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% Check for updates The Wnt/B-catenin pathway requires precise regulation for proper develop-

ment and tissue homeostasis, yet the structural mechanisms enabling its fine-
tuned control remain incompletely understood. Here, we reveal how LGR4
achieves differential signaling outcomes through distinct recognition of two
key modulators: Norrin and R-spondins (RSPOs). Using cryo-electron micro-
scopy, we determined the structure of full-length LGR4 bound to Norrin in a
2:2 stoichiometry, revealing a molecular bridging mechanism where Norrin
dimer connect two LGR4 protomers in a spatial arrangement fundamentally
distinct from the LGR4-RSPO2-ZNRF3 complex. Notably, Norrin binding to
LGR4 sterically hinders simultaneous interaction with the Frizzled4 receptor,
establishing a regulatory checkpoint in Wnt signaling. The partially over-
lapping binding sites for Norrin and RSPOs on LGR4 enable mutually exclusive
interactions that drive distinct signaling outcomes. Disease-linked mutations
map to distinct functional regions: those disrupting LGR4 interaction are
associated with familial exudative vitreoretinopathy (FEVR), while others
impairing Frizzled4 binding are linked to Norrie disease. Furthermore, we
developed a high-affinity nanobody that blocks both Norrin and RSPO binding
to LGR4, providing a potential tool for therapeutic intervention. These find-
ings elucidate the structural basis of LGR4’s dual signaling roles and lay the
groundwork for therapeutic strategies targeting Wnt-related diseases.

The Wnt/B-catenin signaling pathway orchestrates fundamental bio-
logical processes, including embryonic development, tissue home-
ostasis, and stem cell proliferation'*. This pathway is primarily
activated when Wnt ligands engage Frizzled receptors and low-density
lipoprotein receptor-related proteins 5 and 6 (LRP5/6) on the cell
surface® ™. Within this complex signaling network, Norrin functions as

adistinctive Wnt-like ligand that specifically interacts with the Frizzled-
4 (FZD4) receptor, LRP5/6 co-receptors, and the auxiliary transmem-
brane protein Tetraspanin-12 (TSPANI2) to initiate Wnt signaling™-**,

R-spondins (RSPOs) represent another critical layer of regulation
in this pathway. These secreted proteins, comprising four homologs
(RSPO1-4), enhance Wnt/B-catenin signaling by binding to leucine-rich
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repeat-containing G protein-coupled receptors (LGR4/5/6)"* . The
RSPO-LGR complex modulates E3 ubiquitin ligases ZNRF3/RNF43,
which typically promote Frizzled receptor degradation. By inhibiting
ZNRF3/RNF43, RSPOs increase Frizzled receptor stability, thereby
amplifying cellular sensitivity to Wnt signals®**2, Recent studies have
revealed that Norrin also acts as a dual-purpose ligand, engaging both
FZD4 and LGR4, adding another level of complexity to Wnt/[-catenin
signaling regulation'*”. Meanwhile, LGR4 itself serves as a dual-
functional receptor, activating distinct signaling pathways in response
to binding by Norrin or RSPOs"**%,

Dysregulation of the Wnt pathway has profound implications for
human health, contributing to various diseases including cancer,
fibrosis, and neurodegeneration"**%, Norrin plays a particularly cru-
cial role in retinal and vascular development, where it maintains the
integrity of both the blood-retina barrier (BRB) and the cerebellar
blood-brain barrier (BBB)**°=3, Mutations in the Norrin gene are
associated with severe clinical conditions, most notably Norrie
disease—an X-linked disorder characterized by congenital blindness,
progressive hearing loss, and intellectual disability’**°. These muta-
tions can also cause familial exudative vitreoretinopathy (FEVR),
leading to retinal detachment and vision loss due to impaired Wnt
signaling activation®°,

Despite Norrin’s essential role in retinal angiogenesis, the phy-
siological relevance of LGR4/5/6 in retinal vascular development
remains elusive. Genetic knockout models in mice and studies in
humans carrying LGR4 loss-of-function alleles have failed to reveal
overt retinal vascular defects. Similarly, LGRS or LGR6 knockout mice
do not exhibit clear retinal phenotypes. These findings have fueled the
perception that LGR4/5/6 are either dispensable or functionally
redundant in this context****"®2, Yet, this conclusion is largely based on
the absence of phenotypes in single-gene knockouts and does not
exclude context-dependent or compensatory roles of these receptors,
particularly when considering their co-expression in retinal endothe-
lial cells.

While crystal structures of the Norrin-FZD4 cysteine-rich domain
complex and unliganded Norrin have provided initial structural
insights'®?!, they revealed unexpected similarities between Norrin and
Whnt proteins in their interaction with Frizzled receptors. Recent stu-
dies have further demonstrated that Tspanl2 can simultaneously bind
Norrin with FZD4, enabling more efficient capture of Norrin at low
concentrations®’. Moreover, competition between Tspanl2 and LRP6
for Norrin binding suggests a precise temporal sequence in pathway
activation®,

Our recent structural characterization of LGR4-RSPO2-ZNRF3
assemblies has revealed that LGR4 abundance influences ZNRF3's
conformational states®*. Higher LGR4 levels appear to stabilize ZNRF3
in its inactive form, potentially promoting WNT/[-catenin signaling
through complex internalization. However, the specific mechanisms

by which Norrin regulates LGR4 to modulate Wnt/B-catenin signaling
remain unclear. As Norrin interacts with both LGR4 and FZD4,
understanding the structural distinctions in these interactions is cru-
cial for elucidating its dual regulatory role.

In this study, we employ cryo-electron microscopy to resolve the
structure of the full-length LGR4-Norrin complex, revealing several key
insights. First, we demonstrate that Norrin binding to LGR4 sterically
prevents formation of the FZD4 CRD-Norrin complex, suggesting
distinct regulatory mechanisms. Second, comparison of the 2:2 LGR4-
Norrin structure with the 2:2:2 LGR4-RSPO2-ZNRF3 complex reveals
overlapping yet distinct binding interfaces, enabling differential sig-
naling outcomes. Additionally, we identify a nanobody (NB18) that
effectively blocks both RSPO and Norrin binding to LGR4, presenting a
potential therapeutic tool for modulating Wnt signaling pathways in
disease contexts.

