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Abstract 

 The Wnt signaling pathway promotes tissue regeneration and is a promising 

therapeutic target for treatment of osteolytic bone diseases. Here we report the discovery of a 

novel type of canonical Wnt agonist antibody that does not operate as a ligand surrogate. The 

antibody increases Wnt/β-catenin signaling with or without exogenously provided Wnt 

ligands. It binds to a site on the P3 domain of LRP6 that is distinct from where the Wnt3a 

ligand and the DKK1 antagonist bind. The agonist effect persists in the presence of DKK1 

and is further amplified by R-spondin even when Wnt ligands are not provided, suggesting a 

potential use for this antibody in ligand-low or insufficient settings. The antibody induces 

osteoblastic differentiation and mineralization in vitro and restores bone loss in vivo in a 

myeloma-derived intrafemoral mouse model, opening a potential path for therapeutic 

development in osteolytic diseases caused by cancer and aging. 
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Introduction  

 The canonical Wnt/β-catenin signaling pathway is involved in various biological 

processes including tissue regeneration, stem cell regulation, cell proliferation and 

differentiation (Clevers et al., 2014; Lien and Fuchs, 2014; Steinhart and Angers, 2018). The 

critical role of canonical Wnt signaling in driving bone formation has been shown by several 

studies (Baron and Kneissel, 2013; Florio et al., 2016; Liu et al., 2016; McDonald et al., 2017; 

Pozzi et al., 2013). The importance of canonical Wnt signaling in bone formation is also 

shown by bone degenerative effects of Wnt signaling inhibitors such as sclerostin (SOST) or 

Dickkopf Wnt signaling pathway inhibitor 1 (DKK1).  An anti-SOST monoclonal antibody 

(romosozumab) has been approved for osteoporosis treatment in postmenopausal women 

(Markham, 2019). In addition, the anti-DKK1 antibody BHQ880 has been clinically 

evaluated for restoration of osteolytic bone loss driven by multiple myeloma (Fulciniti et al., 

2009; Iyer et al., 2014; Munshi and Anderson, 2013). 

 Although the aforementioned approaches targeting inhibitory ligands are achieving 

promising results in the clinic, there is still a need to develop additional effective therapies. 

Therapies targeting inhibitors may be less effective if Wnt ligands are absent or below a 

critical threshold in the disease region. In addition, the anti-inhibitor approach is limited to 

the particular inhibitor that a monoclonal antibody is designed to bind and neutralize. For 

example, while romosozumab blocks SOST, it does not block DKK1, resulting in potentially 

limited blocking of inhibitory activities toward Wnt signaling (Joiner et al., 2013).   

 An alternative approach is to directly activate Wnt signaling using a canonical Wnt 

pathway agonist. Canonical Wnt signaling is induced by two distinct Wnt co-receptors, the G 

protein-coupled receptor Frizzled (Fzd) and low-density lipoprotein receptor-related protein 5 

or 6 (LRP5/6). Binding of Wnt ligands drives the formation of the Fzd-Wnt-LRP6 complex 

that leads to LRP6 phosphorylation to initiate the signaling. Inhibition of canonical Wnt 
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signaling by anti-LRP6 antibodies has been reported (Ettenberg et al., 2010). A ligand 

surrogate-based Wnt agonist capable of activating Wnt signaling and promoting bone 

formation has been reported (Janda et al., 2017) which consists of an anti-Fzd scFv and the 

DKK1 LRP6-binding domain, thereby mimicking the mechanism of natural Wnt ligands. 

Another ligand surrogate-based Wnt agonist has also been reported that consists of an anti-

FZD scFv and an anti-LRP6 single domain antibody (Fowler et al., 2021). Other Wnt ligand 

surrogates have also been described (Chen et al., 2014; Tao et al., 2019) that explore 

multivalency and crosslinking to enhance signaling, a mechanism that may also be used by 

natural Wnt ligands and co-activators. Fundamentally, however, those ligand surrogates 

compete with endogenous Wnt ligands for binding to receptor complex and are subject to 

inhibition by endogenous inhibitors such as DKK1 and SOST that bind to ligand binding 

sites.  

 We hereby describe the discovery of a different type of canonical Wnt pathway 

agonist that does not follow the ligand surrogate mode. Using an unbiased functional 

screening where we selected phage antibody display libraries on LPR6, we identified a novel 

human monoclonal antibody with agonist activity. We showed that this agonist antibody 

binds to a distinct site on LRP6 that does not overlap with where Wnt ligands and inhibitors 

bind, and acts as a novel canonical Wnt pathway agonist that does not operate as a Wnt 

ligand surrogate. It activates canonical Wnt signaling even when no Wnt ligands are provided, 

and the activation is further amplified by R-spondin. Furthermore, the agonist activity is not 

blocked by endogenous inhibitors that bind to LRP6. This novel agonist antibody is effective 

in promoting osteoblastic differentiation in vitro and restoring in vivo bone loss caused by 

intrafemorally implanted multiple myeloma cells in mice. Thus we have demonstrated that 

there is a class of novel canonical Wnt pathway agonist antibodies that bind to LRP6 at sites 

distinct from where Wnt ligands or inhibitors bind and do not follow the ligand surrogate 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 27, 2022. ; https://doi.org/10.1101/2022.09.25.509440doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.25.509440
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 5 

mode of action. The demonstrated in vivo bone restoring activity suggests that this type of 

agonist antibodies have potential to be developed into therapeutics for treatment of 

pathological bone loss and perhaps other degenerative conditions caused by insufficient 

canonical Wnt signaling.  
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Materials and Methods 

 

Cell lines  

Human embryonic kidney (HEK) 293A and 293 cell lines, multiple myeloma MM1.S cell 

line, mouse L Wnt-3a cell line, mouse pre-osteoblast MC3T3-E1 cell line, mouse 

mesenchymal C3H/10T1/2 cell line were obtained from American Type Culture Collection 

(ATCC). Cells were maintained in DMEM, RPMI1640, or α-MEM supplemented, per vendor 

instructions, with 10% fetal bovine serum (FBS, Fisher Scientific) and 100 µg/ml 

penicillin/streptomycin (Axenia BioLogix) at 37°C in a humidified atmosphere containing 5% 

CO2. Myeloma cell line-derived conditioned medium (CM) was collected by centrifugation 

of supernatant from cell culture at 70~80% confluency. All cell lines were used within six 

passages and were not authenticated by short tandem repeat profiling. Cells were tested 

negative for Mycoplasma using PCR Mycoplasma detection kit (abm, Canada). 

