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Estrogen receptor alpha and NFATc1 bind
to a bone mineral density-associated SNP
to repress WNT5B in osteoblasts
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Abstract

Genetic factors and estrogen deficiency contribute to the development of osteoporosis. The single-nucleotide polymorphism (SNP)
152887571 is predicted from genome-wide association studies (GWASs) to associate with osteoporosis but has had an unknown mech-
anism. Analysis of osteoblasts from 110 different individuals who underwent joint replacement revealed that the genotype of rs2887571
correlates with WNTS5B expression. Analysis of our ChIP-sequencing data revealed that SNP rs2887571 overlaps with an estrogen recep-
tor alpha (ERa) binding site. Here we show that 17B-estradiol (E2) suppresses WNTS5B expression and further demonstrate the mecha-
nism of ERa binding at the enhancer containing rs2887571 to suppress WNT5B expression differentially in each genotype. ERa interacts
with NFATc1, which is predicted to bind directly at rs2887571. CRISPR-Cas9 and ChIP-qPCR experiments confirm differential regulation
of WNTS5B between each allele. Homozygous GG has a higher binding affinity for ERa than homozygous AA and results in greater
suppression of WNT5B expression. Functionally, WNTS5B represses alkaline phosphatase expression and activity, decreasing osteoblast
differentiation and mineralization. Furthermore, WNTS5B increases interleukin-6 expression and suppresses E2-induced expression of
alkaline phosphatase during osteoblast differentiation. We show that WNT5B suppresses the differentiation of osteoblasts via receptor
tyrosine kinase-like orphan receptor 1/2 (ROR1/2), which activates DVL2/3/RAC1/CDC42/JNK/SIN3A signaling and inhibits p-catenin
activity. Together, our data provide mechanistic insight into how ERa. and NFATc1 regulate the non-coding SNP rs2887571, as well as the

function of WNTSB on osteoblasts, which could provide alternative therapeutic targets for osteoporosis.

Introduction

Osteoporosis is an age-related metabolic bone disorder
characterized by bone mass depletion and microarchitec-
tural deterioration of bone tissue, leading to bone fragility
and susceptibility to bone fracture.' The prototypical oste-
oporotic fractures are at the hip and spine, which subse-
quently lead to considerable mobility loss, mortality, and
healthcare costs.”

Genetic factors contribute to the development of osteo-
porosis.” A genome-wide meta-analysis identified 56 loci
associated with bone mineral density (BMD) and the risk
of fractures.* Most of these single-nucleotide polymor-
phisms (SNPs) are in noncoding regions with no known
function. Eight of the SNPs are near WNT signaling genes
(WNT3, WNT4, WNT5B, WNT16, CTNNB1, SERP4, LRPS,
and AXINI), highlighting the importance of WNT
signaling in achieving peak bone mass.”

There are 19 evolutionarily conserved WNT ligands in
both humans and mice. In the osteoblast lineage, several
WNT ligands, including WNT7B and WNT10B, promote
osteoblast differentiation through the canonical (B-catenin
[CTNNBI1]-dependent) signaling pathway, and knockout
of these genes in mice leads to decreased BMD.®” Most
of the eight genes near the implicated SNPs have been

shown to have mechanistic roles in bone. Low-density li-
poprotein receptor-related protein 5 (LRPS) is a known
regulator of bone mineral density and is one of the recep-
tors for the canonical pathway.® Soluble frizzled-related
protein 4 (SFRP4) also binds WNT ligands and modulates
their activity.” WNT16 signals through both the canonical
and non-canonical pathways to regulate cortical bone
thickness.'”!'! In contrast, knockout of the non-canonical
Whnt5b slightly increased BMD,'? indicating that WNT5B
exhibits negative effects on bone and might promote the
development of osteoporosis. However, the mechanism
of WNTSB signaling in osteoblasts and the consequence
of the SNP near WNT5B were unknown.

In addition to genetic factors, estrogen deficiency in
women is a common risk factor for postmenopausal osteo-
porosis, as estrogens are osteoprotective regulators of bone
metabolism by maintaining bone formation and inhibit-
ing bone resorption in an estrogen receptor alpha (ERa)-
dependent manner.'*'* ERa can be activated in either a
17B-estradiol (E2)-dependent or -independent mechanism
that creates genomic and non-genomic actions. E2 acti-
vates ERa to translocate into the nucleus to bind with
either an estrogen response element (ERE) or with other
transcription factors at estrogen-responsive gene pro-
moters or enhancers."”
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To determine whether estrogen signaling is affected by
any of the SNPs impacting BMD, we compared the 56
SNPs in the Estrada et al. meta-analysis* with genome-
wide ChIP sequencing for ERa in osteoblast-like cells.
Only one of the 56 SNPs is in an ERa binding site:
152887571, which is near WNTS5B. Therefore, we hypothe-
sized that SNP 152887571 may alter ERa activity to regulate
WNTS5B expression. We also tested the effects of WNTSB
on the osteoblastic lineage and demonstrate mechanisti-
cally that the non-canonical WNTSB signaling pathway
suppresses ERa activities through its interaction with
SIN3A.

Material and methods

Regional association analysis and SNP annotation

Fine mapping of loci 12p13.33 was analyzed by probabilistic iden-
tification of causal SNPs (PICS).'® Genome mapping and nucleo-
tide sequence of the region were obtained from the UCSC genome
browser.!” The transcription factor binding domains of SNP
152887571 were annotated by PATCH public 1.0 Pattern Search
for Transcription Factor Binding Sites program.