Results

Structures of LGR4-Norrin complex

To elucidate the structural basis of LGR4-Norrin interaction, we
developed a systematic approach for complex assembly and structural
determination. First, we generated a high-affinity nanobody (NB52)
targeting the LGR4 ectodomain. To optimize particle orientation and
improve cryo-EM analysis, NB52 was inserted into a circularly permu-
tated scaffold protein, resulting in the construction of a larger and
more rigid “megabody” (MB52)*. Complex formation was achieved by
incubating Norrin with lysed LGR4-expressing cells during extraction,
followed by the addition of MB52 at a molar ratio of 1.2:1 relative to
LGR4. The resulting LGR4-Norrin complexes were then purified for
structural studies.

Initial cryo-EM analysis yielded a 2:2 stoichiometric complex
between LGR4 and Norrin. Through rigorous 3D classification, we
obtained an initial structure at 3.61A resolution, which was further
improved to 3.05 A in the extracellular region through local refinement
(Supplementary Fig. 1, Supplementary Table 1). This enhanced reso-
lution enabled precise modeling of LGR4-Norrin dimer, revealing clear
side-chain densities at their interface (Fig. 1a, b).

The refined structure reveals a striking architecture of the LGR4-
Norrin complex characterized by twofold symmetry. A central Norrin
dimer serves as a molecular bridge between two horseshoe-shaped
LGR4 protomers, binding to their extracellular domains (Fig. 1c, d). The
complex adopts a distinctive spatial arrangement where the LGR4
ectodomains face opposite directions without direct contact.
Norrin binds near the upper regions of the LGR4 ectodomains, indu-
cing a specific geometric configuration: the LGR4 heads are tilted at a
38.4° angle and separated by approximately 47.5A (Supplementary
Fig. 2a, b). This arrangement positions the transmembrane domains at
a considerable distance of 184 A apart (Supplementary Fig. 2a), sug-
gesting potential implications for signal transduction.

Fig. 1| Cryo-EM structure of LGR4-Norrin complex. a, b Cryo-EM structure of the
LGR4-Norrin complex with a 2:2 stoichiometry. Cryo-EM map (a) and atomic model
(b) are shown. LGR4 and Norrin are colored light green/cyan and violet/orange,

respectively. The nanobody segment of MB52 is shown in gray, with other segments

omitted for clarity. The color scheme remains consistent throughout the manu-
script unless specified otherwise. ¢, d Views of the extracellular region of the LGR4-
Norrin complex: ¢ bottom view of the Cryo-EM map, d bottom view of the
atomic model.
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Fig. 2 | Binding interface between LGR4 and Norrin. a The binding interface
between the LGR4 ectodomain and Norrin in the LGR4-Norrin complex, LGR4
transmembrane is omitted for clarity, LGR4 is shown in light green, while Norrin is
depicted in violet and orange. b Detailed view of the specific interactions between
LGR4 (light green) and Norrin (violet), highlighting key binding residues. ¢ The
LGR4 double mutant (H207N/H209T) was transiently expressed in LGR4-knockout
HEK293T/17 cells and stimulated with 100 nM Norrin-Fc. Wnt/B-catenin signaling
activity was assessed using the TOPFlash luciferase reporter assay. The H207N/
H209T mutation significantly impaired Norrin-induced signaling compared to wild-

Norrin Variants Bound Receptor = Related Diseases

K54 K54N LGR4 FEVR2
L124 L124F LGR4 FEVR2
R41 R41K LGR4 FEVR2
H43 H43R FZD4 ND
Y44 Y44C FZD4 ND
V45 V45E/M FZD4 ND
V60 VB0E FZD4 ND
K104 K104N/Q FZD4 ND
M59 K58N(adjacent) LGR4/FZD4 FEVR2,ND
L61 L61F/P LGR4/FZD4 FEVR2,ND
Y122 Y121Q(adjacent)  LGR4/FZD4 FEVR2,ND

type LGR4, n=3, p<0.001 (**). Error bars represent the S.E.M. Source data are
provided as a Source Data file. d Superimposed structures of the LGR4-Norrin and
FZD4 CRD-Norrin complexes (PDB code: 5CL1), aligned based on the Norrin dimer.
This alignment reveals a steric clash between FZD4 CRD and LGR4 when both
attempt to bind Norrin. For clarity, transmembrane regions of LGR4 are omitted.
LGR4 is colored light green and cyan, Norrin in violet and orange, and FZD4 CRD in
pink. e Table summarizing Norrin binding residues, their variants, and associated
disease implications with the LGR4 and FZD4 receptors™**°,

Norrin recognition of LGR4

Having established the overall architecture of the LGR4-Norrin com-
plex, we next investigated the molecular details of their interaction to
understand how this binding interface enables LGR4’s unique reg-
ulatory functions. Our structural analysis reveals that Norrin forms an
elongated dimer reminiscent of its previously characterized con-
formations, but adopts a distinct binding mode with LGR4. The
interaction occurs along LGR4’s concave surface, spanning from the
LRRNT to the LRR10O region, and is mediated through specific struc-
tural elements of Norrin: the 1 and 2 strands, their connecting loop,
and the segment between B5 and 6 (Fig. 2a, b).

The extensive interaction surface covers approximately 1483 A2,
establishing a robust complex between the two proteins. Importantly,
the identified Norrin-LGR4 binding interface is spatially and functionally
distinct from Norrin’s dimerization interface. The binding surface exhi-
bits a sophisticated organization with three distinct interaction zones:
two hydrophilic regions flanking a central hydrophobic core (Fig. 2a, b).

Detailed examination of these interaction zones reveals precise
molecular complementarity. At the N-terminal end, Norrin residues
R41, Y122, and L124 form an intricate network of salt bridges and polar
interactions with LGR4 residues R40 and E85. The opposite end fea-
tures hydrophilic interactions between Norrin residues K54 and S57
and LGR4 residues H209, Y234, S257, and D281. The central hydro-
phobic core is stabilized through specific contacts between Norrin
residues S47, M59, and L61 and LGR4 residues V109, H157, W159, A181,
T183, and H207 (Fig. 2b). LGR4 double mutant (H207N/H209T) sig-
nificantly impaired Norrin-induced Wnt signaling, supporting the
structural predictions and confirming the functional importance of
these residues in mediating the LGR4-Norrin interaction (Fig. 2c).