 

Selection of Wnt agonist antibodies from phage display libraries  

Recombinant LPR6 P3E3P4E4 domain was produced as a Fc fusion protein and purified on 

protein A column as previously described (Lee et al., 2018). Naïve phage antibody display 

libraries were selected on biotin-labeled LRP6-P3E3P4E4 fragment as previously described 

(Lee et al., 2018). After three rounds of selection, monoclonal phage were arrayed into 96-

well plates and tested for binding to LRP6-transfected HEK293 cells by flow cytometry. 

Unique scFv antibodies were identified by sequencing from LRP6-binding phages, and 

individual phage clones were amplified and purified for further characterization.     

 

Plasmids, cloning, and site-directed mutagenesis 

Full-length human LRP6 was cloned into pCMV-Entry (Origene) and used for sub-cloning, 
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point mutation, or transfection. Truncation constructs of LRP6 ectodomains were generated 

by cloning into pCMV-Entry and used for transient expression. Alanine mutants of LRP6 

ectodomain were generated using QuikChange Site-Directed Mutagenesis Kit (Agilent 

Technologies) according to the manufacturer’s protocol. The vector pFUSE-hIgG1-Fc2 

(InvivoGen) was used for cloning Fc-fusion constructs. To construct IgG, variable heavy (VH) 

and kappa light (Vκ) chain genes were sub-cloned into Abvec Ig-γ and Ig-κ plasmids kindly 

provided by Dr. Patrick Wilson at University of Chicago (Smith et al., 2009) with 

modifications (Lee et al., 2018). For Fab constructs, CH2-CH3 was deleted from Ig-γ Abvec 

and a hexahistidine tag was introduced at the C-termini of CH1. The T-cell factor/lymphoid 

enhancer factor (TCF/LEF) luciferase reporter SuperTopFlash (STF) and the control pRL-

SV40 Renilla luciferase constructs (Addgene) were used for Wnt/β-catenin-responsive 

reporter assays. Wnt ligands were provided by transient transfection of the pcDNA-Wnt1 or -

Wnt3a expression plasmid (Addgene) or as recombinant products (R&D Systems). 

 

Production of recombinant proteins and antibodies 

For transient transfection, plasmid DNA was resuspended in Opti-MEM (Life Technologies), 

mixed with polyethylenimine, and added to HEK293A cells. 24 h post transfection, media 

was changed to Freestyle 293 expression medium (Gibco) and the cells were further cultured 

for 6-8 days. Secreted proteins in supernatants were collected, filtered, and purified on 

protein A agarose (Thermo Scientific) for Fc-fusions and IgGs or Ni-NTA resin (Thermo 

Scientific) for Fab according to the manufacturer’s protocols.  

 

SuperTopFlash (STF) Luciferase reporter assays 

Cells cultured in a 24- or 96-well plate were transiently transfected with STF luciferase 

reporter and the internal control pRL-SV40 Renilla luciferase expression plasmid using 
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TransIT-2020 (Mirus Bio), with or without Wnt1- or Wnt3a-expression construct as indicated 

in Results. To express LRP6 truncates and alanine mutants, plasmid DNA encoding the 

constructs was co-transfected with reporter plasmids into HEK293 cells. The 6-6 antibody 

diluted in culture medium was added to the transfected cells, with or without recombinant 

DKK1 or RSPO2 (R&D Systems) as indicated in Results, and further incubated for 16 h. 

Firefly luciferase and Renila luciferase activities were detected using Dual-Luciferase 

Reporter Assay System (Promega) and normalized as described previously (Lee et al., 2018). 

Data were expressed as a fold relative to a control group transfected only with reporter 

constructs.  

 

Apparent KD determination 

The apparent KD of antibodies was analyzed by flow cytometry as described (Lee et al., 

2018). Briefly, cells were trypsinized, washed, and resuspended in PBS with 1% FBS. 

Antibodies serially diluted in PBS/1% FBS were incubated with target cells (3 x 105 

cells/tube) overnight at 4  °C. Cells were washed, incubated with Alexa Fluor® 647-labeled 

goat anti-human IgG (Jackson ImmunoResearch) for 1 h at 4  °C, washed three times with 

PBS and analyzed using a BD Accuri C6 flow cytometer (BD Biosciences). Median 

Fluorescence Intensity (MFI) values were analyzed by curve fitting (GraphPad) to determine 

the apparent affinity.  

 

Bio-layer Interferometry 

Competitive binding activity between anti-LRP6 Fab (6-6 Fab) and recombinant Wnt3a or 

DKK1 to LRP6 ectodomain was studied by bio-layer interferometry (BLI) using a BLItz 

(ForteBio) instrument. Protein A biosensors (ForteBio) were loaded with human LRP6-ECD-

Fc (R&D Systems) for 120 sec, and dipped in recombinant Wnt3a for 75 sec followed by a 
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mixture of Wnt3a + 6-6 Fab, or Wnt3a + DKK1 for 75 sec. Baselines were determined for 30 

sec before and after the loading step according to the manufacturer’s instructions.  

 

Antibody-receptor docking analysis 

Antibody variable fragment (Fv) consisting of 6-6 VH and Vκ sequences was generated by 

homology modeling using RossettaAntibody (Weitzner et al., 2017). Docking models 

between the Fv and LRP6-P3E3 domain obtained from 3S8Z (Cheng et al., 2011) or 4A0P 

(Chen et al., 2011) were generated using ZDOCK (Pierce et al., 2014). The DKK1-LRP6-P3 

interaction is based on published structural study (Cheng et al., 2011). Wnt3a-, DKK1- or 6-6 

Fv-binding residues in docking models were analyzed and visualized using the PyMOL 

Molecular Graphics System (Schrödinger, LLC). 

 

Osteogenic differentiation 

Differentiation of C3H10T1/2 cells was induced as described previously (Zhong et al., 2016). 

In brief, C3H10T1/2 cells were cultured in normal growth medium (α-MEM, 10% FBS, 100 

µg/ml penicillin/streptomycin) in 24-well culture plates at 70~80 % confluency. The 

following day, the culture medium was changed to osteogenic medium (growth medium 

supplemented with 50 µg/ml ascorbic acid, 10 mM β-glycerol phosphate) and replaced with 

osteogenic medium every 2-3 days. Cells were either cultured in the osteogenic medium, or 

treated with 30% L cell Wnt3a-conditioned medium (Wnt3aCM) or Wnt3aCM plus 6-6 for 

21 days. To determine matrix mineralization, cells were stained using Alizarin Red S (ARS) 

Staining Quantification Assay (ScienCell Research Laboratories), and images were taken 

using BIOREVO BZ-9000 microscope (Keyence). ARS dyes were extracted from the stained 

cells and quantified according to manufacturer’s instructions. 
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Quantitative real-time PCR (qRT-PCR) 

Osteogenic differentiation of C3H/10T1/2 cells was induced as described above for 3 days. 

