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Whnt/B-catenin signalling is initiated by a ternary Wnt-Frizzled (FZD)-LDL receptor-related protein (LRP) 5/6 binding event. The
resulting conformational changes in the FZD and LRP5/6 receptors promote the assembly of an intracellular signalosome driven
by Dishevelled and Axin co-polymerization. Recent evidence suggests that the FZD receptor and LRP5/6 participate in the as-
sembly of this signalosome by forming regulatory scaffolds for stabilizing Dishevelled and Axin adapters. In this review, we focus
on the contributions of Wnts and their receptors in the assembly of the signalosome. We present an emerging model, which
unifies Wnt receptor oligomerization with intracellular signalosome formation, and then discuss how FZD receptors might be
targeted to either disrupt or enhance their capacity as a dynamic sensor of Wnt binding.
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Introduction

Wingless/intl (Wnt) signal activation is tightly controlled by
a dynamic signalosome consisting of Class Frizzled GPCRs
(FZDs), LDL receptor-related protein (LRP) 5/6 coreceptors
and Dishevelled and Axin adapters (Cong et al., 2004; Kaykas
et al., 2004; Bilic et al., 2007; Gammons et al., 2016a). In this
review, we discuss emerging evidence for a model of FZD
and LRP5/6 co-oligomerization. In this model, oligomeriza-
tion of the Wnt signalling complex is facilitated by domains
with weak homo-oligomerization propensities such as the
FZD cysteine-rich domain (CRD), the LRP5/6 B-propeller
(BP) domains, and the Dishevelled EGL-10 and pleckstrin
(DEP) and Dishevelled and Axin (DIX) domains (Dann et al.,
2001; Gammons et al., 2016b). In the absence of Wnt, inac-
tive complexes of FZD, LRP5/6 and DVL pose as static sensors
for Wnt binding (Chen et al., 2014) (Figure 1A). When Wnt
binds FZD receptors and LRPS5/6, the FZD receptor and
LRPS5/6 complexes are activated and oligomerize to create an
extensive scaffold for Dishevelled stabilization and interac-
tion with LRP5/6 (Bilic et al., 2007) (Figure 1B). Dishevelled
then co-polymerizes with Axin through shared DIX domains
to form a trap which sequesters the B-catenin destruction
complex (Schwarz-Romond et al., 2007; Fiedler et al., 2011).
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Consequentially, p-catenin translocates to the nucleus
where it works in concert with Wnt transcription factors to
turn on Wnt target genes (van de Wetering et al., 1991).

Wnt family ligands are FZD-specific, highly conserved
and often determine developmental patterning and cell fate
(van de Wetering et al., 1997). Many of these physiological
consequences are the result of Wnt/p-catenin signalling
which involves the assembly of an intracellular
Dishevelled/Axin signalosome (Cong et al., 2004; Schwarz-
Romond et al., 2007). Unlike norrin, an atypical FZD,4/
LRPS agonist, all 19 human Wnts share a highly conserved
two-domain structure which enables it to attach the FZD re-
ceptor CRD and binding to the LRP5/6 B-propellers (Bazan
et al., 2012). In this review, we focus on the FZD receptor
and LRP5/6 interfaces involved in Wnt binding and discuss
the mechanisms by which Wnts may alter the assemblies of
FZD receptors and LRP5/6.

Class FZD GPCRs comprise a family of 10 closely related
FZD receptors in humans and an ancestral member,
smoothened (SMO). FZD receptors share similar struc-
tures, possess common mechanisms of activation and
achieve similar downstream activities (Schulte and Bryja,
2007). All FZD receptors share a highly conserved CRD that
consists of five helices cross-braced by five disulfide bonds,
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Schematic illustration of Wnt/B-catenin signalosome assembly. (A) Emerging model of Wnt ‘off’ state in which FZD receptor dimers and inactive
LRP5/6 dimers form inactive complexes, which bind monomeric Dishevelled (Dvl). (B) Emerging model of Wnt ‘on’ state in which Wnts drive FZD
oligomerization by stabilizing FZD CRD interactions, inducing conformational changes in LRP5/6 dimers and thus increasing local concentrations
of Dishevelled, which ultimately permits efficient Dishevelled/Axin co-polymerization. These events are responsible for intracellular Wnt
signalosome assembly and sequestration of the B-catenin destruction complex. Normal levels of Wnt signalling determine proper vertebrate de-
velopment and stem cell programming, among many other functions, while excessively high or low levels of signalling have pathogenic

outcomes.
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forming a rigid, globular domain (Dann et al., 2001). A flex-
ible, mostly un-conserved linker connects the CRD to the
transmembrane domain (TMD) (Byrne ef al., 2016). The
seven-transmembrane domain of smoothened resembles that
of GPCRs, most closely that of Class B GPCRs (Wang et al.,
2013). The intracellular loops and C-terminal tails of FZD
receptors are likely to be unstructured, diverse and sometimes
very short, yet they all include several conserved Dishevelled-
binding motifs (Wong et al., 2003; Tauriello et al., 2012;
Gammons et al., 2016b). The role of FZD receptors in Wnt
signalosome assembly is just beginning to be appreciated.