Reagents

17B-Estradiol (E2; Cat. # E2758), Phorbol 12-Myristate 13-Acetate
(PMA; Cat. # P8139), and ionomycin calcium salt (Cat. # 13909)
were purchased from Sigma-Aldrich. Recombinant mouse
WNTSB ¢WNTS5B; Cat. # 3006-WN) was acquired from R&D Sys-
tems. The PPARy agonist GW1929 hydrochloride (Cat. # 1664)
was purchased from Tocris Bioscience. The specific primary anti-
bodies that were used are listed in Table S1.

Primary osteoblast cells

The human study was approved by the Institutional Review Board
at The University of Tennessee Health Science Center and all indi-
viduals provided informed written consent before participation.
All animal work was approved by the Institutional Animal Care
and Use Committee at the University of Tennessee Health Science
Center.

Primary human osteoblasts were isolated from the trabecular
bone in the femoral or humeral heads of individuals who under-
went total joint replacement surgery using an adaptation of the
method previously described.'® The femoral heads were wrapped
in sterile gauze with double plastic bags and then the bone was
crushed into smaller pieces under sterile conditions. Bone cutters
were further used to break the fragments into smaller pieces and
separate the trabecular bone from the cortical shell. The bone
chips were then transferred to 50 mL tubes containing PBS and
washed until no hematopoietic marrow was visible. The bone
chips were then incubated for 2 h at 37°C in DMEM (Corning)
with 1 mg/mL collagenase IV (Sigma-Aldrich). The bone fragments
were seeded into a 75-cm? tissue culture flask containing DMEM
supplemented with 10% FBS (Omega Scientific), 1% Penicillin-
Streptomycin-L-Glutamine (Corning), and Normocin (Invivo-
Gen). The cells were left untouched for 5 days in this media, after
which the media was changed twice weekly until it reached 90%
confluence.

Calvarial osteoblasts were isolated from 2-day-old CD1 mice by
sequential collagenase digestion as previously described.'? Calvar-

iae were incubated in MEM (Corning) with 1.0 mg/mL collagenase
P (Roche) and 1.25% trypsin (Corning) at 37°C for 40 min. Then
cells were washed in MEM and incubated in MEM with 1.0 mg/
mL collagenase P and 1.25% trypsin for 1 h at 37°C. Collagenase
digestion was stopped by the addition of MEM media containing
10% FBS. The cells from the second digest were obtained and al-
lowed to proliferate in MEM media containing 10% FBS and 1%
Penicillin-Streptomycin-L-Glutamine.

Bone marrow-derived mesenchymal stem cells (MSCs) were iso-
lated from tibias and femurs of mice as previously described.?’
Cells were flushed with MEM without FBS. Red blood cells were
lysed with 3% acetic acid and nucleated cells were counted with
a hemocytometer. Total bone marrow was seeded into mesen-
chymal stem cell media (MesenCult Basal Media, Stem-Cell Tech-
nologies Inc.) and left untouched for 5 days, after which the media
was changed twice weekly.

For estrogenic activity assays, the media was replaced with
phenol-free media containing 5% charcoal-dextran-treated fetal
bovine serum (CDT-FBS; Omega Scientific) for 3 days before treat-
ment with 10 nM E2.

Cell line culture

Human osteosarcoma U20S-ERx cells were kindly provided by Dr.
Thomas Spelsberg and were maintained as described.”' Briefly,
cells were cultivated in DMEM/F-12 50/50 (Corning) supple-
mented with 10% FBS, 1% Penicillin-Streptomycin-L-Glutamine,
10 pg/mL Blasticidin S HCL (InvivoGen), and 200 pg/mL Zeocin
(Invitrogen). ERa expression was induced by treatment with
100 ng/mL doxycycline (Dox.; Sigma-Aldrich) for 24 h after cul-
ture in phenol-red free media containing 5% CDT-FBS for
2 days. Cells were treated with 10 nM E2 or vehicle control
(ethanol, EtOH). The cell line was verified each year by STR
profiling and tested for mycoplasma.

Osteoblastic differentiation assay

Mouse calvarial osteoblasts were switched to osteogenic induction
media (differentiation media, DM), containing 10% FBS, 1% Peni-
cillin-Streptomycin-L-Glutamine, 50 pg/mL L-ascorbic acid 2-
phosphate (Sigma-Aldrich), and 2 mM B-glycerophosphate
(Sigma-Aldrich). The medium was changed after every 2-3 days.
Differentiation was confirmed by quantitation of bone alkaline
phosphatase and osteocalcin mRNA.

DNA isolation and genotyping of SNP rs2887571
Genomic DNA was isolated from primary human osteoblasts and
U20S-ERa cells using the DNeasy Blood and Tissue kit (QIAGEN)
and genotyped for SNP rs2887571 using the rhAmp SNP Genotyp-
ing Assay (IDT).

