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Abstract

Whnt proteins are conserved signalling molecules that have an essential role in regulating diverse
processes during embryogenesis and adult tissue homoeostasis. Wnts are post-translationally
modified by palmitoylation, which is essential for Wnt secretion and function. Intriguingly, the
crystal structure of XWnt8 in complex with the extracellular domain of the Frizzled 8 cysteine-
rich domain (Fzd8-CRD) revealed that Wnts use the fatty acid as a ‘hotspot’ residue to engage its
receptor, which is a unique mode of receptor-ligand recognition. In addition, there are several lines
of evidence suggesting that Wnts engage several signalling modulators and alternative receptors
by means of fatty acids as a critical contact residue. In the present article, we review our current
understanding of Wnt acylation and its functional role in Wnt signalling regulation.
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Introduction

Whnt signalling is a conserved signalling pathway, regulating a broad range of processes
during embryonic development and adult tissue homeostasis [1-4]. Aberrant Wnt signalling
is linked to many types of cancer and degenerative diseases. Secreted Wnt ligand family
members bind to an array of cell-surface receptors, stimulating distinct signalling cascades,
including the canonical f-catenin-dependent pathway, the planar cell polarity pathway, and
the Wnt/Ca2* pathway. The canonical pathway is the most extensively studied Wnt
signalling pathway, and is initiated by Wnt binding to the family of Fzd receptors and
Lrp5/6 co-receptors. This binding results in the stabilization of f-catenin, which functions as
a co-activator of the transcription factors, T-cell factor/lymphoid enhancer factor (TCF/
LEF), for regulation of Wnt target gene expression. Fzds, along with the alternative
receptors Rorl1/2 (receptor tyrosine kinase-like orphan receptor) and Ryk, have been
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implicated in transducing non-canonical Wnt signalling cascades upon Wnt engagement,
and secreted modulators including sFRPs (secreted Frizzled-related protein), WIF-1 (Wnt
inhibitory factor), dickkopf (DKK) and sclerostin (SOST) fine tune signalling activation.
Whnts are post-translationally palmitoylated by Porcupine, a membrane-bound-O-
acyltransferase localized to the endoplasmic reticulum (ER), and it has become increasingly
apparent that Wnt acylation is essential for Wnt secretion and function. Current work
focuses on delineating the Wnt lipid-mediated interactions with receptors, antagonists and
core components of the Wnt secretion pathway, and their functional implications, which we
expect will open up new possibilities to therapeutically target Wnt signalling. In this review,
we summarize our current understanding of Wnt acylation and highlight various aspects of
the functional role of the Whnt lipid in signalling activation, focusing on questions at a
molecular level.

Insights into Wnt acylation and the Wnt/Fzd interaction from crystal structure

Whnt proteins undergo extensive post-translational modifications, most importantly,
glycosylation and acylation. Whereas N-linked glycosylation appears to primarily enhance
stability and/or folding, acylation is essential for Wnt secretion and activity. The initial
identification of Wnt acylation provides an explanation for the observed poor solubility and
membrane association of Wnts [5]. To date, acylation of two conserved residues have been
reported: Cys77 in Wnt3a was found to be acylated by palmitate through a thioester linkage,
and Ser209 was reported to be lipidated by an ester-linked palmitoleic acid [5,6]. Whereas
mutating Cys77 impairs activity without significantly affecting secretion of Wnt3a, a Wnt3a
Ser209Ala mutant is retained in the ER, and has decreased activity, prompting the
hypothesis of differential functional roles of the two lipids [5,6]. However, the recent crystal
structures of XWnt8 bound to the Fzd8-CRD revealed that only the conserved serine is
acylated, and the conserved cysteine is engaged in a disulfide bond with a second, strictly
conserved cysteine. Therefore, Cys77 and the corresponding residues thereof cannot serve as
an acylation site, supporting the notion that Wnts are only mono-acylated [7].