Wnt coreceptors such as LRP5/6 function in tandem
with FZD receptor to orchestrate pathway specificity, facili-
tate Wnt binding and drive signalosome assembly. LRPS
and LRP6 are coreceptors for the Wnt/B-catenin pathway
and are composed of four globular p-propeller domains,
three LDL-like domains, a single-pass transmembrane do-
main and an approximately 200-residue cytoplasmic tail
containing multiple stability and effector elements (Cheng
et al., 2011). The B-propeller domains of LRP5/6 can bind
Wnts or Wnt pathway inhibitors such as Dickkopf 1
(DKK1) and sclerostin (Cheng et al., 2011). The conforma-
tions of the B-propeller domains, together with the proteins
to which they are bound (including Wnt, norrin, FZD,
DKK1 and sclerostin), may regulate the intracellular proxim-
ity of LRP5/6 tails to one another and their corresponding
activities (Matoba et al., 2017). The existence of LRP5/6 olig-
omers are well established based on a series of immunocyto-
chemistry and Western blotting experiments focusing on
phosphorylated LRP6 after stimulation with Wnt (Bilic
et al., 2007), but recently published data using light micros-
copy to study LRP6 dynamics provide a mechanism for
LRP6 oligomerization, which we discuss in the last section
of this article.

In this review, we begin with a discussion of the structure
and dimerization of the FZD receptors, then review the struc-
tures and requirements of Wnt pathway agonists and use this
information to better interpret emerging data on Wnt-CRD
recognition, stoichiometry and mechanisms of FZD receptor
oligomerization. We integrate this emerging model of FZD
receptor oligomerization into the existing understanding of
LRP5/6 oligomer assembly, discuss the inter-dependence
between the assembly of the FZD/LRP complex and the
Dishevelled/Axin signalosome and suggest novel mecha-
nisms in Wnt signalosome assembly, which can be therapeu-
tically targeted.

FZD receptor structure and dynamics

FZD receptors, like many of their canonical GPCR counter-
parts, are regulated by ligand binding, oligomerization sta-
tus and extracellular domain conformations which
cooperate to trigger formation of intracellular GPCR effector
complexes. The full-length structure of FZD receptors is cur-
rently only known from smoothened, the most divergent
family member. The extracellular and transmembrane do-
mains (TMDs) of smoothened have been crystallized
(Figure 2A), revealing a structured CRD very similar to that
of the FZD, and FZDg receptors a flexible and largely un-
structured CRD-to-TMD linker, a TMD bundle very
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reminiscent of class B GPCRs and a long extracellular loop
3 (ECL3) which coordinates with the CRD and linker to en-
case the CRD sterol-binding pocket (Byrne et al., 2016;
Zhang et al., 2017). Since FZD receptor TMDs and CRDs
are very similar with regard to sequence to smoothened
(Figure 2C), it is probable that the most substantial struc-
tural differences will be due to the linker and ECL3 length
and minor variations in CRD structure (Figure 2D). Indeed,
while smoothened has a long ECL3 and a comparatively
short CRD-to-TMD linker, FZD receptors have much longer
linkers and shorter ECL3 loops. This suggests greater inde-
pendence between the TMD and the CRD in FZD receptors
compared to smoothened, permitting CRD oligomerization
or the binding of Wnts. It is still unclear how the signal ini-
tiated by Wnt binding to the CRD of the FZD receptor is
transduced across the membrane.

Cholesterol has been crystallized with the smoothened
CRD and identified as its native ligand (Byrne et al., 2016),
and it is reasonable to ask whether FZD receptors may also
bind cholesterol. We noticed that the smoothened CRD coor-
dinates the hydroxyl group of cholesterol at a glutamic acid
highly conserved across species (D95 in humans), while FZD
receptors 1-10 have no polar residues near that location in
any higher species. In general, the CRDs of FZD receptors
are characterized by a tighter lipid-binding groove than
smoothened (Dann et al., 2001; Janda et al., 2012)
(Figure 2B). We also note that smoothened is not known to
bind palmitoleic acid, while palmitoleoylated Wnts bind
FZD receptors and FZD receptors have not been reported to
bind cholesterol in the sterol-binding pocket. It is not obvious
how FZD receptors would bind cholesterol at this site in the
CRD, although cholesterol certainly may play a role in
allosteric FZD receptor regulation elsewhere, and the
importance of membrane lipids in GPCR structure and func-
tion cannot be overstated.