Total RNA was isolated using TRIzolTM reagent (Invitrogen) and used to generate cDNA 

using High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems) according to the 

manufacturer’s protocol. qRT-PCR was performed with 15 ng of cDNA using Power SYBR 

Green PCR Master Mix (Applied Biosystems) on the ABI 7300 real time PCR system 

(Applied Biosystems). All reactions were conducted in duplicate and copy numbers for a 

target gene transcript were normalized to Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH). Data are presented as the relative mRNA expression in antibody-treated vs. 

untreated control cells. Specific primer sets for each target gene were as follows; GAPDH-F: 

5’-GGCCTCACCCCATTTGATGT-‘3, GAPDH-R: 5’-

CATGTTCCAGTATGACTCCACTC-‘3, ALP-F: 5’-AACCCAGACACAAGCATTCC-‘3, 

ALP-R: 5’-GCCTTTGAGGTTTITGGTCA-‘3, RUNX2-F: 5’-

GAATGGCAGCACGCTATIAAATCC-‘3, RUNX2-R: 5’- 

GCCGCTAGAATICAAAACAGTIGG-‘3, BMP2-F: 5’-GGGACCCGCTGTCTTCTAGT-‘3, 

BMP2-R: 5’-TCAACTCAAATTCGCTGAGGAC-‘3, OC-F: 5’-

CTGACCTCACAGATGCCAA-‘3, OC-R: 5’-GGTCTGATAGTCTGTCACAA-‘3. 

 

Alkaline phosphatase (ALP) activity assay  

Cells were incubated with the 6-6 agonist antibody and Wnt3aCM (30% by final volume) for 

7 days in the osteogenic medium as described above, washed, harvested, and lysed by 

repetitive freezing-thawing cycles in NP-40 buffer (150 mM NaCl, 1.0% NP-40, 50 mM Tris, 

pH 8.0) supplemented with protease inhibitors (Cell Signaling Technology). ALP activity in 

cell lysates was measured using p-nitrophenyl phosphate (Sigma-Aldrich) according to 

manufacturer's instructions. ALP activity was normalized against the control group without 
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6-6 and Wnt3a treatment. 

 

In vivo micro-CT scanning  

The micro x-ray computed tomography (micro-CT), a component of VECTor4/CT (MILabs 

B.V., Utrecht, The Netherlands) preclinical imaging system was used for in vivo bone scan. 

In order to visualize the femur and its joints, the field of view of micro-CT was set around the 

femur using built-in optical cameras, followed by CT acquisition with x-ray tube settings of 

50 kVp and 0.24 mA. A total of 1,440 projections over 360° were acquired in a step-and-

shoot mode with x-ray exposure time of 75 ms at each step. No data binning was applied 

during acquisition (i.e., 1×1 binning). During the CT data acquisition, animals were kept 

under anesthesia using isoflurane (approximately 2% isoflurane mixed with medical-grade 

oxygen). Image reconstruction after the projections were acquired was performed using the 

vendor-provided conebeam filtered backprojection algorithm. The reconstructed image 

volumes were in the voxel size of 0.02 mm × 0.02 mm ×0.02 mm. The volumetric matrix 

sizes were dependent on the field of view selected during the reconstruction step only 

focusing on distal femurs. After the reconstruction, the image volumes were processed to 

show the common orientation by re-orienting the isotropoic volumes using PMOD (PMOD 

Technologies, Zurich, Switzerland).  

 

In vivo bone restoration study  

2 x 105 MM1.S cells were implanted in the right femur of NOD/SCID/IL-2Rγ-/- (NSG) 

female mice. One week later, mice were randomized (n = 5/group) and treated 

intraperitoneally with the vehicle (PBS) or 6-6 IgG at 10 mg/kg every week for a total of 6 

injections. One week post treatment, mice were anesthetized and scanned by micro-CT. One 

week post CT scanning, blood and femurs were collected from the mice, and free human Ig-
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lambda light chains in serum was assessed using a Human Lambda ELISA Kit (Bethyl 

Laboratories) according to manufacturer’s instructions. All mouse studies were performed 

according to UCSF Institutional Animal Care and Use Committee-approved protocols. 

 

Trabecular and cortical bone image analysis 

CT data files were used for 3D reconstruction and generating planar images of whole, distal, 

and proximal regions of the femurs using BoneJ2 plug-in operated by Fiji software as 

described (Doube et al., 2010; Schindelin et al., 2012). The micro-architectural parameters of 

trabecular and cortical bones were analyzed using stacked 3D bone images, and bone volume 

over tissue volume (BV/TV), trabecular bone thickness (Tb.Th), and cortical thickness (Ct.Th) 

were obtained. 

 

Histology and immunohistochemistry  

Femurs were dissected to remove soft tissue, fixed in 10% neutral-buffered formalin, and 

decalcified in 14% EDTA for 4 weeks. The tissues were embedded in paraffin and cut into 4 

µm sections, stained with hematoxylin and eosin (H&E) or anti-human Ig-lambda light chain 

antibody (Abcam) using methods described (Su et al., 2018). Stained sections were imaged 

using a BIOREVO BZ-9000 microscope (Keyence).  

 

Statistical analysis 

For two-group comparisons, two-tailed Student’s t-test was used, and P < 0.05 was used to 

reject the null hypothesis. For multiple (three or more) group comparisons, the one-way 

analysis of variance (ANOVA) was used using the Tukey’s test. 
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Results  
 

Identification of a novel human monoclonal antibody that binds the P3 domain of LRP6 

and activates canonical Wnt signaling  

 

To identify novel LRP6-binding Wnt pathway agonist antibodies, we first generated a 

recombinant fragment of the extracellular domain of LRP6, specifically the P3E3P4E4 

domain. We next selected phage human antibody display libraries against this LRP6 fragment, 

and identified binding clones. These LRP6-binding clones were tested for agonist effect on 

canonical Wnt signaling using the SuperTopFlash (STF) reporter assay on HEK293 cells 

transfected with Wnt ligand expression plasmids. One antibody, 6-6, was identified to have 

agonist activity as a phage and was converted into a human IgG. The apparent affinity of 6-6 

IgG for LRP6 was measured on HEK293 cells and found to be ~ 5 nM (Supplemental Figure 

S1A).  The agonist activity was re-tested using the 6-6 IgG on HEK293 cells expressing Wnt 

ligands (Wnt3a or Wnt1). As shown in Figure 1A, 6-6 IgG showed agonist effects for both 

Wnt3a and Wnt1 mediated signaling. Interestingly, the 6-6 IgG showed agonist activity even 

in the absence of exogenously added Wnt ligands (Figure 1B). We performed a titration 

experiment using 6-6 and recombinant human Wnt3a (rhWnt3a) and found that both 6-6 

(Figure 1C) and rhWnt3a (Figure 1D) activate canonical Wnt signaling in a concentration 

dependent manner (half-maximal effective concentration (EC50) values are about 2-4 nM for 

6-6 vs. 18 nM for rhWnt3a). Furthermore, the agonist effect of 6-6 is additive to that of 

rhWnt3a (Figure 1E).  