The crystal structure of the XWnt8/Fzd8—CRD complex was determined at 3.25A resolution
and showed that Wnts adopt a novel two-domain structural architecture (Figure 1) [7,8]. The
N-terminal domain comprises approximately two-thirds of Wnt, and folds into a seven a-
helical globular domain in which the core adopts a saposin-like domain fold. Two inter-
helical insertions form a short f-sheet that is stabilized by four disulfide bonds that we
commonly refer to as the thumb, with the acylated Ser187 (corresponding to Ser209 in
Wnt3a) positioned at the tip of the thumb. Although the electron density accounting for the
fatty acid was clearly visible, the resolution of the structure was not sufficient to
independently determine the identity of the lipid. Therefore, based on the structure, it was
assigned as palmitoleic acid according the modification previously identified using mass
spectrometry [6]. Recently, an elegant study revealed that Porcupine strongly prefers
palmitoleic acid, but can also catalyze the linkage of fatty acids with an aliphatic chain of 13
to 16 carbons [9]. Notably, in the observed conformation, the aliphatic chain projects away
from the thumb without making further contact with the XWnt8 polypeptide chain, and is
presented in a highly accessible manner. The C-terminal domain of XWnt8 comprises
approximately 100 amino acids, and resembles the cysteine-knot growth factor fold,
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containing a long, twisted f-hairpin which is stabilized by an extensive network of disulfide
bonds, commonly referred to as the index finger.

Fzds are key transducers of Wnt signalling [10]. In mammals, there are 10 Fzds and 19 Wnts
that interact with high degree of promiscuity. However, specific Wnt/Fzd pairs, regulating
distinct biological functions, are still poorly defined. Fzds belong to the family of seven-pass
transmembrane receptors with an extracellular CRD, which is a small, primarily a-helical
domain of approximately 120 amino acids that serves as a high affinity Wnt binding domain
[11]. It remains to be shown whether the transmembrane domain encompasses an additional
low affinity binding site required for Fzd activation.

In the crystal structure, XWnt8 engages the Fzd8-CRD through two separated binding sites
located at the tips of the thumb (site 1) and index finger (site 2), resembling a hand that
grabs its target with an extended thumb and index finger (Figure 1) [7]. Intriguingly, the
palmitoleic acid binds in an elongated hydrophobic groove, generating extensive
hydrophobic and van der Waals interactions. Though additional protein—protein interactions
between XWnt8 and Fzd8-CRD further strengthen the site 1 interface, the Wnt lipid is
clearly a “hotspot” residue that contributes considerably to the total binding energy, and is
essential for Fzd binding. The high degree of conservation of hydrophobic residues forming
the lipid-binding groove in other Fzd-CRDs implies a conserved lipid-mediated recognition
mode that imparts a range of Wnt/Fzd affinities. The site 2 interaction is mediated by an 11-
amino acid cyclic peptide located at the tip of the index finger binding to an Fzd-specific
shallow cavity. The notion of Wnt/Fzd cross-reactivity rather than mono-specificity is
supported by the observation that interactions are largely made between chemically
conserved amino acids. However, binding studies clearly show that Wnts and Fzds are not
broadly degenerate, and both interfaces are important for Wnt/Fzd specificity and affinity.

It remains an open question whether Wnts adopt an alternative conformation in the free,
receptor-unbound state in which the lipid moiety is protected by the XWnt8 polypeptide
chain from an aqueous environment [7]. However, the requirement of detergent to maintain
the solubility and activity of recombinant Whnts argues for a scenario in which the lipid
remains exposed. Upon secretion, Wnits localize to the cell membrane or exosomes, or bind
to Wnt receptors, Wnt antagonists, carrier proteins like Swim and lipoproteins through direct
contact with the Wnt lipid. However, the hypothesis of a closed, lipid-shielded conformation
was fueled by the crystal structure of the N-terminal domain of WntD [12]. WntD is an
exception within the Wnt family; it is a non-lipidated, Drosophila-specific Wnt homologue
with poorly defined function. It neither binds to any Drosophila Fzd-CRDs, nor is it capable
of activating the f-catenin-dependent Wnt pathway. The acylated Ser187 is replaced by a
glutamine in WntD, precluding acylation. The crystal structure of WntD confirmed the non-
lipidated nature and revealed an alternative folded-back and hydrogen-bond-stabilized
conformation of the tip of the thumb. Though the rest of the structure superimposes well
with XWnt8, prompting the hypothesis that this conformation could represent the
conformation of the thumb in the closed state.
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Implication of Wnt acylation in Wnt/Ror2 interaction