RNA isolation and qPCR

Total RNA was isolated by TRIzol reagent (Invitrogen) and con-
verted to cDNA using Maxima First Strand cDNA Synthesis Kit
(Thermo Fisher Scientific) for qPCR according to the manufac-
turer’s instructions. Primers and probes are listed in Table S2.
cDNA was quantified using SYBR Green Master Mix (Thermo
Fisher Scientific). The qPCR cycling conditions for SYBR Green
were initiated at 95°C for 10 min; followed by 40 cycles of 95°C
for 15 s and 60°C for 1 min, then detection of the melting curve.
B-actin (ACTB or Actb) was used as the internal control for data
analysis.
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Protein extraction and immunoblotting

Total protein was lysed in EBC lysis buffer (50 mM Tris [pH 8],
120 mM Na(l, 0.5% Nonidet P-40) containing Complete Protease
Inhibitor Cocktail (Roche Applied Science). Protein concentra-
tions were quantified using the Bradford method. Aliquots of
10-40 pg protein per lane were loaded onto 5%-12% SDS-poly-
acrylamide gels and then transferred onto immunoblot polyviny-
lidene difluoride membrane (Biorad). The membranes were
blocked with either 5% milk, 5% BSA, or 5% milk with 1% BSA
in TBST at room temperature for 1 h and probed with a specific pri-
mary antibody (listed in Table S1) at 4°C overnight, followed by
incubation with the secondary antibody conjugated with horse-
radish peroxide. The reactive bands were visualized using iBright
Imaging Systems (ThermoFisher Scientific) and were normalized
to B-actin (ACTB).

Immunohistochemistry (IHC)

6-week-old BALB/c mice were sham-operated or ovariectomized
and then treated with 50 ng/kg body weight of E2 or sesame oil
(as control) by intraperitoneal injection for 24 h.?° ERe (Esr1*/™)
heterozygous mice were kindly provided by Dr. Pierre Cham-
bon?? and bred to generate ERa knockout (Esr1~/7) and wild-
type littermates. Tibial and femoral bones were collected, de-calci-
fied, formalin-fixed, and embedded in paraffin. Paraffin-embedded
samples were deparaffinized and antigen retrieval was performed
in 90°C citrate buffer until the temperature reached 55°C. Then
non-specific antigens were blocked with 5% normal goat serum
and 2.5% bovine serum albumin (BSA) in PBS at pH 7.5 for
30 min at room temperature. A primary WNT5B antibody (PAS-
35344) was applied at the dilution of 1:250 at 4°C overnight in a
humidified chamber. Samples were incubated with appropriate
biotinylated secondary antibodies and visualized by peroxidase/
DAB solution (Dako) together with hematoxylin counterstaining.

Immunofluorescence (IF)

U20S-ERa cells or mouse calvarial osteoblasts were fixed with 4%
paraformaldehyde. The specific antibodies to non-phospho
(active) B-catenin (Ser33/37/Thr42) (1:250), ROR1 (1:100), ROR2
(1:100), and/or WNTSB (1:250) were added overnight at 4°C.
Appropriate secondary antibodies conjugated to a fluorophore
were incubated for 1 h, followed by mounting with Vectashield
Mounting Media with DAPI (H-1200, Vector Laboratories).

Chromatin immunoprecipitation (ChIP) and ChIP-
reChIP

U20S-ERa cells or mouse calvarial osteoblasts were cross-linked in
1% formaldehyde at 37°C for 8 min. Cells were lysed with lysis
buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCL) and sonicated
using the Bioruptor Pico (Diagenode) for 30 s on/30 s off for 15 cy-
cles. Chromatin was immunoprecipitated with the specific anti-
body (ERa, NFATc1, SIN3A, H3K27ac, or phospho-c-Fos) at 4°C
overnight in dilution buffer (0.1% Triton-X, 0.5M EDTA, 5M
NaCl, 1M Tris-HCL). The immune complex was then eluted
from beads and reverse cross-linked by incubating in elution
buffer (1% SDS, 0.1M NaHCO3) at 65°C overnight. The DNA frag-
ments were purified by QIAquick PCR purification kit (QIAGEN)
and used for qPCR using SYBR Green Master Mix. Primers are listed
in Table S3. B-actin (ACTB) promoter, hemoglobin (HBB) pro-
moter, or IgG were used as negative controls. For the ChIP-reChIP
assay, chromatin was immunoprecipitated with either ERo anti-

bodies, NFATc1 antibodies, or IgG, followed by elution with
DTT. The eluate was incubated with NFATc1 antibodies.”*

Co-immunoprecipitation (Co-IP)

Cells were lysed in IP lysis buffer (50 mM Tris-HCl [pH 7.5],
150 mM NacCl, 1% NP-40, 10% glycerol, 2 mM EDTA, 50 mM
NaF) containing EDTA-free protease inhibitor cocktail (Roche
Applied Science). Cell lysates were precleared for 30 min with pro-
tein A or protein G. The specific antibody (ERa, SIN3A, WNTSB, or
IgG) was incubated with protein A or protein G magnetic beads for
15 min before adding cell lysate. Complex proteins were immuno-
precipitated at 4°C overnight and then eluted with 6xSDS at 95°C
for 7 min. The supernatants were transferred and analyzed with
immunoblotting as described above.

CRISPR-Cas9-mediated gene editing of SNP rs2887571
CRISPR (cr)RNA targeting the SNP rs2887571 (5'-ATTAGAGGG-
CAAGGTTTCCT-3’; PAM: TGG) was designed by the Alt-R CRISPR
HDR Design Tool (Integrated DNA Technologies). The trans-acti-
vating CRISPR (tracr)RNA and Cas9 nuclease protein NLS were
purchased from Dharmacon. A donor template (5'-A*GCAAATAC
CCCACTAATTAGAGGGCAAGGCTTCCTTGGAACTGTGCTGGC
TTGGGCCGG*A-3') was designed. Asterisk indicates phosphoro-
thioate linkages on the first two and last two nucleotides and
the underline indicates the changed nucleotide.