 

This novel canonical Wnt pathway agonist 6-6 antibody does not compete with a previously 

identified LRP6 P3E3 binder (Supplemental Figure S1B) that is antagonistic to Wnt/β-
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catenin signaling and competes with ligand binding (Lee et al., 2018). To map where 6-6 

binds to LRP6, we first generated a series of truncation mutants of the LRP6 P3E3P4E4 

domain (Figure 2A), expressed them in HEK293 cells by transient transfection and studied 

6-6 binding by flow cytometry. We found that 6-6 binds to the P3 domain of LRP6 as 

deletion of P3 but not other segments caused a complete loss of 6-6 binding (Figure 2B). We 

further studied 6-6 agonist activity on LRP6 truncation mutants using the STF reporter assay 

(Figure 2C). The 6-6 IgG activated canonical Wnt signaling in cells expressing the LRP6 

full-length and LRP6 P3E3P4E4 constructs but not other variants where the P3 domain is 

deleted, consistent with results from the cell binding study showing that 6-6 binds to the P3 

domain.  

 

A novel mechanism of action: the 6-6 agonist antibody does not operate as a ligand 

surrogate  

 

To map the binding site further, we first modeled the binding of 6-6 to LRP6 using a 

homology modeling-predicted structure for the 6-6 Fv and two known crystal structures of 

LRP6 (3S8Z and 4A0P), and identified several potential 6-6 contact sites (Supplemental 

Figure S2A and S2B). We then performed alanine scan mutagenesis at those sites and tested 

binding of 6-6 IgG to the LRP6 mutants by flow cytometry. We found that K662A and 

K684A single mutations caused a significant loss of 6-6 binding and the double mutant 

(K662A/K684A) caused a near complete loss of 6-6 binding (Figure 2D), thus identifying 

K662 and K684 as the critical contact sites. Consistent with the binding results, we found that 

6-6-induced Wnt signaling activity was significantly decreased in HEK293 cells transfected 

with the double mutant (K662A/K684A) compared to the wild-type (WT) control (Figure 
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2E). These two sites are spatially distinct from Wnt3a-binding sites (Figure 2F), suggesting 

that 6-6 does not compete with ligand binding to LRP6.  

 

Interestingly, based on the published structure of the complex of Wnt signaling inhibitor 

DKK1 and LRP6 (Cheng et al., 2011), we found that the 6-6 binding site does not overlap 

with that of the DKK1 binding site (Figure 3A). We thus studied binding of 6-6 to LRP6 in 

the presence of Wnt ligand (rhWnt3a) and inhibitor (DKK1) using biolayer interferometry. 

LRP6 was loaded on the biosensor, followed sequentially by binding with rhWnt3a and then 

6-6 Fab or DKK1. As expected by the epitope mapping result, the 6-6 Fab bound to the 

LRP6-Wnt3a complex, whereas the DKK1 could not (Figure 3B). We next performed the 

STF reporter assay to evaluate if DKK1 blocks the 6-6 agonist activity. As a control, we first 

performed the reporter assay using rhWnt3a (Figure 3C) and found that Wnt signaling was 

inhibited by DKK1. We next performed the assay with 6-6 and found that the agonist activity 

persisted in the presence of DKK1 (Figure 3D). In addition, we sought to determine how 

DKK1 affects Wnt signaling when both Wnt3a and 6-6 are present. We performed the STF 

reporter assay using HEK293 cells transfected with the Wnt3a-expression plasmid, with or 

without 6-6. As shown in Figure 3E, DKK1 inhibited Wnt3a signaling when no 6-6 was 

added. When 6-6 was added, the total signal increased. The addition of DKK1 reduced the 

total signal but more than half remained, suggesting that DKK1 reduced Wnt3a- but not 6-6-

mediated signaling.  

 

Taken together, these results reveal a new mechanism of action of the agonist antibody 6-6: it 

does not operate as a ligand surrogate. Instead, it binds to a unique site on LRP6 that does not 

overlap with where ligands and inhibitors bind, works additively with Wnt ligands, and 

retains the agonist function in the presence of endogenous Wnt inhibitors.  
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Canonical Wnt pathway activation by the 6-6 antibody is amplified by R-spondin  

 

We next sought to determine if the agonist activity of 6-6 can be amplified by the Wnt 

signaling enhancer R-spondins (RSPOs).  We performed the STF reporter assay using 

HEK293 cells by titrating 6-6 in the presence of RSPO2 (3 nM) without any exogenously 

added Wnt ligands (Figure 4A).  For comparison, 6-6 at the highest concentration point (40 

nM) without RSPO2 is used as a reference point. As shown in Figure 4A, the agonist effect 

of 6-6 IgG (no exogenous Wnt ligands added) was dramatically elevated by the addition of 

RSPO2. As a control, we also performed the same assay with the Wnt ligand using L cell 

Wnt3a-conditioned medium (Wnt3aCM) and observed a similar level of enhancement by 

RSPO2 (Figure 4B).  

 

We next sought to determine if the additive effect of 6-6 and Wnt3a on canonical Wnt 

signaling (shown previously in Figure 1E where no R-spondin was present) persists in the 

presence of varying levels of R-spondin. We performed the STF reporter assay using Wnt3a-

transfected HEK293 cells with or without 20 nM 6-6, in the presence of a range of RSPO2 

concentrations. As shown in Figure 4C, the additive effect was observed throughout the 

RSPO2 concentration range. We further studied the additive effect as a function of 6-6 

concentrations for two Wnt ligands, Wnt3a (Figure 4D) and Wnt1 (Figure 4E). For Wnt3a, 

we performed the STF reporter assay using HEK293 cells transfected with the Wnt3a 

expression plasmid in the presence of RSPO2 (5 nM) across a range of 6-6 concentrations, 

and found that 6-6 showed a concentration dependent additive effect with Wnt3a (Figure 4D). 