In addition to the classical Wnt receptors Fzds and Lrp5/6, the receptor tyrosine kinase,
Ror2, functions as an alternative receptor for Wnts [13-15]. It plays an essential role during
embryogenesis of various organs by primarily regulating cell polarity and migration. Ror2
consists of an immunoglobulin-like domain, an Fzd-like CRD domain and a Kringle domain
within the extracellular domain, and a tyrosine kinase domain followed by Pro-rich and Ser/
Thr-rich regions within the intracellular domain (Figure 2). Ror2 has been shown to bind
through its CRD to several Wnt subtypes; Wnt5a, however, is considered the signalling-
competent Ror2 ligand. Several, to some extent controversial, signalling mechanisms of
Ror2 have been reported, and much remains to be understood regarding receptor activation
and signal transduction. Wnt5a binding to Ror2 was shown to induce receptor
homodimerization, tyrosine or Ser/Thr phosphorylation through receptor and non-receptor
kinases, leading to inhibition of f~catenin signalling and/or activation of alternative
signalling pathways [16—20]. In addition, Wnt5a was shown to form a signalling complex
with Fzd and Ror2, and Ror2 may function as a decoy receptor to sequester various Wnt
ligands [21-24].

Given that Wnts are mono-lipidated, this raises the question of whether two Whnts are
required for Ror2 homodimerization and Ror2/Fzd cross-linking, or whether Ror2 uses an
alternative interface for Wnt engagement. It should be noted that sequence alignments and
molecular modelling of the Ror2-CRD do not reveal a conspicuous, Fzd-like hydrophobic
binding groove, and it remains unclear whether the Wnt lipid serves as a ‘hotspot’ residue
for Ror2 binding. Quantitative binding measurements and/or structural characterization of
complexes involving Wnts and Ror2 could clarify the molecular basis of the Wnt/Ror2
interaction, the role of the Wnt lipid, binding versus signalling specificity and composition
and stoichiometry of Wnt5a— Ror2 signalling complexes.

Modulation of Wnts through sFRPs and WIF

Whnt signalling is modulated by a number of secreted antagonists, including sFRPs and
WIF-1, which bind directly to Wnts to inhibit the formation of a Wnt-receptor signalling
complex [3]. Mammals encode five members of the SFRP family, which are widely
expressed during embryogenesis and adult tissue homoeostasis, and each comprises an N-
terminal Fzd-like CRD domain, followed by a netrin-related motif (Figure 2). The crystal
structure of the mouse sSFRP3-CRD revealed a lipid-binding groove analogous to Fzd8-
CRD, and we can expect that SFRPs interacts with Wnt in a manner comparable to Fzd using
the Whnt lipid as the crucial ‘hotspot’ residue, thereby sequestering Wnts from Fzd [11].
Though sFRP-CRD is sufficient for Wnt binding and inhibition [25], a direct interaction
between Wnt and the netrin-like domain has been demonstrated [26,27], raising the question
of the molecular mechanism of how sFRPs potently compete with Fzds for Wnt binding: is
antagonism based on a high affinity form of the CRD, additional contacts mediated by the
netrin-like motif leading to enhanced affinity or higher local concentration of SFRPs
compared with Fzd?

In addition to their inhibitory role, sSFRPs and soluble Fzd-CRD were shown to enhance £
catenin-dependent Wnt signalling in a concentration- and context-dependent manner [26,28—
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30]. Several potential mechanisms of this biphasic signalling modulation have been
suggested. Interestingly, sFRP and soluble Fz-CRDs were shown to enhance the diffusion
and solubility of Wnts, likely by direct engagement of the Wnt lipid, with resultant
enhancing of Wnt signalling in more distal cells [31,32]. This finding suggests that the
involvement of a solubility-regulating post-translational modification that is utilized by
receptors and antagonists as a ‘hotspot’ contact accounts for at least a part of the dual
antagonistic—agonistic activity. However, it will be critical to perform a comprehensive
quantitative characterization of the pairwise Wnt/sFRP and Fzd binding affinities in order to
understand the full spectrum of Wnt inhibition by different SFRPs. In addition, it will need
to be shown if this activity is specific to SFRPs or common to soluble proteins that directly
engage the Wnt lipid.

In contrast to SFRP, the Wnt antagonist WIF-1 does not contain an Fzd-like CRD, but
comprises an N-terminal WIF domain followed by five epidermal growth factor (EGF)-like
domains (Figure 2) [33]. Though the WIF domain is sufficient for Wnt binding and
inhibition of Wnt signalling and cross-reacts with several Wnts including Wnt3a, 4, 5a, 7a
and 11 with high affinity, the EGF-like domains were recently shown to enhance binding
and activity [34-36]. However, the molecular mechanism of WIF-1-mediated Wnt inhibition
still remains unclear.