U20S-ERa cells were transfected with the ribonucleotide com-
plex together with the donor template using DharmaFECT Duo
Transfection Reagent (Dharmacon). After 48 h, cells were seeded
individually into each well of a 96-well plate and allowed to reach
confluence. Genomic DNA was isolated and the genotype of SNP
152887571 was confirmed as described above.

Dual-luciferase reporter assays

Homozygous GG of SNP 152887571 was amplified from human
genomic DNA with the following primers: 5'-catggtaccGAGCC
TGCTTGAAATTTGGCA-3' and 5'-tacgctagcGTCAGGGAATGGAT
GGGACC-3'. The DNA fragments were digested with Kpnl and
Nhel and ligated into the pGL3-promoter-luciferase vector, which
produced pGL3-1s2887571. U20S-ERa. cells were transfected with
modified plasmid pGL3-rs2887571 and/or EGFPC1-huNFATc1EE-
WT together with pRL-SV40 (Renilla) luciferase as an internal con-
trol in triplicate using FuGENE 6 Transfection Reagent (Promega).
Cells then were treated with EtOH or E2 and after 24 h assayed for
luciferase using the Dual-Glo Stop & Glo assay from Promega.
EGFPC1-huNFATc1EE-WT was a gift from Jerry Crabtree (Addgene
plasmid # 24219).>* U20S-ERa cells were transfected Super8-
XTOPFlash (a p-catenin reporter) with pcDNA3-Wnt5B and/or
pcDNA-Wnt10B-VS  together with pRenilla-SV40 luciferase.
Super8XTOPFlash was a gift from Vitézslav Bryja.>> pcDNA3-
Wnt5B (Addgene plasmid #35875%°) and pcDNA3-Wntl10B-V5
(Addgene plasmid #35940°°) were a gift from Marian Waterman.

Alkaline phosphatase activity assay for osteogenic
differentiation

Osteoblasts were differentiated for 7 days and then fixed with
3.7% formaldehyde and stained for alkaline phosphatase using
SIGMAFAST BCIP/NBT (Sigma-Aldrich). Cells were collected and
split into two parts for alkaline phosphatase activity and total pro-
tein. The level of alkaline phosphatase protein activity was
measured by SensoLyte pNPP Alkaline Phosphatase Assay Kit
(AnaSpec) according to the manufacturer’s instruction. The level
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of alkaline phosphatase was compared to a standard curve and
normalized to total protein.

Alizarin red assay for mineralization

Osteoblasts were differentiated for 2 weeks and then fixed in 50%
ethanol for 15 min at 4°C, followed by 30 min incubation with 1%
Alizarin Red S (wt./vol. with 0.1% ammonium hydroxide). The
stain was then washed with distilled water, dried, and photo-
graphed. The amount of mineral content was measured by eluting
the Alizarin red stain with 10% cetylpyridinium chloride and the
optical density was measured at OD 570 nm.

Adipogenesis assay

MSCs were seeded into a 6-well plate at the density 2 x 10° cells/
well and were cultivated in MesenCult Basal Media for 5 days then
switched to adipogenic induction medium (MEM supplemented
with 10% FBS, 1% Penicillin-Streptomycin-L-Glutamine, and
1 uM of the PPARy agonist GW1929) with or without 50 ng/mL
rWNTSB. Adipocyte differentiation was analyzed by Oil Red O
(ORO) staining.”” Lipids were stained with 60% ORO for 20 min
at room temperature. The pictures were taken and quantified by
Image] 1.53a.

CFU-F and CFU-OB

Bone marrow cells were seeded into 6-well plates at a density of
1 x 10° cells/well and were cultivated in MesenCult Basal Media
for 5 days, and then were treated with or without 50 ng/mL
rWNTSB for 8 days. Undifferentiated cells were fixed and stained
with Giemsa (Ricca Chemical Company) and colonies were
counted for CFU-E.

Bone marrow cells were plated into 6-well plates at the density
of 1 x 10° cells/well and were cultivated in MesenCult Basal Media
for 5 days then switched to DM with or without 50 ng/mL
rWNTSB for 12 days. Osteoblasts were fixed and stained with Aliz-
arin red as described above.

Knockdown of Wnt5b

Lentivirus expressing a non-mammalian shRNA control
(SHCO002V) or two different ShRNA from The RNAi Consortium
(TRC) in pLKO vector for knockdown of mouse Wnt5b (Clone
ID TRCN0000226380) was purchased from Sigma Aldrich. Calva-
rial osteoblasts were plated into 6-well and infected with lentivirus
at an MOI of 2.7 in MEM with 8 pg/mL polybrene per well. The
plates were centrifuged at 1,400 x g at 30°C for 45 min and left un-
disturbed for 24 h after which the cells were washed with PBS and
treated with or without 50 ng/mL rWNTS5B together with 10 pg/
mL puromycin (MilliporeSigma). The knockdown of Wnt5b was
confirmed by qPCR and immunoblotting.

Overexpression of Sin3a

U20S-ERa cells were transfected in triplicate with pCS2+MT-
mSin3A (Addgene plasmid #30452) together with pGL3-
152887571, EGFPC1-huNFATc1EE-WT, and pRL-SV40 (Renilla), as
an internal control, using FuGENE 6 Transfection Reagent (Prom-
ega). The cells were treated with (or without) Dox. to express ERa
and with or without 10 nM E2. After 24 h, the luciferase levels
were detected by the Dual-Glo Stop & Glo assay from Promega.