Similar results were obtained for Wnt1, where the STF reporter assay was performed on 

HEK293 cells transfected with the Wnt1 expression plasmid in the presence of RSPO2 (5 nM) 

across a range of 6-6 concentrations (Figure 4E).  
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Next, we studied if the R-spondin enhancement of the 6-6 agonist effect is blocked by the 

inhibitor DKK1. As a control, we first performed the STF reporter assay using HEK293 cells 

transfected with the Wnt3a-expression plasmid and incubated with RSPO2 (5 nM) or RSPO2 

(5 nM) plus DKK1 (15 nM). As shown in Figure 4F, the R-spondin enhanced Wnt signaling 

was significantly reduced by DKK1. We then performed the STF reporter assay using 6-6 

(100 nM) and RSPO2 (5 nM), with or without DKK1 (15 nM). As shown in Figure 4G, 

RSPO2 enhancement of 6-6 agonist effect was not significantly inhibited by DKK1.   

 

Taken together, these data further support that 6-6 acts additively but not competitively with 

Wnt ligands and responds to RSPO2-mediated signaling enhancement with or without 

exogenously added Wnt ligands. Unlike Wnt ligands and ligand surrogates, the 6-6 agonist 

activity is not inhibited by endogenous inhibitors that bind to ligand binding sites. 

 

Biological application of Wnt agonist antibody: effects on osteoblast differentiation in 

vitro  

 

One of the biological consequences of canonical Wnt signaling activation is the induction of 

osteoblast differentiation and bone formation. We investigated Wnt-agonist effect of 6-6 IgG 

on mouse pre-osteoblast MC3T3-E1 and bone marrow-derived mesenchymal C3H/10T1/2 

cell lines. We first analyzed the cross-species binding of 6-6 to human and mouse LRP6. The 

6-6 IgG bound to both human and mouse LRP6 ectodomains (Figure 5A). We then assessed 

the effect of 6-6 on Wnt/β-catenin signaling activation by STF reporter assays. Wnt3a 

induced reporter activity, and addition of 6-6 IgG significantly enhanced signaling in both 

MC3T3-E1 (Figure 5B) and CH3/10T1/2 (Figure 5C) cell lines.  
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We next studied induction of osteoblastic differentiation of C3H/10T1/2 cells by measuring 

expression of osteoblast marker genes (RUNX2, BMP2, ALP, and OCN) by qRT-PCR. As 

shown in Figure 5D, the Wnt-agonist 6-6 induced expression of Wnt downstream genes 

involved in osteoblastic differentiation, with 6-6 combined with Wnt3a conditioned media 

(Wnt3aCM) being more potent than Wnt3aCM alone. In addition to mRNA expression, we 

also measured alkaline phosphatase activity (ALP) in C3H/10T1/2 cells incubated with 6-6. 

As shown in Figure 5E, Wnt3aCM upregulated ALP activity, and the addition of 6-6 further 

increased ALP activity in the presence of Wnt3aCM.  

 

In order to directly assess the osteoblastic commitment of C3H/10T1/2 cells, we conducted in 

vitro mineralization assay (Gregory et al., 2004) in the presence of 6-6 and Wnt3aCM. As 

shown in Figure 5F, Wnt3aCM increased mineralization that was further enhanced by the 

addition of 6-6. These data suggest that the Wnt-agonist antibody 6-6 promotes osteoblast 

differentiation and acts additively with natural Wnt ligands.  

 

The Wnt-agonist antibody 6-6 counteracts bone inhibitory effects by multiple myeloma 

cells in vitro and in vivo  

 

Certain types of primary and metastatic cancers locate to the bone and cause extensive bone 

remodeling in patients. Multiple myeloma resides in the bone marrow and is known to induce 

extensive bone loss by secretion of inhibitors of canonical Wnt signaling (Edwards, 2008; 

Glass et al., 2003). Since our novel Wnt-agonist antibody 6-6 does not compete with known 

Wnt inhibitors for LRP6 binding, we reasoned that 6-6 could effectively counteract Wnt 

inhibitors produced by myeloma cells. To test this hypothesis, we studied the multiple 
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myeloma cell line MM1.S for the presence of Wnt inhibitory activities in conditioned media 

on HEK293 cells co-transfected with the STF reporter and the Wnt3a-expression construct. 

As shown in Figure 6A, conditioned media from MM1.S (MM1.S-CM) showed significant 

inhibitory effect compared to the control (either conditioned media from the control cell line 

HEK293 or no conditioned media). Furthermore, in the presence of both Wnt3a and MM1.S-

CM, the 6-6 IgG restored Wnt signaling inhibited by MM1.S-CM and even further stimulated 

signaling at higher concentrations of 6-6 (Figure 6B).  

 

To study the effect of 6-6 on bone remodeling in vivo, an intrafemoral osteolytic model was 

established by implantation of MM1.S cells into the right femur of NSG mice. As outlined in 

Figure 6C, antibody treatment started 1 week post implantation and continued for 6 weeks 

by weekly intraperitoneal (i.p.) injection. Live mice were scanned by micro-CT to assess 

changes of femoral bone structure. To confirm tumor establishment, we first analyzed human 

Ig-lambda light chain levels in serum by ELISA. As shown in Figure 6D, the concentration 

of human Ig-lambda light chain in the MM1.S-implanted groups (PBS and 6-6) was 

significantly higher than that of the group with no MM1.S implantation (Naive). The light 

chain levels in the 6-6 group were lower than those in the PBS group, but the difference did 

not reach statistical significance (Figure 6D). By immunohistochemistry study, MM1.S 

myeloma cells established in the right femur were also detected by anti-human Ig-lambda 

antibody (Supplemental Figure S3). The bone-forming effect of the 6-6 IgG was assessed by 

micro-CT analysis. Whole femurs were analyzed to generate planar and 3D images from CT-

scanned data. As shown in Figure 6E, intrafemoral MM1.S implantation resulted in bone 

loss especially in the trabecular bone area (Naive vs. PBS). Strikingly, 6-6 treatment reversed 

the femoral bone loss compared to the control (6-6 IgG vs. PBS, Figure 6E), indicating that 

the Wnt-agonist antibody 6-6 promotes bone formation in vivo. 
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We further investigated quantitatively bone formation induced by 6-6 IgG. Region of interest 

(ROI) to assess bone structures was designated as shown in Figure 7A, and micro-CT images 

were reconstructed for 3D view and quantification of bone micro-architectures. By analyzing 

trabecular ROI, compared to the Naive group with no myeloma cell implantation, trabecular 

bone in the vehicle control group (PBS) was catabolized by implanted MM1.S cells (Figure 

7B). However, consistent with the whole femur image analysis, 6-6 IgG treatment showed 

trabecular-anabolic activity (Figure 7B).  6-6 IgG treatment resulted in a significant increase 

in bone volume over tissue volume (BV/TV) and trabecular bone thickness (Tb.Th) (Figure 

