. This advises three possibilities: Gprl77 affects Wnt
production, Wnt secretion, or both. The first possibility is unlikely as Western blots for
Wnt3 showed increased protein levels in E7.5 knockout embryos (Fu et al., 2009). This also
suggests an accumulation of Wnt3 possibly due to a defective secretion. Alternatively, this
Wnt3 accumulation may attribute to a regulatory mechanism that compensates for reduced
extracellular Whnts, thus producing more Wnts within the cell. Absence of Gprl77 at E7.5
affects the accumulation of Wnt3 more severely than any other time point (E6.5 or E9.5) (Fu
etal., 2009, 2011). In contrast, absence of Gprl77 at E9.5 does not affect Wntl or Wnt5a
levels (Fu et al., 2011). These results advocate the presence of a narrow developmental
window when individual Wnt proteins are actively secreted and hence are more sensitive to
the availability of Gprl77. Defining this “window” for individual Wnts and assessment of
their dependability on GPR177 requires further study.

Wnt3 signaling is accountable for formation of anterior-posterior embryonic axis, making it
inevitable for early embryonic development (Liu et al., 1999). The Gpr177knockout mouse
phenotype resembles Wnt3knockouts, B-catenin mutants (Brault et al., 2001), as well as
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Whntl and Wnt3 double knockouts (lkeya et al., 1997). The overall phenotypes in Gprl77
knockouts appear more severe than the phenotypes observed by knocking out Wnt1 alone
(McMahon and Bradley, 1990; Thomas and Capecchi, 1990). Together, these observations
further affirm the role of Gprl77 in secreting multiple Wnts in mammals (Fu et al., 2009;
Carpenter et al., 2010).

In situ hybridization and immunostaining analysis show that Gpr177 is expressed in some
organs, such as the inner ear (Jin et al., 2010), the development of which depends on both
canonical and non-canonical Wnts. Loss of Gpr177 in mice clearly affects the canonical
Whnt signaling pathway as suggested by the depletion of active p-catenin (Fu et al., 2009).
Mouse Gprl77 is also associated with non-canonical Wnts, such as Wnt5a, which is
confirmed by co-immunoprecipitation with Gprl77 (Fu et al., 2009). Recently, it has been
established that Gpr177 affects Wnt5a/11-regulated angiogenesis in retinal myeloid cells
(Stefater et al., 2011). Hence, there is a possibility that Gpr177 has an effect on cell polarity
formation and epithelial to mesenchymal transition.

Gpr177 heterozygous mice are fertile but demonstrate certain developmental defects
suggesting an essential Gpr177 dosage dependence (Fu et al., 2009; Carpenter et al., 2010).
Phenotypes, such as defects in the brain regions (i.e., telencephalon), observed by Carpenter
et al. are more severe than those observed by Fu et al. The difference in mortality rate of
embryos and severity of phenotypes between these models could be due to the difference in
gene targeting strategies.

The animal studies performed by the above two groups have elucidated the role of Gprl177
in mouse embryonic axis formation, organogenesis and neural development. In contrast to
the studies in C. elegans, where Whntless is responsible for the migration of Q descendent
neural crest cells (Harterink et al., 2011), murine Gprl77 does not seem to play a role in this
aspect. This suggests that some functions of Wntless during the development of neural crest
may have evolved with time and differ between species.

Closing remarks

In terms of Wnt-Whntless trafficking, the question remains in whether the direct binding of
Whnts to Whntless is required for the transport of Whnts through the entire secretory route
within the ligand-producing cell. The nature of the signal that triggers the secretion of Wnt-
Whntless complex from the ER and the Golgi is yet to be characterized (Fig. 2). Also,
whether the physical association of Wnt and Wntless prompts a secretory signal remains
obscure. It is tempting to speculate that the exit of Wnt-Whntless from the Golgi and the
vesicular fusion to the plasma membrane may also be regulated to distinguish out Wnts from
other constitutively secretory proteins (Fig. 2).

More importantly, the exact biochemical and cellular function of Whntless in Wnt secretion
awaits resolution. Here lie many possibilities. Wntless could function as a chaperone-like
protein, a cargo receptor, or a sorter. Wntless could also be involved in further modification
of Wnts in Golgi. Furthermore, Wntless itself is a downstream effector of Wnt signaling (Fu
et al., 2009), thus it is also present in signal-receiving cells. However, the exact function of
Whntless inWnt-responsive cells is still mysterious. A possibility exists that the Wnt-
secreting cells activate their Wntless expression through an autocrine mechanism to amplify
Whnt signals. There is a need for further investigations to prove these predictions for the
understanding of the Wnt signal transduction pathway. Genetic manipulations of Wntless in
specific mouse tissue cell types, and in-depth structural-functional characterization of
Whitless will certainly help establish a clearer picture of Wnt/Wntless function at cellular
and molecular levels.
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Figure 1.

The putative structure of Wntless protein with specific protein-interaction domains
highlighted.
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Figure 2.
The putative role of Whnitless in the transport of Wnts through the secretory pathway in the
Whnt-producing cell.
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