The functional significance of this binding interface extends
beyond LGR4 alone. We find that the LGR4 residues critical for Norrin
binding are highly conserved in LGRS and LGRé, providing a structural
explanation for Norrin’s ability to recognize all three receptors (Sup-
plementary Fig. 2c). Most notably, many of the Norrin residues
involved in this interface correspond to known mutation sites asso-
ciated with genetic retinal disorders (Fig. 2e), suggesting that disrup-
tion of this specific binding mode may contribute to disease
pathogenesis.

Structural mechanisms of Norrin-related diseases

The complex interplay between Norrin and its receptors is crucial for
retinal vascular development and neuronal health'®°52, While Norrin’s
interaction with FZD4-LRP5/6 has been well-characterized”*, our
structural analysis of the LGR4-Norrin complex provides insights into
how different mutations lead to distinct retinal vascular diseases®* .

Through comparative analysis of the LGR4-Norrin and FZD4 CRD-
Norrin complexes, we found that FZD4 CRD and LGR4 cannot simul-
taneously bind to Norrin due to steric interference (Fig. 2d). This
mutually exclusive binding is explained by overlapping interaction
surfaces on Norrin, particularly at residues M59, L61, and Y122. Muta-
tions affecting these shared binding regions or adjacent areas correlate
with both Norrie disease (ND) and familial exudative vitreoretinopathy
type 2 (FEVR2), suggesting a molecular basis for the spectrum of dis-
ease manifestations (Fig. 2e)'*°7:¢667,

Our structural analysis reveals distinct sets of Norrin residues that
preferentially interact with either LGR4 or FZD4. For LGR4-specific
interactions, we identified K54 in the 1-B2 loop, R41, which forms a
salt bridge with LGR4’s E85, and L124, which hydrogen bonds with
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LGR4’s R40 (Fig. 2e). Notably, these residues do not participate in
FZD4 binding"?, and their mutations are specifically associated with
FEVR2 (Fig. 2e)°”*%, This finding suggests that disruption of LGR4-
specific interactions leads to the FEVR2 phenotype.

Conversely, FZD4-specific interactions involve residues such as
K104, which forms a hydrogen bond with N152 of FZD4, and V45, which
engages in hydrophobic contacts with multiple FZD4 residues (M105,
T107, K109, 1110, and M157) (Supplementary Fig. 3)"°. Mutations in
these FZD4-specific interaction residues (K104 and V45) correlate
exclusively with Norrie disease (Fig. 2e)°*°.

Interestingly, H43 appears to engage both FZD4 and LGR4. In our
structure, the pyridine-like nitrogen (4-position) of the H43 imidazole
ring forms a 3.1 A contact with the side-chain carboxyl group of LGR4
E8S. However, since both atoms carry lone electron pairs, this inter-
action is predicted to be weak. The H43R mutation replaces histidine
with arginine, whose guanidinium group can potentially form a
stronger salt bridge with E85, possibly enhancing the Norrin-LGR4
interaction. Therefore, H43R is unlikely to impair LGR4 binding and
would not be expected to contribute to FEVR2. In contrast, H43 makes
multiple stabilizing contacts with FZD4, including hydrogen bonding
with G57 and hydrophobic interactions with F96, M105, and M159,
explaining why the H43R mutation is exclusively linked to Norrie
disease.

Structural basis for differential LGR4 regulation by Norrin

and RSPOs

Having established the molecular details of LGR4-Norrin interaction, we
next investigated how this binding mode differs from LGR4’s engage-
ment with RSPOs, as these distinct interactions are known to activate
different signaling pathways*?. This comparison is particularly
important because while Norrin-LGR4 signaling is crucial for retinal
vascular development, RSPO-LGR4 interaction more broadly regulates
Wnt pathway activation through ZNRF3/RNF43 modulation'®”.

Our recent structural studies of LGR4-RSPO2-ZNRF3 assemblies
provide a foundation for this comparison®*. These studies revealed
that LGR4 and RSPO2 together regulate ZNRF3 through distinct con-
formational states. In its active form, ZNRF3 exists as a dimer with
coiled-coil transmembrane helices and dimerized RING domains.
However, the presence of additional LGR4 molecules induces an
inactive ZNRF3 state, characterized by widely separated transmem-
brane helices and RING domains. This conformational plasticity high-
lights LGR4’s ability to fine-tune ZNRF3 activity through different
molecular assemblies.

Comparative analysis of the LGR4-Norrin (2:2) and LGR4-RSPO2-
ZNRF3 (2:2:2) complexes reveals striking differences in their mole-
cular architecture (Fig. 3)°*. While both complexes show face-to-face
orientation of LGR4 protomers bridged by their respective ligands
(Fig. 3a, c), the spatial arrangement differs significantly. The
LGR4-Norrin complex exhibits a 101.5 A greater separation between
LGR4 protomers compared to the LGR4-RSPO2-ZNRF3 complex
(Fig. 3b, d), with distinct tilting of the protomers. These architectural
differences suggest that Norrin activates LGR4 through a mechanism
distinct from RSPO-mediated signaling (Fig. 3e).

The molecular basis for these distinct signaling outcomes
becomes apparent when examining the binding interfaces. RSPO2 and
Norrin binding regions on LGR4 partially overlap, creating steric hin-
drance that prevents simultaneous binding (Fig. 3f). RSPO2-Fc exhibits
markedly higher binding affinity for LGR4 than Norrin-Fc (Fig. 3g, h),
and induces significantly stronger Wnt/B-catenin signaling in the
TOPFlash assay, reflecting its greater potency (Fig. 3i, j).

The partial overlap in binding sites raises the possibility that
Norrin may antagonize RSPO activity. Given that RSPO4 signaling is
fully dependent on LGR4", we conducted antagonist assays using
Norrin in the presence of increasing RSPO4 concentrations. In co-
transfection experiments with LGR4 and LRP6, RSPO4 and Norrin

exhibited additive effects. However, we observed an inhibition of
RSPO4-induced signaling, evidenced by a rightward shift in the EC50,
indicative of competitive binding for LGR4 (Fig. 3k). Interestingly, the
maximal signaling response was significantly increased when both
ligands were present, suggesting that Norrin and RSPO4 can synergize
under certain conditions to enhance Wnt pathway activation.