FZD receptor dimerization has long been thought to con-
tribute to Wnt signal propagation (Carron et al., 2003; Ke
etal., 2013; Wang et al., 2013), yet evidence has only recently
emerged for Wnt-induced FZD receptor oligomerization
based on BRET data for the FZD, receptor and emerging evi-
dence for other FZD receptors (DeBruine et al., 2017). FZD re-
ceptors appear to have two different dimerization interfaces,
one in the TMD and one in the CRD, that together allow for-
mation of FZD receptor homo-oligomers. It may be possible
to infer the structural basis of TMD dimerization from the
crystal structure of parallel smoothened TMD dimers which
interact through an interface at helices IV and V (Wang
et al., 2013). This is analogous to what has been observed for
class B GPCRs (Harikumaret al., 2007). Recently, the dimeriza-
tion interface of the TMD of the FZDg receptor has indeed
been shown to be formed by these two helices (Petersen
et al., 2017). While smoothened dimerization is thought to
be important for receptor activation, FZD receptors can
weakly auto-dimerize, and ligand binding further stabilizes
dimerization and stimulates oligomerization as recently dem-
onstrated for the FZD, receptor and Wnt-5a (DeBruine et al.,
2017). Surprisingly, however, a recent study which used fluo-
rescence cross-correlation spectroscopy (FCCS) to monitor
FZDg receptor dimerization status observed a transient disso-
ciation of dimers in response to Wnt dissociation, followed
by re-association after a few minutes (Petersen et al., 2017).
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Smoothened (SMO) as a model for FZD receptor structure. (A) Structure of smoothened extracellular and transmembrane domains (TMDs),
showing an extracellular extension of transmembrane helix 5 and a partially structured CRD-to-TMD linker which closes off the sterol-binding
pocket with bound cholesterol (shown in red spheres). (B) Comparison of palmitoyl coordination in FZD,4 receptor CRD and cholesterol coordi-
nation in smoothened. (C) Available crystal structures of FZD receptor CRDs aligned to show structural similarity. (D) Graph of overall sequence
proportion in each smoothened domain shared with FZD family members. Total conservation was calculated from 50% gap-trimmed multiple
sequence alignment of hSMO with all hFZDs and averaged for all residues in a given topology or domain.

It is unclear how Wnt would accomplish this mechanistically
but might perhaps permit conformational switching of the
FZD/LRP complex.

Phylogenetic clustering of human FZD receptors reveals
four major subfamilies: FZD 1/2/7, 3/6, 4/9/10 and 5/8
(Schenkelaars et al., 2015), although the CRD within each of
these subfamilies is remarkably conserved. Each family shares
a hallmark characteristic: FZDs and FZDg receptors have
exceptionally long CRD-to-TMD linkers; FZD3; and FZDg
receptors have long cytoplasmic tails with many regulatory
elements; FZD4, FZDy and FZD4o have very short C-terminal
tails and the shortest CRD-to-TMD linkers; and FZD,, FZD»
and FZD; receptors seem to possess a CRD most different in
sequence and structure from other FZD receptors. Few struc-
tural differences are readily apparent within these subfam-
ilies, especially within the CRDs, and the diversification of
tissue-specific expression patterns seems to have driven diver-
gent evolution most dramatically (Schenkelaars et al., 2015).
Further structural studies of individual FZD subfamilies may
indicate whether these differences are therapeutically tracta-
ble and can be used to increase specificity of FZD inhibitors.
Notably, the transmembrane domains of these FZD receptors
are highly conserved and may be capable of hetero-
dimerization with other FZD family members. However, the

CRDs may differ enough between subfamilies to restrict
hetero-oligomerization and thus provide limited selectivity
for therapeutic targeting.

Structures and function of Wnt pathway
agonists

The structure of Xenopus Wnt-8 (XWnt-8) in complex with
the mouse FZDg receptor’s CRD revealed a two-domain archi-
tecture for Wnts that has been described as a grasping hand,
consisting of a ‘palm’ (saposin domain) and an ‘index finger’
(cystine knot-like domain) (Janda et al., 2012) (Figure 3B).
The saposin domain is modified by a 16-carbon palmitoleic
acid that stabilizes the FZD receptor-CRD interaction. The
cystine-knot-like domain is similar in structure, but not in se-
quence, to TGF-B, Noggin and bone morphogenic protein.
Both the saposin and cystine-knot-like domains are known
to interact with the FZD receptor’s CRD at unique sites oppo-
site one another, rendering a unique horseshoe-shaped struc-
ture. This structure appears to have the potential for opening
and closing about an unstructured central hinge, providing
flexibility for grasping pre-assembled FZD receptor complexes
(Bazan et al., 2012). The sequences of all 19 ‘classical’ human
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Architecture of Wnt pathway agonists. (A) Norrin homodimers bind two non-adjacent FZD,4 receptor CRDs in an orientation completely unlike any
other CRD dimer structures crystallized (PDB 5CL1). (B) Structure of XWnt-8 and the mFZDg receptor CRD reveals two interaction interfaces, one
of which is strengthened by insertion of the Wnt cis-C16:A9 palmitoleoyl moiety (shown in red spheres) into a conserved hydrophobic groove in
the FZDg CRD (PDB 4F0A). (C) The Wnt pathway B12-DKKT1 surrogate (B12 homodimers shown here) binds FZDg CRDs in a manner that is strik-
ingly similar to norrin, showing nearly identical FZD CRD geometry and CRD-CRD orientations, only reflected about a single axis (PDB 5UNS,
5UNG6). (D) A hypothetical cartoon model contrasting the mechanism of Wnt-mediated versus norrin/B12-mediated FZD signalosome assembly.