Knockdown of SIN3A
ON-TARGETplus Human SIN3A small interfering RNA (siRNA) set
of 4 (Dharmacon) was transfected into U20S-ERa cells using Lip-

ofectamine RNAiMax Reagent (Invitrogen) at 40 nM.”® ON-TAR-
GETplus Non-targeting siRNA (Dharmacon) was used as the nega-
tive control.

Giemsa staining

Cells from alkaline phosphatase activity, Alizarin red, and Oil Red
O staining were counterstained with Giemsa Stain (Ricca Chemi-
cal Company) at the dilution of 1:10 for 30 min and then washed
with tap water. The pictures were taken and the number of cells
was quantified by Image]J v. 1.53a.

Linkage Disequilibrium (LD)
HaploReg v4.1 was used to find SNPs in LD with 152887571 (1> >
0.8).

Statistical analysis

All experiments represent biological or both biological and exper-
imental triplicates. Error bars represent the mean with the SD. The
normal distribution of data was checked before testing statistics
with Student’s t test. p value < 0.05 is considered statistically sig-
nificant. Analyses were performed with Prism 9 Software. Protein
quantification was performed using Image]J v.1.53a.

As the association between polymorphism SNP 152887571 and
expression levels is not a normal distribution, the graph is shown
as the median with the interquartile range and analyzed by Mann-
Whitney U-test using SPSS v.27.

Results

SNP rs2887571 is in an ERa binding site

A genome-wide study from Estrada et al. identified 56 SNPs
associated with BMD.* We sought to determine if any of
the SNPs associated with BMD might be linked to estrogen
signaling, as decreased estrogen signaling leads to osteopo-
rosis. To this end, we analyzed ERa binding sites that were
identified by ChIP-sequencing (ChIP-seq) in osteoblast-
like U20S-ERa cells.*” Of the 56 SNPs, only rs2887571
was located within an ERa binding site. As a ChIP-seq
signal is larger than the actual binding site, the region
around 152887571 was analyzed by PATCH™ transcription
factor binding site software to predict the actual binding
site. There is an ERE half-site adjacent to 1s2887571 and
152887571 is predicted to be in a Nuclear Factor of Acti-
vated T cells (NFAT) motif (Figure 1A).

SNP rs2887571 is associated with WNT5B expression in
primary human osteoblasts

SNP 152887571 is located in a non-coding intergenic re-
gion on chromosome 12 near ELKS/RAB6-Interacting/
CAST Family Member 1 (ERCI), Long Intergenic Non-Pro-
tein Coding RNA 942 (LINC00942), the uncharacterized
long non-coding RNA LOC107984507, F-Box and
Leucine-Rich Repeat Protein 14 (FBXL14), and WNT
Family Member 5B (WNT5B; Figure 1B). To determine
whether the SNP correlates with a nearby gene’s expression
in osteoblasts, we analyzed DNA and RNA from 110
different individuals (age 33-85 who had undergone joint
replacement for degenerative joint disease). Genotyping
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Figure 1. SNP rs2887571 correlates with WNT5B expression in primary human osteoblasts

(A) Nucleotide sequence near SNP rs2887571 with predicted NFAT and ERa binding motifs.

(B) Diagram representing the location between SNP rs2887571 and nearby genes in chromosome 12.

(C-G) Expression of (C) ERC1, (D) LINC00942, (E) LOC107984507, (F) FBXL14, and (G) WNT5B were measured by qPCR and compared
with its genotype for SNP 152887571 in human osteoblasts (AA = 52, AG = 49, and GG = 9). Bars indicate median with interquartile

range. Mann-Whitney U-test: **p = 0.0016.

identified 52 homozygous AA, 49 heterozygous AG, and 9
homozygous GG. The minor allele frequency (MAF) is
0.304 from our mixed population, which is similar to the
European MAF of 0.268 from the 1000 Genomes Project
Phase 3.>' Among the five nearby genes (Figures 1C-1G),
only the level of WNT5B expression was significantly
different between homozygous AA and homozygous GG
at r1s2887571 (**p = 0.0016; Figure 1G).

E2 suppresses WNT5B expression via ERa in osteoblasts

Because SNP 152887571 shows overlap with an ERa-bind-
ing site’” and correlates with WNTSB expression, we hy-
pothesized that E2 might regulate WNTSB through ERa
at SNP rs2887571. To test the role of E2 and ERa on
WNT5B/Wnt5b expression in osteoblasts, three different
osteoblast systems were analyzed: (1) primary human oste-
oblasts (hOBs), (2) U20S-ERa cells, and (3) mouse calvarial
osteoblasts (mOBs). U20S-ERa cells are an osteosarcoma
cell line that has an inducible expression of ERa. Overex-
pression of ERa. in U20S cells leads to an osteoblast pheno-
type that predicts normal osteoblast biology, with the ease
of a cell line."”*” The mRNA and protein levels of WNT5B

were decreased by 10 nM E2 in all three osteoblast systems
compared to the vehicle (ethanol, EtOH) controls (Figures
2A-2E). The expression levels of alkaline phosphatase
(ALPL) were used as a positive control for estrogen activity
and differentiation (Figures S1A-S1C). Wnt5b mRNA
increased during osteoblast differentiation and E2 sup-
pressed the level of Wnt5b expression only at day 7
(Figure 2E). In contrast, Alpl was upregulated by E2 at the
same time point (Figure S1C).