Collectively, these findings demonstrate that Norrin and RSPOs
engage LGR4 through distinct mechanisms to modulate [B-catenin
signaling. While their binding sites overlap, enabling Norrin to com-
petitively inhibit RSPO signaling at high concentrations, the ability of
Norrin to enhance maximal signaling in combination with RSPO4 also
points to potential synergy. This implies a finely tuned regulatory
mechanism wherein the shared binding interface on LGR4 allows
mutually exclusive ligand engagement and context-dependent
switching between distinct signaling modes.

To further dissect the mechanism of Norrin-LGR4 signaling, we
performed siRNA-mediated knockdown of ZNRF3 in HEK293 cells.
Remarkably, Norrin retained its ability to activate Wnt signaling in the
absence of ZNRF3, indicating that its effect is not dependent on E3
ligase inhibition (Fig. 31). Moreover, co-expression of LGR4 and LRP6
further potentiated Norrin-induced signaling, supporting a model in
which Norrin promotes the formation or stabilization of a signaling-
competent complex involving LGR4 and LRP6, functionally analogous
to the canonical Wnt-Frizzled-LRP5/6 complex (Fig. 3m).

Development and structural characterization of an LGR4 inhi-
bitory nanobody

Having established the distinct mechanisms by which Norrin and
RSPOs regulate LGR4, we sought to develop a molecular tool that
could modulate both signaling pathways. Through camel immuniza-
tion with recombinant LGR4 ectodomain and subsequent phage dis-
play screening, we identified several high-affinity nanobodies specific
to LGR4. Among these, NB18 emerged as a particularly promising
candidate, demonstrating exceptional binding affinity (0.15nM) to
LGR4 (Fig. 4a).

To understand the molecular basis of NB18’s interaction with
LGR4, we determined their complex structure using cryo-EM to 2.7 A
resolution. The resulting high-quality density map enabled precise
modeling of both main chain and side-chain conformations (Supple-
mentary Fig. 4, Supplementary Table 2). The structure reveals that
NB18 engages the concave inner surface near the top of the LGR4
ectodomain through its complementarity-determining regions
(CDRs), forming an extensive interface that covers 2018.64 A2 of
solvent-accessible surface area (Fig. 4b, c). Notably, NB18 adopts an
orientation parallel to the cell surface, making specific contacts with
multiple leucine-rich repeat domains (LRRS, LRR6, LRRS, LRR10, and
LRR11) while preserving LGR4’s native conformation.

Detailed analysis of the binding interface reveals a sophisticated
network of interactions. The primary contact points involve hydro-
philic interactions between the CDR3 region of NB18 (residues L122,
R125, and W132) and LGR4 residues (D231, N233, D281, and S300),
forming an extensive network of hydrogen bonds and salt bridges
(Fig. 4d). A secondary interaction network is established by NB18’s
N-terminus (Q23) and CDRI region (Y51 and R53) with LGR4 residues
(H157, D161, Q180, Ti183, and H209). These hydrophilic interactions
frame a central hydrophobic core formed by Y49 and Y51 of NB18 and
W159 and H207 from LGR4 (Fig. 4d). Importantly, the LGR4 residues
involved in these interactions are conserved across LGRS and LGR6,
suggesting NB18’s potential as a pan-LGR4/5/6 inhibitor (Supplemen-
tary Fig. 5).

Comparison of the LGR4-NB18 complex with our previously
determined LGR4-Norrin and LGR4-RSPO2 structures revealed a cri-
tical insight: NB18’s binding site directly overlaps with both Norrin and
RSPOs binding regions on LGR4 (Fig. 4e, f). This structural overlap
provides a clear mechanism for NB18's inhibitory function; by
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occupying these shared binding surfaces, NB18 prevents both Norrin
and RSPO engagement with LGR4.

Functionally, NB18 exhibited dose-dependent inhibition of Wnt
signaling in luciferase reporter assays (Fig. 4g). When Norrin was used
as the stimulus, NBI8 had an ICso of 5.940 x 1071°M and a corre-
sponding K; of 1.618 x 1071°M. In contrast, when RSPO2-Fc was used,
the ICso was higher at 4.305 x 10°M, with a similar K; of 2.5 x 1071°M.
Notably, the lower ICso for Norrin indicates that NB18 more effectively
inhibits Norrin-induced signaling, likely due to Norrin-Fc’s weaker
affinity for LGR4, making it more susceptible to competitive dis-
placement. In contrast, RSPO2-Fc binds LGR4 with substantially higher
affinity, which reduces the effectiveness of NB18 competition, result-
ing in a higher ICso (Fig. 4h, i). Given that these ligand-receptor inter-
actions are critical for normal Wnt pathway regulation, NBI8

effectively inhibits both Norrin-Fc and RSPO2-Fc-induced signaling,
highlighting its potential as a competitive antagonist of LGR4 function.

Discussion

The Wnt/B-catenin pathway orchestrates crucial biological processes
through complex interactions between multiple components, includ-
ing Wnt ligands, Frizzled receptors, LRP5/6 co-receptors, and reg-
ulatory proteins such as LGR4/5/6, RSPOs, and Norrin"**%%
Dysregulation of this pathway underlies various pathological condi-
tions, from cancer to retinal vascular disorders® ™.