Wnts are highly conserved and the structures are almost cer-
tainly super-imposable.

Norrin is an atypical Wnt morphogen and cystine-knot-
like protein which is active only as a covalent homodimer
(Ke et al., 2013) and surprisingly bears no sequence or struc-
tural similarity to ‘classical’ Wnts (Figure 3A), thus providing
an instructive case of convergent evolution towards Wnt sig-
nal activation through an alternative mechanism. Norrin
specifically activates Wnt/p-catenin signalling through only
the FZD, receptor and LRP5/6 (Xu et al., 2004). The basis of
this specificity is not completely clear as FZDy and FZD, re-
ceptors are close homologues to the FZD, receptor and seem
to share the norrin binding surface in the FZD, receptor. Per-
haps the basis of norrin-FZD, specificity is dependent on
TSPAN12, an FZD4-specific co-receptor (Lai ef al., 2017). It is
also possible that the basis of norrin-FZD, is mechanistic
and depends on the remarkably short ECL3 of the FZD4
receptor. Functional domains that are required for signal acti-
vation have been identified by mapping genetic mutations in
patients with familial exudative vitreoretinopathy, a norrin-
dependent monogenic disease (Robitaille et al., 2002). Specif-
ically, mutations in the FZD4- and LRPS-binding sites on
norrin abolish signalling, as do corresponding mutations on
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FZD,4 and LRPS at norrin-binding sites (Toomes et al., 2004).
Interestingly, mutations in the FZD, linker domain are also
associated with strong disease phenotypes, suggesting a key
role for the linker in CRD-to-TMD signal transmission. Fi-
nally, mutations disrupting norrin homodimerization pre-
vent signalling, suggesting that norrin homodimerization is
a requirement and confirming the functional significance of
structural observations that the binding two FZD4 and two
LRPS receptors is essential (Ke et al., 2013; Chang et al.,
2015; Shen et al., 2015). If norrin activates signalling by
recruiting more than a single FZD, receptor, it is reasonable
to consider that Wnts may also do the same.

Recently, Wnt surrogates have been engineered, which
are able to activate Wnt/p-catenin signalling with an effi-
ciency comparable to natural Wnts (Janda et al., 2017).
These surrogates were designed by fusing an LRPS5/6-
binding module (DKK1, a Wnt pathway inhibitor) to a
FZD receptor CRD-binding module (either an scFv of the
therapeutic anti-FZD receptor antibody vantictumab or
B12, a synthetic helical protein). The crystal structure of
this synthetic four-helix bundle domain protein (named
B12) binds only FZDs and FZDg receptors with nanomolar
affinity. The crystal structure of B12 in complex with FZDg



CRD revealed a dimer geometry very similar to that of
norrin (Figure 3C), showing similar distances between CRDs
and similar angles of the CRD relative to each other, despite
different binding surfaces. However, it should be noted that
size exclusion chromatography indicates monomeric B12 in
solution. Strikingly, the optimal linker length between B12
and DKK1 for Wnt activity was found to be between 10
and 30 bp, consistent with the approximately 10 base pairs
between the FZD, receptor and LRPS binding surfaces
mapped on norrin (Ke et al.,, 2013). The structures of B12::
FZDg, norrin::FZD, and XWnt-8::FZDg provide valuable
insights into Wnt pathway activation, and based on more
recent work with Wnt-mediated CRD interactions, a model
arises where FZD dimers are brought together either by
homodimerized FZD-binding ligands or by ligands such as
Wnt, which have been proposed to stabilize CRD interac-
tions through their lipid modification (Figure 3D).