Next, we analyzed the effect of E2 on WNTS5B in bone,
in vivo. Mice were ovariectomized (OVX) or sham-oper-
ated. They were then treated with vehicle or E2 for 24 h.
Immunohistochemistry was performed and the level of
WNTSB in osteoblasts, indicated by red arrows, was
increased in the OVX group compared to the sham group
and was decreased in the OVX+E2 group compared to
the OVX group (****p < 0.0001; *p < 0.05; Figures 2F
and 2G), demonstrating that E2 suppresses WNTSB in vivo.
To confirm this effect was dependent on ERa, we analyzed
bones from WT mice and ERa knockout (EsrI ™) mice.
WNTS5B is elevated in osteoblasts and bone marrow cells
of Esr1~/~ mice compared to WT mice (****p < 0.0001;
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Figure 2. E2 suppresses WNT5B expres-

z sion via ERa
= (A-D) Human osteoblasts (hOBs) and oste-
: L oblast-like U20S-ERa cells were treated

with EtOH or 10 nM E2 for 4 h then levels
of (A, C) WNTSB mRNA expression were
detected by qPCR. Immunoblotting anal-
ysis of WNTS5B protein expression after
treatment with EtOH or 10 nM E2 for
24 h and normalized to B-actin (BA) and
quantified by Image] in (B) hOBs and (D)
U20S-ERa cells. Bar = mean with SEM.
n = 3, Student’s t test: *p<0.05. Three
different biological replicates of hOBs and
U20S-ERa cells were tested and a represen-
tative picture from one biological replicate
is presented.

(E) Mouse osteoblasts (mOBs) were differ-
entiated for 3 and 7 days then treated
with EtOH or 10 nM E2 for 24 h, and levels
of Wnt5b mRNA expression were detected
by qPCR. The level of WNT5B was detected
by IHC in mice from sham-treated, ovariec-
tomized (OVX), and OVX then treated
with E2.

(F) The number of WNTSB-positive osteo-
blasts were counted and divided by the to-
tal osteoblasts from three different mice in
each group. Bar = mean with SEM. n = 3,
Student’s t test: ****p < 0.0001, **p <
0.01, *p < 0.05.

(G) The regions of interest (red square)
are shown below at 40X magnification.
Black scale bar = 200 uM, red scale bar =

EtOH E2

Figure S1D). Bone marrow-derived MSCs were isolated
from each genotype and were differentiated to osteoblasts,
before detecting the mRNA levels of Wnt5b, Alpl, and Esr1
(Figures S1E-S1G). Wnt5b was increased in Esrl -/
compared to WT mice (*p < 0.05; Figure S1E), indicating
that ERa is required to suppress the level of WNTSB.

ERa functions as a transcriptional repressor at SNP
rs2887571 via SIN3A recruitment
As less than 5% of ERa binding sites are at proximal pro-
moters,'”** we predicted that SNP rs2887571 was within
a WNT5B enhancer and further analyzed the molecular
mechanism of the E2-ERa complex at the SNP. E2 activates
ERa to bind at targeted gene promoters or enhancers and
then recruits other transcriptional co-regulators to control
gene expression.'”*?

U20S-ERa cells were treated with or without E2 (10 nM)
for 45 min, which is a time point for optimal recruitment

20 puM, red arrow = osteoblast, and
asterisk = osteoid.

of ERo,*>* and ChIP-qPCR was per-
formed using an antibody to ERa or
IgG. There is a basal level of ERa bind-
ing in the absence of E2 and the bind-
ing of ERa was significantly increased
at SNP rs2887571 in the presence of
E2 (**p < 0.01; Figure 3A), compared
to the B-actin (ACTB) promoter, which is a negative control
region. Although SNP 1rs35223785, which is in LD with
1s2887571, has also been identified as a lead BMD GWAS
variant,®**” we cannot detect the binding of ERa at this
variant compared to IgG (Figure S2A).

Histone 3 lysine 27 acetylation (H3K27ac) is a chromatin
modification that marks open, active, or poised enhancers
and promoters, compared with inactive enhancer ele-
ments that are marked by H3K27 trimethylation
(H3K27me3).>**? To analyze the chromatin status near
SNP 152887571, ChIP-qPCR was performed with an anti-
body to H3K27ac or IgG on E2-treated and vehicle
control-treated cells. 152887571 is marked by H3K27ac,
indicating that it is an active enhancer. The ACTB pro-
moter is a positive control for H3K27ac. H3K27ac was
significantly decreased in the presence of E2 at SNP
152887571 (*p < 0.05; Figure 3B) and correlates with a
decrease in WNT5B expression after E2 treatment.
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Figure 3. ERa and NFATc1 interact and bind at SNP rs2887571

(A-D) U20S-ERa. cells were treated with or without 10 nM E2 for 45 min, then ChIP was performed using an antibody to (A) ERa, (B)
H3K27ac, (C) SIN3A, or (D) NFATc1. qPCR was performed with primers for SNP rs2887571 in comparison with B-actin (ACTB) promoter
or hemoglobin (HBB) promoter.

(E) U20S-ERa cells were treated with 10 nM E2, then ChIP-reChIP was performed with antibodies to ERa, NFATc1 and/or IgG, and
primers for SNP rs2887571.