Despite this, previous genetic studies involving LGR4 and LGRS
knockout mice, as well as individuals carrying a putative loss-of-
function mutation in LGR4, have not shown clear retinal vascular
abnormalities. These findings have contributed to the prevailing
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Fig. 3 | Structural and functional comparisons of LGR4 complexes with Norrin
and RSPO2-ZNRF3. a Structure of the LGR4-RSPO2-ZNRF3 complex in a

2:2:2 stoichiometry. LGR4 is shown in light blue and pink, ZNRF3 in purple, and
RSPO2 in brown (PDB code: 8Y69). b Front view of the arrangement of two LGR4
protomers in the LGR4-RSPO2-ZNRF3 complex, with LGR4 colored cyan and pink.
c Structure of the LGR4-Norrin complex in a 2:2 stoichiometry, with LGR4 and
Norrin displayed in light green/cyan and violet/orange, respectively. d Front view
showing the arrangement of two LGR4 protomers in the LGR4-Norrin complex in a
2:2 stoichiometry, with LGR4 colored light green and cyan. e Superimposition of
LGR4 from the LGR4-Norrin complex (light green/cyan) and the LGR4-RSPO2-
ZNRF3 complex (cyan/pink), with Norrin, RSPO2, and ZNRF3 omitted for clarity.

f Superposition of the LGR4 ectodomains in the LGR4-Norrin and LGR4-RSPO2-
ZNRF3 complexes. LGR4 is colored light green, Norrin in violet, and RSPO2 in blue;
other segments are omitted for clarity. g, h Binding affinity measurements between
LGR4 and RSPO2-Fc (g) and between LGR4 and Norrin-Fc (h) using biolayer inter-
ferometry (BLI). The binding affinity between LGR4 and RSPO2-Fc was significantly
higher than that reported for monomeric RSPO2, and the values may not be directly

comparable due to differences in oligomeric state. i, j Dose-dependent TOPFlash
activity induced by LGR4 after stimulation with Norrin-Fc (i) or RSPO2-Fc (j).
RSPO2-Fc and Norrin-Fc were serially diluted and applied to transiently transfected
HEK293T/17 cells (plasmid ratio: receptor: TOPFlash: pRL = 1:1:0.1; within the
receptor plasmids, LGR4:LRP6 = 3:1). Firefly luciferase activity was normalized to
Renilla luciferase activity (Rlu). The ECso and ECgq values were determined as fol-
lows: Norrin-Fc ECsp =2.807 x 10°M and ECgo =7.557 x 107%M, Eax = 47.91%;
RSPO2-Fc ECso=1.251 x 10™"M and ECgo=4 x 10'°M, E;ax = 91.67%, n = 3, Error
bars represent the S.E.M. k Dose-dependent TOPFlash activity induced by LGR4 in
HEK293T cells upon stimulation with RSPO4-Fc alone (black) or co-stimulation with
RSPO4-Fc and Norrin-Fc (red), n = 3. Error bars represent the S.E.M. I Knockdown
of ZNRF3 in HEK293T/17 cells enhances Norrin-Fc (100 nM) induced Wnt signaling,
as measured by normalized luciferase activity. m Co-transfection of LGR4 and LRP6
into HEK293T/17 cells significantly enhances Norrin-Fc (100 nM) induced signaling
activity, relative to the expression of either receptor individually. I, m: n=3, Error
bars represent the S.E.M. p < 0.01 (*), p <0.001 (**), p < 0.0001 (***). Source data
are provided as a Source Data file.

notion that LGR family members play a limited or redundant role in
retinal vascular disease**°*%, However, our structural and functional
analyses of the LGR4-Norrin complex provide an important piece of
evidence that LGR4 contributes to retinal vascular development and
pathology, and offer additional structural mechanistic insights into
how this pathway is regulated.

First, our cryo-EM structure of the LGR4-Norrin complex
demonstrates a previously uncharacterized 2:2 stoichiometry with
distinct architectural features. The complex shows Norrin bridging
two LGR4 ectodomains with a characteristic 38.4° tilt and a sub-
stantial transmembrane separation of 184 A (Fig. 1, Supplementary
Fig. 1). This large inter-receptor distance raises the possibility that
the two LGR4 molecules may originate from adjacent regions of a
highly curved membrane, or potentially from the opposing mem-
branes of neighboring cells. This architecture contrasts sharply with
the previously described LGR4-RSPO2-ZNRF3 complex, suggesting
that Norrin and RSPOs engage LGR4 in fundamentally distinct ways
(Fig. 3a-e).

While RSPO2 activates Wnt signaling by binding to both LGR4 and
the E3 ligases RNF43/ZNRF3, leading to their internalization and
degradation, our data indicate that Norrin utilizes a different
mechanism. siRNA-mediated knockdown of ZNRF3 in HEK293 cells did
not impair Norrin-induced Wnt activation, suggesting that Norrin-
LGR4 signaling is independent of E3 ligase inhibition (Fig. 31). Addi-
tionally, we found that co-transfection of LGR4 and LRP6 significantly
enhanced Norrin-induced Wnt signaling, suggesting that Norrin-LGR4
may recruit or stabilize LRP6 to form an active signaling complex
(Fig. 3m). This behavior closely mirrors the canonical Wnt-FZD-LRP6
system, where ligand-induced complex formation leads to LRP6
phosphorylation and [-catenin stabilization. Taken together, our
findings support a model in which Norrin-LGR4 activates Wnt/p3-cate-
nin signaling through a mechanism more akin to canonical Wnt-FZD-
LRP6 signaling, rather than RSPO-like modulation of E3 ligase activity.

A key finding from our structural analysis is the identification of
partially overlapping binding regions for Norrin and RSPOs on LGR4
(Fig. 3f). This overlap creates a molecular switch mechanism where
LGR4 can alternate between two distinct signaling modes: Norrin-
mediated signaling for retinal vascular development and RSPO-
mediated signaling for broader Wnt pathway regulation.

Our structural comparisons between LGR4-Norrin and FZD4 CRD-
Norrin complexes reveal another layer of regulation through compe-
titive binding. The finding that Norrin cannot simultaneously engage
both LGR4 and FZD4 due to steric hindrance suggests that this com-
petition may contribute to the distinct phenotypes observed in Norrin-
related disorders. Furthermore, our detailed mapping of the binding
interfaces has revealed a clear structure-function relationship in dis-
ease manifestation: mutations affecting LGR4-specific binding

residues lead to FEVR2, while mutations in FZD4-specific interaction
sites result in Norrie disease” "%, These structure-based findings
support a strong genotype-phenotype correlation, providing
mechanistic insight into how different Norrin mutations lead to dis-
tinct disease outcomes. Together, these results offer a structural fra-
mework for understanding Norrin-mediated signaling specificity and
its implications in human disease, potentially guiding future ther-
apeutic strategies. We note, however, that our conclusions are pri-
marily based on structural analysis and previously reported patient
mutations. While they offer a mechanistic hypothesis, further experi-
mental validation will be essential to establish definitive functional
links between Norrin mutations, receptor binding, and disease
manifestation.