The NMR and crystal structures of the human WIF-1 domain revealed a fsandwich fold,
with three short helices lining one side [36,37]. Intriguingly, alkyl-chain-containing
detergent molecules and phosphatidylcholines, which were derived from the recombinant
protein expression and purification process, were bound to a hydrophobic cavity within the
core and hydrophobic surfaces residues, respectively, prompting the hypothesis that the WIF
domain could engage Wnt proteins through binding of the aliphatic chain. In addition,
WIF-1 enhances the solubility of Wnts in in vitro conditions, thus arguing in favor of a Wnt
lipid-mediated interaction. However, this hypothesis needs further validation from the
crystal structure of the WIF-1 in complex with Wnt.

Implication of Wnt acylation in drug development

Owing to the central role of Wnt signalling in the regeneration of a multitude of adult
tissues, and the development and progression of many types of cancers, strategies to
therapeutically target Wnt signalling for use in regenerative medicine and oncology are
increasingly being investigated. This includes, but is not limited to, the chemical inhibition
of Porcupine function leading to the blockade of Wnt acylation and secretion [38—-40],
chemical stabilization of the downstream effector, Axin [38,41], resulting in enhanced £
catenin degradation and the use of soluble decoy receptors [42] to antagonize receptor
activation. However, broadly inhibiting Wnt signalling that simultaneously antagonizes
Whnt-dependent cellular activities, such as the regeneration of the intestinal epithelium and
bone, has raised significant safety concerns. Therefore, approaches to enhance specificity
are being investigated. This is most successfully exemplified with romozozumab, a
humanized monoclonal antibody that targets sclerostin — a Wnt antagonist expressed in bone
and cartilage tissue — to increase bone mass, and which is currently being tested in clinical
trails for the treatment of post-menopausal osteoporosis [43,44]. The Wnt-Fzd interaction
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presents an excellent opportunity to specifically target this pathway. In addition,
identification of the lipid as a “hotspot’ residue provides a framework to more effectively
target the interaction. Interestingly, the binding site of vantictumab, a monoclonal Fzd
antibody, which is currently being tested in clinical trails for the inhibition of a range of
cancers, was mapped to bind in close proximity to the lipid-binding groove [45]. However,
although vantictumab was originally selected for Fzd7-CRD, it cross-reacts with five out of
ten human Fzds. Through the visualization of the Wnt—Fzd interaction, and the continuing
enhancement of our understanding of the molecular mechanism of Wnt signalling regulation
at the cell membrane, we will be able to pursue more rational approaches to the design of
Whnt antagonists and agonists with enhanced and tailored specificities.

Concluding remarks

Whnt proteins are important regulators of many diverse processes during embryogenesis and
adult tissue homoeostasis. Wnt activity is transduced by an array of cell-surface receptors
and fine-tuned by a large number of secreted modulators. Much remains to be understood
about the interactions of Wnts with receptors and modulators that ultimately determine
specificity of Wnt activity. In particular, understanding the molecular basis of the
interactions, the molecular determinants for binding specificity and the relative binding
affinities will be essential to understand receptor specificity and discrimination, differential
signalling activity and the specificity of Wnt inhibition. Considerable progress has been
made in the isolation and characterization of Wnts; it is an exciting time in the progression
of our understanding of Wnt protein biochemistry.
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Xenopus Wnt8

Frizzled 8 CRD

O-linked palmitoylation

Figure 1. Overall structure of Xenopus Wnt8 in complex with mouse Fzd8-CRD
N- and C-terminal domains of XWnt8 are colored in purple and red, respectively, Wnt O-

linked palmitoylation in pink, and N-linked glycosylation in yellow. XWnt8 contacts the
Fzd8-CRD (shown in green) through two independent binding sites located at the tips of the
‘thumb’ and ‘index finger’.
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Figure 2. Demonstrated and putative Wnt-lipid-mediated interactions
Interactions of the Wnt palmitoylation with a) the CRD of Frizzled; b) the CRD of Ror2; c¢)

the CRD of sFRP; d) the WIF domain of WIF-1; €) the cell membrane and f) the Wnt core
to form a closed conformation are discussed. The crystal structure of SFRP3-CRD (wheat)
revealed a hydrophobic Fzd-like lipid-binding groove, and the crystal structure of the WIF
domain and EGF-like domains I-111 of human WIF-1 (cyan) with bound phospholipid (pink)
are shown.
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