7C and 7D, respectively). In addition to the distal femur, we analyzed cortical bone in the 

proximal femur legion. By reconstructing the cortical ROI and measuring cortical bone 

thickness (Ct.Th), we found that the 6-6 IgG significantly increased cortical bone formation 

compared to the control group (PBS) (Figure 7E and 7F), suggesting that the 6-6 Wnt-

agonist effect stimulates both trabecular and cortical bone formation. Taken together, the 

novel Wnt-agonist antibody 6-6 reverses bone loss in the intrafemoral MM1.S myeloma 

model, demonstrating its potential in treating osteolytic diseases. 
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Discussion  

 

Due to the importance of the Wnt signaling pathway in regenerative medicine, there has been 

a growing interest to develop therapeutics that activate this pathway. Wnt ligands, however, 

are post-translationally modified (e.g., lipidation) and difficult to produce as recombinant 

biologic drugs. Several studies have focused on the ligand surrogate approach, where the 

design principle is to mimic natural ligand-receptor interaction with part of the ligand 

complex being replaced by a receptor-binding antibody fragment or recombinant protein, 

which can be further modified to create multivalent interactions to increase potency by 

crosslinking the Wnt receptor complex (Chen et al., 2020; Fowler et al., 2021; Gong et al., 

2010; Janda et al., 2017; Luca et al., 2020; Tao et al., 2019). A challenge for the ligand 

surrogate approach is that the ligand surrogate binds to the same area where endogenous 

activators and inhibitors bind, making it challenging to not compete with Wnt ligands and/or 

retain the agonist activity in the presence of inhibitors. Our study addresses those challenges 

and identifies a new type of agonists that does not follow the ligand surrogate design.  Figure 

8 summarizes key differences between these two mechanisms of action.  

 

We discovered a novel Wnt-agonist human monoclonal antibody 6-6 that is capable of 

activating Wnt signaling even when Wnt ligands are not provided. The addition of Wnt 

ligands further enhanced the agonist effect of 6-6. This agonist antibody binds the P3 domain 

of LRP6. Our epitope mapping study further defined critical binding sites for 6-6 that do not 

overlap with Wnt ligand binding sites. In addition, 6-6 responds to R-spondin, achieving 

enhanced Wnt signaling activation similar to that of Wnt ligand in the presence of R-spondin. 

Importantly, unlike a ligand surrogate, the 6-6 Wnt agonist effect is not significantly inhibited 

by endogenous Wnt inhibitors such as DKK1. This marks a major distinction from previous 

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 27, 2022. ; https://doi.org/10.1101/2022.09.25.509440doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.25.509440
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 22 

Wnt activator studies that have been focused on developing ligand surrogates, either in 

monovalent or multivalent forms (Chen et al., 2020; Fowler et al., 2021; Janda et al., 2017; 

Tao et al., 2019).  

 

A known biological effect of canonical Wnt signaling is bone formation. Therefore we sought 

to develop Wnt agonist-based therapeutics in the area of pathological bone loss induced 

either by cancer or aging. In this study we focused on multiple myeloma-induced bone loss. 

Multiple myeloma cells reside in the bone marrow and inhibit Wnt signaling in osteoblast 

cells either directly by secreting the Wnt inhibitor DKK1 or indirectly by stimulating the 

production of Wnt inhibitor SOST in the bone microenvironment (Delgado-Calle et al., 2016; 

Qiang et al., 2008). We found that our Wnt agonist antibody treatment promotes osteoblastic 

differentiation in vitro and reverses myeloma-induced bone loss in vivo, suggesting a 

therapeutic application of this antibody in restoring bone loss in multiple myeloma patients 

following anti-cancer treatment. Further studies will determine if this novel agonist antibody 

also has therapeutic potential in restoring bone loss induced by other cancer types, by aging 

in postmenopausal osteoporosis patients, and in rare genetic diseases such as osteogenesis 

imperfecta.   

 

The unique mechanism of action of our Wnt agonist antibody also differentiates it from 

current anti-osteoporosis drugs that targets the Wnt pathway such as romosozumab, an FDA 

approved humanized monoclonal antibody that blocks SOST and shows clinical activity of 

improving bone formation in osteoporosis patients (Lewiecki et al., 2018; Markham, 2019; 

Sølling et al., 2018). This is an anti-inhibitory ligand approach and has a few limitations. If 

the endogenous Wnt ligand is not present in sufficient amounts, blocking SOST will have 

marginal effects. In addition, inhibitors other than SOST are not subject to neutralization by 
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romosozumab. In contrast, our Wnt agonist antibody 6-6 can stimulate canonical Wnt 

signaling in Wnt ligand-low or insufficient setting, and overcomes inhibition by Wnt 

inhibitors. Moreover, the agonist effect of 6-6 is further enhanced by R-spondin, an 

endogenous amplifier of Wnt/β-catenin signaling, with or without Wnt ligands added. These 

features of our agonist antibody could offer broad applicability for degenerative bone lesions, 

especially in conditions where endogenous Wnt ligands are insufficient or secretion of Wnt 

inhibitors is increased either in quantity or variety. 

 

In summary, our study uncovered a canonical Wnt agonist antibody that does not operate as a 

ligand surrogate. It binds to a unique site on LRP6 that does not overlap with where known 

endogenous Wnt ligands or inhibitors bind. This novel agonist antibody showed abilities to 

activate canonical Wnt pathway in the presence of inhibitors and when no Wnt ligands are 

provided, and to restore bone loss in vivo in a cancer-induced osteolytic legion model. This 

unique mechanism of action differentiates it from both ligand surrogates and anti-inhibitors 

such as romosozumab, opening a novel path for therapeutic development against bone loss 

brought on by cancer or aging and other degenerative lesions driven by insufficient Wnt 

signaling.  
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Figure Legends 

 

Figure 1. Novel Wnt-agonist human monoclonal antibody binding to the P3 domain of 

LRP6. 

(A) Activation of canonical Wnt signaling by 6-6. HEK293 cells transfected with the STF 

reporter and Wnt ligand expression constructs were incubated with or without 6-6 IgG (100 

nM). Error bars represent SD for n = 2. ** P < 0.01; *** P < 0.001. (B) 6-6 agonist activity 

when no Wnt ligands are provided. HEK293 cells transfected with the STF reporter were 

incubated with or without 6-6 IgG (100 nM), and luciferase activity was normalized against a 

control without antibody treatment. Error bars represent SD for n = 2. ** P < 0.01. (C) STF 

reporter assay using HEK293 cells transfected with the STF reporter over a range of 6-6 IgG 

concentrations. Error bars represent SD for n = 3. EC50 is estimated by curve fitting to be 

2.12 ± 2.56 nM. (D) STF reporter assay using HEK293 cells transfected with the STF 

reporter over a range of rhWnt3a concentrations. Error bars represent SD for n = 3. EC50 is 

estimated by curve fitting to be 18.62 ± 1.19 nM. (E) Additive effect of 6-6. The STF 

reporter assay was performed on HEK293 cells transfected with the STF reporter and 

exposed to rhWnt3a (20 nM), or rhWnt3a (20 nM) plus 6-6 IgG (20 nM). Error bars represent 

SD for n = 3. The relative luciferase activity (fold over untreated HEK293 cells transfected 

with the STF reporter) is 4.08 ± 0.38 for rhWnt3a and 8.93 ± 1.48 for rhWnt3a plus 6-6 IgG.  