The lack of reported retinal vascular phenotypes in LGR4 and
LGRS knockout models may be explained by two factors***°-®, First,
LGRS5 knockout leads to neonatal lethality, potentially obscuring its
role in postnatal retinal vascular development in the absence of con-
ditional or tissue-specific models. Second, functional redundancy
among LGR4, LGRS, and LGR6 due to their potential co-expression in
retinal endothelial cells could result in compensatory signaling that
masks the effects of individual gene deletions. To definitively clarify
the roles of these receptors in Norrin signaling and retinal vascular
development, combinatorial and tissue-specific knockout studies tar-
geting LGR4-6 are essential.

To further explore this regulatory axis, we developed NBIS, a
high-affinity nanobody that effectively blocks both Norrin and RSPO
binding to LGR4. The conserved nature of NB18’s binding interface
across LGR4, LGRS, and LGR6 suggests its potential as a pan-LGR4/5/6
inhibitor. This therapeutic tool could be particularly valuable for dis-
eases involving Wnt pathway dysregulation, as it can simultaneously
inhibit multiple signaling modes through these receptors.

Looking forward, our findings have significant implications for
therapeutic development. The distinct conformational states adopted
by LGR4 when binding different ligands suggest the possibility of
developing ligand-specific modulators. Such agents could selectively
target either the Norrin-LGR4 or RSPO-LGR4 signaling axis, potentially
enabling more precise therapeutic interventions for retinal vascular
disorders or other Wnt-related diseases.

In conclusion, our structural and functional analyses provide a
comprehensive framework for understanding LGR4’s dual regulatory
roles in Wnt signaling. The molecular mechanisms we have uncovered
—from the stoichiometry of the LGR4-Norrin complex to the compe-
titive binding between different ligands—explain how mutations in a
single protein can lead to distinct disease phenotypes. These insights
not only advance our understanding of Wnt pathway regulation but
also provide a foundation for developing targeted therapeutic strate-
gies for diseases marked by Wnt signaling dysregulation.
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Fig. 4 | Cryo-EM structures of LGR4-NB18 complexes. a Binding affinity mea-
surements between LGR4 and NBIS8 using biolayer interferometry. b, ¢ Cryo-EM
structure of the LGR4-NB18 complex, showing the Cryo-EM map (b) and corre-
sponding atomic model (c). LGR4 is displayed in light green, NB18 in salmon, with
the nanobody portion of MB52 in gray (remaining segments are omitted for clarity).
d Close-up view of the LGR4-NBI18 binding interface, highlighting key residues
involved in specific interactions. e, f Superimposition of LGR4 from the LGR4-NB18
complex with LGR4 from the LGR4-RSPO2-ZNRF3 and LGR4-Norrin complexes.
LGR4 is shown in light green, with Norrin in magenta and RSPO2 in blue; non-

essential segments are omitted for clarity. g TOPFlash reporter assay in

HEK293T cells demonstrate that NB18 (5 pM) inhibits LGR4-mediated Wnt signaling
activity upon RSPO2-Fc stimulation. h, i Dose-dependent inhibition of Wnt signal-
ing activity by NB18 in response to Norrin-Fc (75 nM) (h) and RSPO2-Fc (0.2 nM) (i)
stimulation, as measured by TOPFlash reporter assay in HEK293T cells. NB18 was
tested in a concentration-dependent manner to generate full dose-response curves.
g-i: n=3, all error bars represent the S.E.M. Source data are provided as a Source
Data file.

Methods

Construct design and cloning

Human LGR4 (residues A25-Q833) was cloned into a modified pEG
BacMam vector, incorporating an N-terminal influenza hemagglutinin
(HA) signal peptide and a C-terminal Flag tag. A synthetic gene
encoding human Norrin (K25-S133, UniProt Q00604) was cloned into
the pFBDM vector with an N-terminal gp67 secretion signal. The Norrin
sequence was followed by a human rhinovirus 3C protease site, a
human IgGl Fc (hFc) fragment and a C-terminal FLAG tag for down-
stream applications. The Furin-like (FU) domain of RSPO2 (residues
N37-E143) and RSPO4 (residues G32-G142) was cloned into the pEG
BacMam vector, incorporating an N-terminal Gaussia signal peptide
for secretion and a C-terminal HRV-3C protease cleavage site, followed
by a human IgG Fc domain to enhance solubility and facilitate pur-
ification. To support functional studies, the full-length human
LGR4 sequence was also cloned into the pcDNA3.1(+) vector for use in
cell-based assays, ensuring efficient expression in mammalian cells.

NB18 and MB52 generation, expression, and purification
Camel immunizations and nanobody library generation were per-
formed as described previously*®. In brief, two camels were immunized
subcutaneously with approximately 1 mg human LGR4 protein com-
bined with an equal volume of Gerbu FAMA adjuvant once a week for
seven consecutive weeks. Three days after the final boost, peripheral
blood lymphocytes (PBLs) were isolated from the whole blood using
Ficoll-Paque Plus according to the manufacturer’s instructions. Total
RNA from the PBLs was extracted and reverse transcribed into cDNA
using a Super-Script Il FIRST-Strand SUPERMIX Kit (Invitrogen). The
VHH encoding sequences were amplified with two-step enriched-nes-
ted PCR using VHH-specific primers and cloned between Pst/ and Bstell
sites of the pMECS vector. Electro-competent E. coli TGI cells (Lucigen)
were transformed.

E. coli strain TGI cells containing the VHH library were super-
infected with M13KO7 helper phages to obtain a library of VHH-
presenting phages. Phages presenting LGR4-specific VHHs were
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enriched after two rounds of bio-panning. Periplasmic extracts were
made and analyzed using ELISA screens. NB52 was cloned into a
PMECS vector (NTCC) that contains a PelB signal peptide and a
hemagglutinin (HA) tag followed by a His, tag at the C-terminus. It was
expressed in the periplasm of E. coli strain TOPIOF’ cells.

The VHH gene of NB52 was expanded by fusion to the circular
permutated extracellular adhesin domain of Helicobacter pylori
(HopQ, 45 kDa) to generate the megabody referred to as MB52. MB52
was expressed as a periplasmic protein in E. coli strain TOPIOF cells
and purified using previously described protocols.