Wnt-CRD recognition and selectivity

Classical Wnts are known to bind FZD receptors at two sites in
the CRD, although no biochemical studies have directly con-
sidered the possibility of Wnt binding FZDs beyond the CRD.
A ‘Site 1’ CRD interaction is prominently characterized by a
palmitoleoyl moiety covalently attached to a conserved ser-
ine — S187 in the case of XWnt-8 — which inserts into a FZD
CRD lipid-binding groove and is stabilized by a conserved
network of hydrophobic interactions. This groove in FZD re-
ceptors is similar to the cholesterol-binding groove found in
smoothened but is slightly narrower and does not possess a
hydrophilic tyrosine to coordinate oxysterol binding. A ‘Site
2’ Wnt-FZD interaction is located opposite the ‘Site 1’ inter-
action on the FZD CRD where the Wnt cystine-knot-like do-
main is in contact with a highly conserved surface on the
CRD. This second interaction seems to stabilize the stronger
‘Site 1’ interaction but might also fulfil other roles in the
FZD/LRP complex assembly. While these two interaction
sites have been confirmed by mutational mapping (Dann
et al., 2001; Janda et al., 2012), additional interaction sites
may exist. For example, it is surprising that the horseshoe-
shaped Wnt is in contact with the FZD receptor only at its
tips in the crystal structure of XWnt-8 bound to the FZDg re-
ceptor, leaving a very large solvent-exposed space between
the CRD and the hydrophobic interior surface of the Wnt.
Another surprise is that the most highly conserved regions
on a Wnt bind the most highly conserved domain in FZD re-
ceptors and yet Wnts demonstrate intricate selectivity for
FZD receptors. A possible explanation for many of these ob-
servations is that a less conserved Wnt-FZD interaction sur-
face might exist.

All Wnts demonstrate selectivity for subfamilies of FZD
receptors, an observation which has been partially explored
in the context of the CRD (Dijksterhuis ef al., 2015). However,
it seems that this selectivity is not fully accounted for by the
CRD, as suggested by a systematic Topflash assay of Wnt/f-
catenin signalling stimulated by every possible Wnt-FZD
pairing (Yu et al., 2012). In this assay, Yu et al. demonstrate
that Wnt-FZD selectivity tends to mirror phylogenetic clus-
tering: distinct subfamilies of Wnts signal most efficiently
through distinct subfamilies of FZD receptors. The extent of
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Wnt-FZD selectivity in this assay and the limited amount of
Wnt-CRD selectivity in biochemical assays suggest a possible
non-CRD effect on determining selectivity.

Classical Wnt-mediated FZD receptor activation involves
Wnt binding to the FZD receptor and LRP5/6 (Cong et al.,
2004). However, the mechanism by which Wnt activates
FZD receptors remains largely unknown. Crystallography
studies of FZDy, FZDs and FZD; receptor CRDs in the presence
of unsaturated fatty acids have shown that FZD CRD dimers
can adopt orientations with lipid-binding grooves aligned
back-to-back, thus forming a continuous hydrophobic
pocket in which the lipid stabilizes the CRD in the dimeric
conformation (DeBruine et al., 2017; Nile et al., 2017). In
the case of the FZD, receptor, these CRDs were crystallized
with c¢is-C16:A9 palmitoleic acid (the predominant lipid
modification of Wnts; ref.) and formed a tetrameric assembly
consisting of two unstable lipid-binding dimers, which cross-
braced to form a stable tetrameric assembly and thus
completely protect the lipid from solvent. A similar tetra-
meric form of FZD, CRDs has been previously crystallized
(PDB 5BPB) (Chang et al., 2015), as have two dimer forms
which are present in this tetrameric form (PDB 5CM4,
5BPQ) (Chang et al., 2015; Shen et al., 2015). In the case of
FZDs and FZD; receptors, which were crystallized with
C16:A9 palmitoleic acid and trans-C24:A15 tetracos-15-enoic
acid, respectively, the lipid-bound dimers formed apparently
stable complexes with a robust dimerization interface that
completely protected the lipid from solvent. Alignment of
the Wnt structure to these complexes (and the smoothened
structures) reveals that both of these complexes are sterically
able to bind Wnts (Figure 4A, B). The role of Wnt in altering
FZD CRD oligomerization, however, is less well understood.
It is possible that FZD CRDs exist as monomers, which dimer-
ize upon Wnt binding, or it is possible that FZD CRDs exist as
dimers, which bind Wnts as dimers, or finally, it is possible
that Wnts mediate FZD CRD tetramer assembly and that
lipid-bound dimer forms merely represent an intermediate
state (Figure 4C). Studies of purified FZDs and FZD; receptor
CRDs in solution with varying lengths of unsaturated lipids
have shown that lipid binding can drive CRD dimerization
(Nile efal., 2017), and BRET data of full-length FZD, receptors
suggest that Wnt-5a binding mediates FZD, receptor oligo-
merization through the CRD (DeBruine et al., 2017). The abil-
ity of the CRD to form dimers has been previously studied, as
dimeric forms of FZDg receptor CRDs have previously been
described (Dann et al., 2001), and artificial stimulation of
FZD; receptor CRD dimerization has been shown to promote
Wnt signalling (Carron et al., 2003), but the significance of
these dimers is only now becoming clear due to recent struc-
tural studies. In conclusion, signalosome assembly probably
depends on Wnt-mediated FZD-FZD interactions upon bind-
ing. Future studies should explore the stoichiometry at each
step in this mechanism.