 

Figure 2. 6-6 binds to a unique site on LRP6 that does not overlap with where Wnt 

ligand binds.  

(A) Deletion mapping of 6-6 binding sites on LRP6. Deletion constructs studied are shown. 

SP: Signal peptide; P1, 2, 3 and 4: Beta-propeller domains 1, 2, 3 and 4, respectively; E1, 2, 3 

and 4: EGF-like domains 1, 2, 3 and 4, respectively; LDLR: Low-density lipoprotein receptor 
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type A domain; TM: Transmembrane domain; Cyto: cytoplasmic domain. (B) Analysis of 6-6 

binding to truncated cell surface LRP6. Each LRP6 truncation plasmid was separately 

transfected into HEK293 cells with a green fluorescent protein (GFP)-expressing plasmid. 

Binding of 6-6 IgG in GFP-positive cell population was analyzed by flow cytometry. (C) 

Assessment of Wnt-agonist activity of 6-6 IgG on cells expressing truncated LRP6. HEK293 

cells were transfected with LRP6 truncation constructs and the STF reporter plasmid and 

incubated in Wnt3aCM with or without 6-6 IgG. Error bars represent SD for n = 2. *** P < 

0.001. n.s.: not significant. (D) Fine epitope mapping by alanine scan. LRP6 single mutants 

and the double mutant (K662A/K684A) were separately transfected into HEK293 cells. An 

anti-LRP6 scFv-Fc fusion that binds to the LRP6-P1 domain was used as a control to confirm 

cell surface expression of LRP6. Binding of 6-6 was determined by flow cytometry, and 

median fluorescence intensity (MFI) values were normalized against MFI of the P1-binding 

scFv-Fc. (E) Assessment of agonist activity of 6-6 IgG on cells expressing LRP6 mutants. 

HEK293 cells were transfected with a plasmid encoding the wild-type LRP6 (WT), or the 

K662A/K684A double mutant, along with the Wnt3a-expression plasmid and the STF 

reporter expression plasmid, and incubated with or without 6-6 IgG. Error bars represent SD 

for n = 2. * P < 0.05. (F) Differentiation of critical binding sites of 6-6 from where Wnt 

ligand binds. LRP6-P3E3 domain (PDB: 3S8Z) was highlighted to show the binding sties of 

Wnt3a (yellow; E663, E708, H834, Y875, and M877) and 6-6 (red; K662 and K684). 

 

Figure 3. 6-6 agonist effect persists in the presence of the Wnt pathway inhibitor DKK1.  

(A) Binding site comparison between DKK1 (right panel, blue; I681, Y706, E708, W767, 

R792, D811, H834, F836, W850, Y875, and M877)) and 6-6 (red; K662 and K684) on LRP6. 

The LRP6 P3 domain (631-890) is shown. To provide a reference view, the binding sites for 

Wnt3a (yellow) vs. 6-6 (red) is shown again in the left panel. The binding sites of Wnt3a and 
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DKK1 overlap with each other (spatial as well as specific residues, e.g., E708, H834, Y875, 

and M877) but not with 6-6. (B) Binding kinetics of 6-6 Fab to LRP6 pre-bound by Wnt3a. 

The LRP6-loaded biosensor was first incubated with the rhWnt3a then a mixture of rhWnt3a 

and 6-6 Fab (blue line, which shows further binding), or rhWnt3a and DKK1 (as a control, 

black line, which shows no further binding). (C) Inhibition of Wnt3a signaling by DKK1. 

The STF reporter assay was performed on HEK293 cells with 10 nM rhWnt3a with or 

without 1 nM DKK1. Error bars represent SD for n = 3. *** P < 0.001. (D) 6-6 overcomes 

DKK1 inhibition. The STF reporter assay was performed on HEK293 cells with 10 nM 6-6 

IgG with or without 1 nM DKK1. Error bars represent SD for n = 3. n.s.: not significant. (E) 

Effects of DKK1 on the agonist activity of 6-6 on HEK293 cells transfected with the STF 

reporter and the Wnt3a-expression plasmid, with or without 6-6 IgG (50 nM) or DKK1 (20 

nM), as indicated. Error bars represent SD for n = 2. * P < 0.05, ** P < 0.01, *** P < 0.001.  

  

Figure 4. The 6-6 agonist effect is enhanced by R-spondin and persists in the presence of 

DKK1.  

(A) The 6-6 agonist effect is enhanced by RSPO2. The STF reporter assay was performed on 

HEK293 cells in the presence of 3 nM RSPO2 over a range of 6-6 IgG concentrations. For 

comparison, STF activity at 40 nM without RSPO2 is also shown on the graph (black 

diamond). The fold of enhancement with RSPO2 vs. no RSPO2 at 40 nM 6-6 IgG is 114.8 ± 

14.5 over 3.98 ± 0.57 or about 29. (B) Wnt3a activity is enhanced by RSPO2. The STF 

reporter assay was performed on HEK293 cells in the presence of 3 nM RSPO2 over a range 

of dilutions of L cell Wnt3a conditioned media (Wnt3aCM). For comparison, STF activity at 

50% Wnt3aCM without RSPO2 is also shown on the graph (black diamond). The fold of 

enhancement with RSPO2 vs. no RSPO2 at 50% Wnt3aCM is 145.8 ± 19.6 over 5.80 ± 0.16 

or about 25. (C) The additive effect of 6-6 on Wnt3a signaling over a range of RSPO2 
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concentrations. The Wnt3a + 6-6 group: RSPO2 was titrated on HEK293 cells transfected 

with the STF reporter and the Wnt3a-expression construct, in the presence of a constant 

concentration of 6-6 IgG (20 nM). The Wnt3a group: A control RSPO2 titration without 6-6 

was performed in parallel. Error bars represent SD for n = 2.  (D) The additive agonist effect 

of 6-6 IgG on Wnt3a signaling over a range of 6-6 concentrations. 6-6 IgG was titrated on 

HEK293 cells transfected with the STF reporter and Wnt3a expression plasmids in the 

presence of RSPO2 (3 nM). Error bars represent SD for n = 2. (E) The additive agonist effect 

of 6-6 IgG on Wnt1 signaling over a range of 6-6 concentrations. 6-6 IgG was titrated on 

HEK293 cells transfected with the STF reporter and Wnt1 expression plasmids in the 

presence of RSPO2 (3 nM). Error bars represent SD for n = 2. (F) DKK1 inhibits 

Wnt3a/RSPO2-induced β-catenin signaling. HEK293 cells were transfected with the STF 

reporter and the Wnt3a-expression plasmids and incubated with RSPO2 (5 nM) or RSPO2 (5 

nM) plus DKK1 (15 nM). Error bars represent SD for n = 2. *** P < 0.001. (G) DKK1 has 

no significant effects on 6-6/RSPO2-induced Wnt/β-catenin signaling enhancement. HEK293 

cells transfected with the STF reporter plasmid were incubated with 6-6 IgG (100 nM), 

RSPO2 (5 nM), or DKK1 (15 nM). No Wnt ligands were added. Error bars represent SD for 

n = 2. n.s: not significant.  