Expression and purification of RSPOs-Fc

The plasmid of the RSPO2-Fc domain protein was transiently trans-
fected into the HEK293F cells using Polyethyleneimine (PEI) at a cell
density of 2 x 10° cells/mL. Twenty-four hours post-transfection,
sodium butyrate was added to a final concentration of 10 mM. Cells
were incubated at 30 °C for 72 h, and then the cell supernatant was
harvested by centrifugation at 5000xg for 30 min. The RSPO2-Fc
protein was isolated from the cell supernatant by protein A affinity
chromatography. The eluted protein was concentrated to 5mL and
further purified by size-exclusion chromatography on a HiLoad 16/600
Superdex 200 pg column. The purification method for RSPO4-Fc was
the same as that used for RSPO2-Fc.

Expression and purification of Norrin-Fc protein

Norrin-Fc was cloned into the pFBDM vector to enable recombinant
protein production in insect cells via the baculovirus system. Hi5 cells,
at a density of 2 x 10° cells/mL, were infected with Norrin-Fc P3 viruses
and cultured at 27 °C for 72 h. The cell supernatant was collected by
centrifugation at 5000xg for 30 min. Norrin-Fc protein was then iso-
lated from the supernatant using anti-Flag M2 antibody affinity chro-
matography. Elution was performed with 20 mM HEPES (pH 7.4),
500 mM Nacl, 10% glycerol, 0.5% CHPAS, 1 mM TCEP, 1 mM CaCl,, and
0.3 mg/mL Flag-peptide. The protein was concentrated and further
purified by a HiLoad™ 16/600 Superdex™ 200 pg size-exclusion
chromatography (SEC) column (Cytiva) equilibrated in a buffer con-
taining 20 mM HEPES (pH 7.5), 500 mM NaCl, 10% glycerol, 0.002%
GDN, and 0.0002% CHS to assemble the complexes with LGR4.

Expression and purification of LGR4-Norrin complex

Human LGR4 was expressed in HEK293 GnTlI- cells cultured in Free-
Style™ 293 medium (Gibco). HEK293 GnTI- cells at a density of 2 x 10°
cells/mL were infected with LGR4 P3 viruses. After 12 h, 10 mM sodium
butyrate was added to enhance protein expression, and the cells were
incubated at 30 °C for an additional 72 h. After 72 h of expression, the
cell pellet (-2.2 g) was collected and lysed using a homogenizer in lysis
buffer containing 20 mM HEPES (pH 7.5), 5mM MgCl,, 5mM CaCls,
10% glycerol, supplemented with a protease inhibitor cocktail (EDTA-
free) and 1 mg of Norrin-Fc protein. NaCl was then added to a final
concentration of 150 mM, and membranes were solubilized by adding
1% Lauryl maltose neopentyl glycol (LMNG) and 0.1% cholesteryl
hemisuccinate (CHS) at 4 °C for 2 h. The supernatant was obtained by
centrifugation at 40,000 rpm for 1h and applied to an anti-Flag M2
antibody affinity chromatography column. Elution was performed with
20 mM HEPES (pH 7.4), 150 mM Nacl, 5% glycerol, 2 mM MgCl,, 2 mM
CaCl,, 0.02% GDN, 0.002% CHS, and 0.3 mg/mL Flag-peptide. MB52
was added at a molar ratio of 1:1.2 to form the complex. The protein
complex was concentrated and further purified by size-exclusion
chromatography on a Superose™ 6 Increase 10/300 GL column in
20 mM HEPES (pH 7.4), 100 mM NaCl, 2mM MgCl,, 2mM CaCl,,
0.004% GDN, and 0.0004% CHS.

Biolayer interferometry (BLI) analysis
We employed the Octet RED96 system to assess protein-protein affi-
nity. Streptavidin Biosensors (SA) were first immersed in a 5 pg/mL

LGR4-ECD solution to immobilize LGR4. The biosensors were then
transferred to PBS containing 0.2% BSA to confirm stable immobili-
zation. Subsequently, Norrin-Fc protein was serially diluted in a two-
fold concentration gradient, and the biosensors with immobilized
LGR4 were placed in wells containing different concentrations of
Norrin-Fc for approximately 300 s until saturation. Dissociation was
then measured by transferring the biosensors to PBS with 0.2% BSA for
approximately 200 s. The binding kinetics and dissociation rates were
analyzed using ForteBio Data Analysis Software V3.34.

The same procedure was applied to determine the affinity
between LGR4 and NBI8. For LGR4-RSPO2-Fc interactions, Octet®
ProA Biosensors were used to immobilize RSPO2-Fc, while the sub-
sequent measurement steps remained the same.

Cryo-EM data collection
For the preparation of cryo-EM grids, 3 pL of purified complexes at a
concentration of 2-3mg/mL was applied onto the freshly glow-
discharged 300 mesh R1.2/R1.3 UltrAufoil holey gold grids (Quantifoil)
or ANTcryo™ Au300-1.2/1.3 (Nanodim) under 100% humidity at 4 °C.
The grid was blotted with a wait time of 5 s, and a blot time for 3 s, and
plunged-frozen into liquid ethane using the Vitrobot Mark IV (Thermo
Fisher Scientific, FEI), and cooled by liquid nitrogen.

Final datasets were collected on a Titan Krios with a K3 detector.
All micrographs were acquired at a calibrated pixel size of 0.5355A
with a dose rate of 23.3 electrons per pixel per second, and defocus
values range from -1.5 to —2.5 pm. The micrograph has 36 frames each
and was collected over a 3 s exposure and resulting in a total dose of 70
electrons per A% At these settings, a total of 5859 movies for the LGR4-
Norrin complex and 5303 movies for the LGR4-NB18 complex were
collected.

Cryo-EM image processing

All datasets were imported into cryoSPARC for image processing.
Motion correction was performed using the Patch Motion Correction
module, and the image stacks were binned 2x, corresponding to the
pixel size of 1.071A. Patch CTF Estimation was applied to each non-
dose-weighted micrograph to determine contrast transfer function
(CTF) parameters. Micrographs were selected based on estimated CTF
fit resolution (better than 4 A) and relative ice thickness to ensure high-
quality input for further processing.