Evidence for non-CRD binding sites is provided by obser-
vations of Wnt-dependent signalling through FZD receptor
constructs lacking a CRD. Experiments in Drosophila lacking
a FZD receptor CRD showed normal patterns of development,
concluding that the CRD is dispensable for transducing Wnt
signalling in vivo (Chen et al., 2004). A biochemical study also
supported this observation, but demonstrated that high
levels of overexpression are necessary to achieve a signalling
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Models of Wnt-CRD recognition. (A) Crystal structure of FZDs receptor CRDs (5URY) in complex with C16:A9 aligned to XWnt-8 (4FOA). (B) Crys-
tal structure of FZD4 receptor CRDs (5UWG) in complex with C16:A9 aligned to XWnt-8 (4FOA). FZD linkers (modelled based on SMO structures)
do not impede Wnt binding in either (A) or (B). (C) Possible models of Wnt-CRD recognition, in which Wnts may bind either CRD dimers, CRD
tetramers, or utilize a CRD dimer-bound state as an intermediate towards a CRD tetramer-bound state.

response and that FZD activity can be restored when the CRD
is replaced by Wnt-binding proteins such as Wnt inhibitory
factor (Povelones and Nusse, 2005). These studies must be
interpreted with caution until more definite evidence can be
obtained, but they seem to point towards additional Wnt-
binding sites on FZD receptors. These findings further under-
score the role of the CRD as a regulatory domain and not as a
domain fundamental to FZD receptor activation.
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In summary, while the one-to-one interaction between
Wnt thumb and index finger and CRD lipid-binding groove
and C-terminal loops, respectively, is well established, addi-
tional sites of Wnt-FZD contact may exist both within the
CRD (due to higher-order CRD interactions induced or stabi-
lized by Wnt) and beyond the CRD (which may confer
Wnt-FZD selectivity and capacity for Wnt-dependent CRD-
independent signalling). The basis of Wnt-FZD selectivity



remains obscure, especially because known Wnt-FZD inter-
action surfaces are highly conserved. Finally, the effect of
Wnt on higher-order FZD interactions merits further study.
It is unlikely that a single Wnt binds to only a single FZD re-
ceptor, and yet, our current structural knowledge does not ex-
tend beyond this simplistic model.

LRP5/6 dynamics and signalosome
assembly

While nearly a decade has passed since LRP6 signalosomes
were first described (Bilic et al., 2007), the structural mecha-
nism of LRP5/6 oligomerization had remained unclear until
very recently. LRP5 and LRP6 are similar proteins, which are
structurally understood only from LRP6 B-propellers and
small fragments of the LDL repeats (Cheng et al., 2011;
Matoba et al., 2017). These B-propellers serve as binding scaf-
folds for agonists of the Wnt pathway such as Wnts and
norrin (Janda et al., 2012; Ke et al., 2013), as well as antago-
nists such as DKK1 and sclerostin (Veverka et al., 2009; Cheng
etal., 2011).

Prior to Wnt binding, inactive complexes of LRP5/6 and
the FZD receptor may form (Chen et al., 2014). It is unclear
whether this is dependent on experimental conditions, over-
expression, or is physiologically relevant. If this interaction is
physiological, it would run contrary to the idea that Wnts re-
cruit LRP5/6 and FZD receptors to form an active signalling
complex. Further studies need to address the significance of
these interactions, as an interface between the FZD receptor
and LRP would be novel and potentially able to be targeted.
Specifically, negatively charged surfaces on FZD receptors
should be investigated as candidates for binding the LRP5/6
B-propellers, although transmembrane and C-terminal tail in-
teractions may also be possible.

Dimerization of LRP5/6 has been associated with both in-
active and active receptor states (Liu et al., 2003; Chen et al.,
2014), and both DKK1 and Wnts have been found to mediate
LRP5/6 dimerization (Liu et al., 2003; Matoba et al., 2017).
Since DKK1 and Wnt have opposite effects on Wnt signal ac-
tivation, these findings were perplexing until a recent study,
which used negative stain electron microscopy and 2D classi-
fication and showed that the conformations of the LRP6
B-propellers in dimer complexes can control receptor activity
(Matoba et al., 2017). The hinge between the rigid N-terminal
(BP1/2) and C-terminal (BP3/4) pairs of p-propeller domains
can permit more than 180° of rotation, resulting in the
sampling of a wide array of conformations in an inactive
state, but the restriction of these conformations when bound
to a ligand. Furthermore, conformational flexibility of the
B-propellers was also limited upon N-glycosylation of a resi-
due in the immediate vicinity of the fP12/BP34 hinge. Active
conformations of LRP5/6 B-propellers would, in theory, per-
mit transmembrane and intracellular domain dimerization.
DKK1 ligand binding to the B-propeller scaffolds reduced
the conformational freedom of LRP5/6 and therefore
prohibited the assembly of active dimers. Indeed, biochemi-
cal approaches using bispecific antibodies which mediate
LRP6 B-propeller interactions have been shown to increase
Wnt signalling activity (Gong et al., 2010).