 

Figure 5. Wnt-agonist antibody promotes osteoblastic differentiation in vitro. 

(A) Cross-species binding of 6-6 IgG to human and mouse LRP6. Recombinant extracellular 

domain (ECD) of human (hLPR6-ECD) or mouse LRP6 (mLRP6-ECD) was used in an 

ELISA assay to assess 6-6 IgG binding. Ctrl IgG: a non-binding human IgG. Error bars 

represent SD for n = 2. ** P < 0.01. (B) and (C) Wnt/β-catenin signaling enhancement by 6-6 

IgG in mouse cell lines. MC3T3-E1 (B) or C3H/10T1/2 (C) cell line was transfected with the 

Wnt3a-expression and the STF reporter plasmids and further incubated with or without 6-6 
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IgG. Luciferase activity was normalized against a control group transfected with the reporter 

construct only. Error bars represent SD for n=2. * P < 0.05. (D) Osteoblastic gene expression 

analysis. C3H/10T1/2 cells were incubated for 3 days with Wnt3aCM or 6-6 IgG as indicated. 

Expression of osteoblast marker genes (RUNX2, BMP2, ALP, and OCN) was assessed by 

qRT-PCR. Relative mRNA expression levels were calculated using the comparative Ct 

method and normalized to GAPDH gene. Wnt3aCM-/Ab-: no Wnt3aCM and no 6-6. 

Wnt3aCM+/Ab-: with Wnt3aCM but no 6-6. Wnt3aCM+/6-6+: with Wnt3a and 6-6. * P < 

0.05, ** P < 0.01. (E) ALP activity induced by the Wnt-agonist 6-6 antibody. C3H/10T1/2 

cells were cultured in Wnt3aCM with or without 6-6 IgG for 7 days. Cell lysates were used to 

measure ALP activity, which was normalized against a control group without Wnt3aCM and 

6-6 treatment. Error bars represent SD (n = 2). * P < 0.05. (F) Assessment of matrix 

mineralization activity. C3H/10T1/2 cells were cultured for 21 days in osteogenic medium 

supplemented with Wnt3aCM or 6-6 IgG as indicated. Alizarin Red staining assay was 

applied to quantify mineralization (left), which was normalized against the control 

(Wnt3aCM-/Ab-). The measurement was presented as mean ± SD (n = 2). * P < 0.05. 

Representative images were shown (right). Scale bar: 200 µm.  

 

Figure 6. 6-6 overcomes multiple myeloma-mediated Wnt signaling inhibition. 

(A) Inhibition of Wnt3a/β-catenin signaling by multiple myeloma cells. HEK293 cells 

transfected with the STF reporter and the Wnt3a-expression plasmids were incubated in 

conditioned media (CM) obtained from the multiple myeloma cell MM1.S and HEK293 (as a 

control, Ctrl-CM). Values represent mean ± SD for n = 2. ** P < 0.01. (B) 6-6 overcomes 

Wnt signaling inhibition caused by MM1.S-CM. HEK293 cells were transfected with the 

STF reporter and Wnt3a-expression constructs and incubated in MM1.S-CM with varying 

concentrations of 6-6 IgG. Values represent mean ± SD (n = 2). * P < 0.05, ** P < 0.01. (C) 
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Outline of animal study. MM1.S cells were intrafemorally injected in the right femur and 

were allowed to establish for 1 week. A total of 6 weekly intraperitoneal injections of 6-6 IgG 

(10 mg/kg) or PBS (vehicle control) were given (n = 5/group). Femurs from live mice were 

scanned by micro-CT 1 week after termination of dosing. A week after in vivo scan, mice 

were sacrificed and serum and femur tissues were collected for further analysis. (D) 

Evaluation of human Ig-lambda light chain concentration in serum by ELISA. Naïve: mice 

without MM1.S implantation. PBS: mice with MM1.S implantation injected with PBS 

(vehicle control). 6-6: mice with MM1.S implantation injected with 6-6 IgG. *** P < 0.001. 

n.s.: not significant. (E) Planar and 3D views of whole femur obtained from micro-CT. 

Micro-CT images were used to generate clear planar sections (top) and to reconstruct the 

stacked 3D views (bottom).  

 

Figure 7. Wnt agonist antibody reverses bone loss in the intrafemoral MM1.S model.  

(A) Designated region of interest (ROI) in femurs. Micro-CT images are used to reconstruct 

3D data set of trabecular and cortical bone regions as indicated. (B) 6-6-induced restoration 

of trabecular bone loss. The micro-CT images of the naive or MM1.S-implanted femurs (PBS 

and 6-6 IgG) were used to reconstruct 3D architectures of trabecular bone regions. 

Representative images were shown. (C) and (D) Quantification of trabecular bone micro-

architectures. Bone volume over tissue volume (BV/TV, panel C) and trabecular bone 

thickness (Tb.Th, panel D) were quantified to compare bone formation activity between the 

groups. * P < 0.05. (E) Enhancement of cortical bone formation by 6-6. Micro-CT images of 

cortical bone were reconstructed from proximal femur regions. Representative images were 

shown. (F) Cortical bone thickness (Ct.Th) was measured and compared (PBS vs. 6-6). * P < 

0.05.  
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Figure 8. Summary of key differences between our non-ligand surrogate agonist vs. a 

ligand surrogate.  As shown in (A), 6-6 does not bind to where known endogenous ligands 

and inhibitors bind, works additively with endogenous ligands, and is able to activate Wnt 

signaling in the presence of inhibitors. In contrast, as shown in (B), a ligand surrogate is 

subject to competitive binding by both endogenous ligands and inhibitors, and is ineffective 

in activating the Wnt pathway when inhibitors are present. Dashed lines indicate competition 

by inhibitors. For simplicity, only the LRP6 P3 domain is drawn; other components of the 

Wnt receptor complex are not drawn.   
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