Initial particle picking was performed manually to generate tem-
plates for automated particle picking. Auto-picked particles were
subjected to two rounds of 2D classification to remove junk and select
high-quality particle classes. These particles were then used for Ab
initio Reconstruction and multiple rounds of 3D Heterogeneous
Refinement to eliminate low-quality classes. High-quality particles
were further refined through Ab initio Reconstruction, Homogeneous
Refinement, and Non-Uniform Refinement to generate an initial model
and improve particle quality.

Subsequently, global and local CTF refinement was conducted.
Reference-based motion correction was applied, and particles were
stacked using UCSF PyEM and RELION, followed by additional pro-
cessing in CryoSieve. The final set of screened particles was re-
imported into cryoSPARC for a final round of Ab initio Reconstruction,
Homogeneous Refinement, and Non-Uniform Refinement, resulting in
the final electron density map.

For the LGR4-Norrin complex, a total of 1,244,888 particles were
initially picked and subjected to reference-free 2D classification,
resulting in 1,005,139 high-quality particles retained for Ab initio
Reconstruction into two classes. After multiple rounds of Hetero-
geneous Refinement, 598,305 particles were subjected to Homo-
geneous Refinement and Non-Uniform Refinement, yielding a map at
3.60 A resolution. Applying C2 symmetry slightly reduced the resolu-
tion to 3.61 A. This C2-symmetrized map was used to build the atomic
model (PDB: 9KHH).
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To improve interpretability, the C2-symmetrized map was pro-
cessed with emready, a deep-learning-based tool for map enhance-
ment. For detailed visualization of side-chain interactions at the LGR4-
Norrin interface, local refinement was performed on the extracellular
region of the LGR4-Norrin dimer, focusing on the higher-resolution
side. This yielded a local map at 3.05 A, which enabled the construction
of a higher-resolution model (PDB: 9UOK).

For the LGR4-NB18 complex, an initial set of 1,003,958 particles
was extracted, of which 490,220 high-quality particles were retained
following reference-free 2D classification. These selected particles
were then used to generate an ab initio model. Following Hetero-
geneous Refinement, 420,577 particles were further processed
through Homogeneous Refinement and Non-Uniform Refinement,
resulting in a reconstruction at 2.97 A. Reference-based motion cor-
rection was then applied, and particles were stacked using UCSF PyEM
and RELION, followed by further processing in CryoSieve.

The final subset of 70,544 particles was re-imported into cryoS-
PARC for another round of Ab initio Reconstruction, Homogeneous
Refinement, and Non-Uniform Refinement, yielding a high-resolution
map at 2.63 A. This final map was used to build the atomic model
(PDB: 9KGK).

Model building and refinement

The initial model of LGR4, NB18, and MB52 were all generated using
AlphaFold, and Norrin from 5BQB. The above structures were fit into
the electron density map using Chimera and combined into a single
PDB file. The E2GMM module in EMAN2 was used to optimize the PDB,
followed by multiple rounds of refinement and manual adjustment
using Phenix and Coot on the optimized result. All models were vali-
dated using Phenix. Structural figures were prepared in PyMOL
(PyMOL | pymol.org).

Luciferase reporter assay

HEK293T/17 cells were cultured in DMEM supplemented with 10% fetal
bovine serum (FBS). HEK293T/17-LGR4-KO cells, which were main-
tained in DMEM with 10% FBS and 2 pg/mL puromycin, were generated
using CRISPR-Cas9-mediated knockout. The guide sequences used to
target LGR4 were cloned into the Lenti-CRISPRv2 vector, with
sequences TACCCAGTGAAGCCATTCGA and AGGGTCAGCGCCT
GTAGGGT. Cells were grown in 6 cm culture dishes until reaching over
90% confluence. Transient transfection was carried out in 293T/17 cells
using Lipofectamine® 3000 (Invitrogen), with plasmid mixtures at
molar ratios of 1:1:0.1 for the receptor complex (LGR4:LRP6 =3:1),
Super 8xTOPFlash Wnt reporter, and pRL-SV40 normalization plas-
mid, respectively. Ten hours post-transfection, cells were seeded into
96-well white plates at a density of 0.7 x 10° cells per well. After
allowing 8 h for attachment, cells were treated for an additional 16 h in
media with or without Norrin-Fc protein, RSPO2/4-Fc, or NBI18. Luci-
ferase activity was measured using the Dual-Luciferase-Reporter Assay
Kit (Yeasen) following the manufacturer’s instructions, with data nor-
malized to Renilla luciferase activity. Dose-response curves (log(ago-
nist) versus response (three parameters)) were fitted using GraphPad
Prism, and EC50 was retrieved. All experiments were repeated at least
three times with duplicates or triplicates in each experiment.

Quantitative RT-PCR

Two siRNAs directed at human ZNRF3 were made by GenePharma.
Sense sequences: ZNRF3-1 sense: GGACAGAUGGGGUGAAAUAUU;
ZNRF3-2 sense: GCUCUAGAGAAGAUGGAAAUU; N.A. Non-Targeting
Pool from GenePharma as a negative control. The total RNAs were
isolated using an RNA extraction kit (Vazyme) and eluted with RNase-
free, DEPC-treated water before treatment with DNase. After reverse
transcription using the Sensiscript RT kit (Vazyme), quantitative PCR
was performed in triplicate using the iTaq SYBR Green Supermix kit

(Bio-Rad). Expression levels for ZNRF3 were normalized to GAPDH
levels. The q-PCR primers were: forward sequence: TCCTGGCT
TTCTTCGTCGTGGT, reverse sequence: TGCTCTTGGAGTTGAACTT
TCTGG.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All cryo-EM structural models and maps have been deposited in the
Protein Data Bank (PDB) and Electron Microscopy Data Bank (EMDB).
The PDB codes are 9UOK, 9KHH and 9KGK. The EMDB codes are EMD-
64380, EMD-62340 and EMD-62321. These data are publicly available
as of the date of publication. The data that support the conclusions of
this study are either presented in the paper or in its Supplementary
Information. Source data are provided with this paper.

Materials availability
Recombinant DNA plasmids for constructs generated in this study are
available upon request.
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