Whnt signalosome assembly m

Wnts manifest various requirements for LRPS and LRP6
and selectivity for either fP1/2 or pP3/4. Despite many uncer-
tainties, it is evident that Wnt-1, Wnt-9b and Wnt-10b re-
quire both LRPS and LRP6 for Wnt/p-catenin signalling (Goel
et al., 2012) and that Wnt-3 and Wnt-3a bind pP1/2 while
other Wnts seem to bind pP3/4 (Ettenberg et al., 2010). These
findings may reveal surfaces within Wnt subfamilies that me-
diate LRP5/6 selectivity and could be a therapeutic target.
They also raise the possibility of synergy between Wnts 3/3a
and other Wnts by binding alternate LRP p-propellers, thus
mediating dimerization and activation more effectively.

LRPS5/6 are reported to form large signalosomes, yet no ev-
idence for LRP oligomerization exists in the absence of the
FZD receptor. In the context of the signalosome induced by
classical Wnts, it is possible that repeating units of LRP di-
mers form complexes with FZD receptor dimers or tetramers
each bound to a single Wnt and that these complexes then
oligomerize in response to multiple Wnt binding events or
other co-receptor recruitment. Norrin may act through differ-
ent mechanisms, as it homodimerizes to bind two FZD4 CRDs
whereas classical Wnts have different FZD receptor-binding
modes (Ke et al., 2013). Thus, a norrin complex may perhaps
even bring the FZD CRD and LRP5/6 B-propeller in contact,
while classical Wnts will mediate CRD interactions through
the palmitoleoyl modification while binding LRP5/6 through
a negatively charged surface relatively distant from the site of
CRD contact. The anticipated result would be a tunable and
diverse mechanism for the complex activation of the FZD re-
ceptor and LRP5/6, which may have significant implications
for the design of effective Wnt pathway surrogates and inhib-
itors (Moraga et al., 2015).

The mechanisms of LRP5/6 intracellular activation and
interactions with Dishevelled have been excellently de-
scribed and reviewed elsewhere (Bilic ef al., 2007; Biengz,
2014; Feng and Gao, 2015). The role of LRP5/6 clustering to
trigger CK1y phosphorylation and Axin recruitment, the role
of Dishevelled stabilization at the LRP/FZD scaffold and the
significance of Dishevelled/Axin co-polymerization are not
the focus of this review, yet they are all requirements for se-
questration of the B-catenin destruction complex and activa-
tion of nuclear p-catenin signalling.

Role of Dishevelled in intracellular
signalosome assembly

The role of intracellular loops in FZD receptor function is un-
derstood largely through several studies of Dishevelled. Di-
shevelled consists of globular PSD-95/D1g1/Z0O-1 (PDZ), DEP
and DIX domains separated by unstructured linkers, giving
the impression of ‘balls on a string’. The PDZ domain anchors
Dishevelled to the FZD receptor at two non-contiguous mo-
tifs in the FZD C-terminal tail, serving as a scaffold for
recruiting Dishevelled to the FZD receptor (Zhang et al.,
2009). The DEP domain binds the intracellular core of the
FZD TMD upon receptor activation and undergoes a highly
thermostable domain swap (formation of an intermolecular
B-sheet) to form dimers (Gammons et al., 2016a). It is possible
that coordination of DEP domains at FZD dimers is a require-
ment for this domain-swapping event (Gammons et al.,
2016b). We also note that domain-swapped DEP dimers
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formed tetrameric assemblies in two different crystal forms
(Gammons et al., 2016a). While this tetrameric interaction
is weak and there is no biochemical evidence to support this
observation, it coincides with structural data for tetrameric
assemblies of FZD, receptor CRDs (Chang et al., 2015). Fi-
nally, the DIX domain seems independent of the FZD recep-
tor and becomes capable of co-polymerizing with
Dishevelled or Axin DIX domains upon DEP domain swap-
ping (Schwarz-Romond et al., 2007; Fiedler et al., 2011). Ulti-
mately, FZD receptor oligomerization will form an
intracellular scaffold capable of stabilizing high local concen-
trations of Dishevelled and promoting Dishevelled/Axin co-
polymerization.