(F) Human genomic DNA around SNP 152887571 was amplified and inserted into the pGL3 vector, then U20S-ERa cells were transfected
with pGL3-rs2887571, in the presence or absence of EGFPC1-huNFATc1EE-WT. Cells were treated with Dox. to induce ERa. 24 h later,
cells were treated with EtOH or 10 nM E2 for an additional 24 h. Relative luciferase activity was measured using dual-luciferase reporter
assays.

(G) U20S-ERa cells were transfected with pGL3-rs2887571 and EGFPC1-huNFATc1EE-WT, together with or without pCS24+MT-mSin3A,
before being induced or uninduced to express ERa. Cells were treated with EtOH or 10 nM E2 and the relative luciferase activity was
detected at 24 h. Luciferase activity was normalized with pRL-SV40 (Renilla).

(H and I) U20S-ERa cells were transfected with siRNA directed against SIN3A mRNA, before being treated with or without 10 nM E2.
The mRNA levels of (H) SIN3A and (I) WNTS5B were detected by qPCR. n = 3, Student’s t test: ****p < 0.0001, ***p < 0.001,

**p < 0.01, *p < 0.0S.

We next investigated the mechanism of histone deacety-
lation at SNP 152887571 in response to E2. SIN3A, a mem-
ber of the SIN3 transcription regulator family, has been
shown to interact with ERa at the ESRI promoter and to
repress the expression of ESRI in the presence of E2.*°
SIN3 is a scaffold for histone deacetylases (HDACs) and
acts as a co-regulator complex for genes involved in
mammalian development and diseases. SIN3 lacks a DNA
binding motif and it requires other transcription factors
for DNA binding.*' Therefore, U20S-ERq, cells were treated
in the presence or absence of 10 nM E2, and ChIP-qPCR
was performed using an antibody to SIN3A or normal
IgG. The binding of SIN3A was significantly increased at
SNP 152887571 in the presence of E2 (*p < 0.05;

Figure 3C). These results indicate that the E2-ERa. complex
is arepressor of WNT5B via SIN3A at the enhancer contain-
ing SNP rs2887571.

SNP 152887571 is also predicted to be part of an NFAT
binding site* (Figure 1A). The NFAT transcription factor
family consists of five members (NFAT1-5), which bind
to the highly conserved DNA binding domain, 5'-GG
AAA-3'. NFATs show a weak DNA binding capacity and
frequently interact with other transcription factors,
including ERa..** As NFAT signaling regulates bone mass
by increasing osteoblast proliferation,** we hypothesized
that ERa and NFATs might work together to suppress
WNTS5B. First, we identified that NFATCI significantly
had the highest expression among other NFATs in human
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osteoblasts and U20S-ERa cells (Figures S2B-S2C), suggest-
ing the specific function of NFATc1 in osteoblasts. Indeed,
NFATc1 binds at SNP 152887571 by ChIP-qPCR assay; how-
ever, the binding of NFATc1 at rs2887571 was not changed
by the presence or absence of E2 in U20S-ERa cells
(Figure 3D). The ACTB promoter and the hemoglobin
(HBB) promoter were used as negative controls for NFATc1
binding sites (**p < 0.01; Figure 3D). In addition, we
found that ERa and NFATcl bound at rs2887571 at the
same time and place in the presence of E2, as determined
by ChIP-reChlIP assays. ChIP with an antibody to ERe, fol-
lowed by reChIP with an antibody to NFATcl showed
enrichment over the normal IgG control (**p < 0.01;
Figure 3E).

To further confirm that ERa and NFATc1 interact, co-im-
munoprecipitations were performed in U20S-ERa cells.
10 nM E2 was used to activate ERa, and the combination
of 2.5 nM PMA and 1 pM ionomycin was used to activate
NFATc1.*> The combination of E2, PMA and ionomycin
(“EPL,” E2, PMA, and ionomycin) was used to simulta-
neously activate both ERa. and NFATc1. Then, immunopre-
cipitations were performed with an antibody to ERa or IgG
before blotting with a specific antibody to NFATcl. ERa
and NFATcl interact in U20S-ERa cells (lane 1
Figure S2D), and the interaction increased after EPI treat-
ment (lane 2 Figure S2D).

We further elucidated the effect of ERx and NFATc1 on
SNP 152887571 in luciferase reporter assays. A 401-base
pair region of DNA around rs2887571 was cloned into the
pGL3-promoter vector (pGL3-1s2887571), which was trans-
fected into U20S-ERa cells, in the presence of Dox. to
induce ERa and in the presence or absence of an NFATCI-
expressing plasmid. Then cells were treated with or without
10 nM E2 before detecting luciferase activity. NFATcl
increased luciferase activity by over 4-fold compared to
the empty vector and E2 significantly suppressed this activ-
ity in the presence of NFATc1 (**p < 0.01, ***p < 0.001;
Figure 3F), suggesting differential functions at the SNP.

Because the reporter assay suggests that NFATcl may
activate WNTS5B transcription, we tested the effect of
endogenous NFATcl on WNTSB protein expression.
U20S-ERa. cells were treated with either PBS/DMSO
(Ctrl), E2 (10 nM), PMA and ionomycin (2.5 nM and
1 uM, respectively), or the combination of all three (EPI).
After 24 h, WNTSB was detected by immunoblotting.
Quantification of WNTSB bands (and normalization to
B-actin) indicate that WNTS5B was elevated after treatment
with PMA and ionomycin. In contrast, WNTS5B was sup-
pressed by the treatment of E2 and EPI compared to the
control treatment (Figure S2E), suggesting that ERa inter-
acts with NFATc1 to repress WNTSB protein expression.