Emerging models and therapeutic
opportunities

The recent discovery of Wnt-dependent FZD oligomerization
and the hypothesis of tunable LRP5/6 dimerization suggest a
dynamic receptor signalosome which functions as a
Dishevelled-activating scaffold. While Dishevelled may be
pre-associated with FZDs at the membrane and FZDs and
LRP5/6 may have already formed inactive complexes, the
stimulus of Wnt binding the FZD CRD and inducing FZD olig-
omerization is what is required for Dishevelled DEP domain
swapping and DIX domain co-polymerization with Axin.

A better understanding of this signalosome will reveal
many novel protein—protein interfaces for therapeutic inhibi-
tion. For instance, peptide inhibitors or antibodies blocking
CRD-CRD interactions may be designed with specificity for
subfamilies of FZD receptors. FZD CRD-TMD contacts may
be required for propagating conformational changes intracel-
lularly and permitting Dishevelled DEP domain swapping.
Perhaps small molecule inhibitors or peptides will be discov-
ered, which would disrupt these feedback mechanisms and
prevent regulation of the TMD by the CRD in a manner

similar to smoothened inhibition. Despite the current success
in targeting Wnt-FZD receptor interfaces at the CRD, perhaps
non-CRD Wnt-binding sites exist, which would be less con-
served and present an opportunity for more specific targeting
of Wnt-FZD receptor pairs. Alhough little is known about
FZD-LRP interactions, perhaps the disruption of these inter-
actions would destabilize the membrane signalosome and
prevent the effect of Wnt on driving a viable Dishevelled-
binding scaffold. Finally, manipulating the LRP5/6
B-propeller domains in a manner that prevents the assembly
of active dimers (by affecting flexibility of the hinge or
restricting pB-propeller movement) is also a promising
strategy, although the structural effect of agonists and several
antagonists is not yet understood in the context of LRP5/6
B-propeller flexibility.

Inhibiting Wnt signalling through FZD receptors has so
far met with limited clinical success. The monoclonal anti-
body OMP18RS (trade name vantictumab) targets FZD recep-
tors 1/2/7 and 5/8, presumably interfering with Wnt ligand
binding, but also perhaps preventing higher-order CRD inter-
actions (Gurney et al., 2012). Small peptide inhibitors repre-
sent a promising new approach for preventing FZD CRD
oligomerization, as they can be diversely synthesized and
screened efficiently. Ongoing discovery efforts are certain to
yield promising results for therapies targeted against subfam-
ilies of FZD receptors such as 5/8 and 1/2/7 which have been
implicated in various cancers (Fernandez et al., 2014;
Steinhart et al., 2017). These peptides may be developed
against surfaces, which prevent Wnt binding, obstruct the
CRD-CRD interactions that are thought to be required for
the assembly of FZD receptor signalosomes or interfere with
CRD-TMD contacts and auto-regulation.

The development of surrogates and agonists for the
Wnt/p-catenin pathway will also benefit greatly from the
emerging model of the FZD receptor and LRP5/6 oligomeric
scaffold. An effective Wnt surrogate must restrict the LRP5/6
B-propeller domain flexibility to active states in which the
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A hypothetical model of Wnt signalosome assembly in which (1) LRP5/6 and FZD receptors exist as inactive dimers; (2) LRP5/6, FZD receptor and
Dishevelled form inactive complexes; (3) Wnt stabilizes re-arrangement of LRP5/6 dimers to an active form and activates FZD receptor, permitting
Dishevelled DEP domain dimerization. (4) Multiple Wnts may drive assembly of large receptor signalosomes. Dishevelled co-polymerizes with
Axin. (5) Large Dishevelled/Axin signalosomes sequester components of the p-catenin destruction complex thus (6) permitting p-catenin stabili-
zation, nuclear translocation and activation of TCF family transcription factors and Wnt pathway target gene transcription.
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transmembrane domains are in close proximity and must
also mediate FZD receptor CRD dimerization and do so with-
out tuning FZD/LRP orientations to a conformation unable to
facilitate Dishevelled activation. Based on these observations,
it is possible that fusions of norrin FZD-binding peptides and
DKK1 or sclerostin LRP5/6-binding domains might mimic
norrin or that bi-specific LRP5/6 antibodies coupled with
palmitoleoyl mimics may mimic classical Wnts.

In summary, the model of FZD/LRP oligomerization is in-
trinsically linked to Dishevelled/Axin signalosome assembly
(Figure 5). When Wnts induce FZD receptor oligomerization
and restrict LRP5/6 dimers to active conformations, an activa-
tion scaffold is created in which Dishevelled DEP domain
swapping occurs and permits DIX-dependent co-
polymerization with Axin. The role of FZD receptors in medi-
ating these crucial steps in Wnt signalosome assembly is only
beginning to be understood and promises to be a therapeuti-
cally attractive vantage point from which the Wnt pathway
may be effectively and specifically targeted.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the ITUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015).
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