We further evaluated the inhibitory effect of ERa via
recruitment of SIN3A. U20S-ERa cells were transfected
with pGL3-rs2887571, NFATCI1, Sin3a (or a control
plasmid), and pRL-SV40 (Renilla) luciferase. Then, cells
were induced to express ERa with Dox. (or uninduced
without Dox.) before being treated with or without

10 nM E2 for 24 h. The presence of SIN3A suppressed the
levels of luciferase (**p < 0.01, **p < 0.0001;
Figure 3G). Next, we knocked down SIN3A in U20S-ERa
cells using siRNA directed against SIN3A mRNA. The level
of SIN3A mRNA was reduced by more than 2-fold after
knockdown (**p < 0.01, Figure 3H). E2 has been shown
to suppress SIN3A*° and this is confirmed in Figure 3H
(**p < 0.01). Loss of SIN3A did not affect the endogenous
level of WNTS5B but abolished the inhibitory effect of E2
on WNTSB (Figure 31).

Taken together, ERa and NFATc1 interact and bind at the
WNTS5B enhancer containing SNP rs2887571; however,
their effects are opposite. NFATc1 induces WNT5B expres-
sion, while ERa suppresses it by recruiting SIN3A to deace-
tylate H3K27.

SNP rs2887571 shows allelic specificities to alter WNT5B
levels

Linkage disequilibrium (LD) is the correlation of two alleles
that occur together because of their proximity on a chro-
mosome. There are 13 other SNPs that are in LD with
152887571 and could account for the decreased BMD
associated with it. Therefore, to test for LD and verify the
specificity of SNP rs2887571 on WNTSB expression, we
modified the homozygous AA allele to GG allele in
U20S-ERa cells by using CRISPR-Cas9 technology and ho-
mologous recombination with a donor template contain-
ing the GG allele. We hypothesized that the cells with
the GG allele would express less WNTS5B if it is the causa-
tive allele.

Immunoblots for WNTSB using protein from parental
U20S-ERa cells (AA) and the CRISPR-modified U20S-ERa.
cells (GG) demonstrate that the expression of WNTSB is
two times higher in cells with AA at rs2887571 (*p <
0.05; Figure 4A). The lower levels of WNT5B expression
in U20S-ERa with the GG allele are consistent with the
data previously shown in human primary osteoblasts
with different genotypes (**p = 0.0016; Figure 1G).

Next, we further investigated the molecular mechanisms
and specificity by performing ChIP for ERa at each allele.
We hypothesized that allele G might have more ERa bind-
ing than with allele A, which would result in cells with ho-
mozygous GG expressing lower WNT5B than cells with
homozygous AA (as previously shown in human primary
osteoblasts; Figure 1G). U20S-ERa cells from both
genotypes were treated with or without E2 (10 nM) and
ChIP-qPCR was performed using an antibody to ERa. E2
significantly increased the binding of ERa in both geno-
types, but homozygous GG significantly had more binding
than homozygous AA (*p < 0.05; Figure 4B), suggesting
that increased ERa binding in homozygous GG correlates
with lower WNTS5B expression due to ERa repression of
WNTSB.

We also performed ChIP-qPCR using an antibody to
SIN3A in cells with each genotype. E2 significantly
elevated the binding of SIN3A in homozygous AA; howev-
er, there was no change of the binding in homozygous GG
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with E2 (Figure 4C). Notably, the endogenous binding
levels of SIN3A were significantly higher in homozygous
GG than those in homozygous AA (*p < 0.01;
Figure 4C). The binding of NFATc1 was also different in
each genotype. E2 did not affect the binding at homozy-
gous AA but significantly decreased the binding in
homozygous GG (*p < 0.05; Figure 4D). The endogenous
binding levels of NFATc1 by ChIP-qPCR were also signifi-
cantly higher in homozygous GG (*p < 0.05; Figure 4D).

In summary, SNP rs2887571 showed allelic specificity on
WNT5B expression. Homozygous GG had increased bind-
ing of ERa, SIN3A, and NFATc1 compared to homozygous
AA, which resulted in lower WNTS5B levels in homozygous
GG. These results also demonstrate that 152887571 is the
causative allele that leads to differential expression of
WNTS5B protein levels.

WNT5B inhibits osteoblast differentiation and promotes
adipogenesis

The mechanism by which WNTS5B affects osteoblast differ-
entiation and/or how it regulates gene expression is lack-
ing in the literature. To address this lack of knowledge,
we analyzed calvarial osteoblasts and bone marrow-
derived mesenchymal stem cells (MSCs) to determine the
effects of WNTSB on (1) primary osteoblast differentiation,
(2) adipocyte differentiation, and (3) MSCs.

We first determined the expression of WNTSB in calva-
rial osteoblasts to determine its expression pattern and
possible targets. WNT5B mRNA and protein levels increase
during osteoblast differentiation by day 7 and through day
18, as demonstrated by both immunoblotting and publicly
available RNA-sequencing data (GEO: GSE54461%°) (Fig-
ures S3A and S3B).

Next, we tested the dose-dependent response to re-
combinant mouse WNTSB protein tWNT5B) in mouse

rs2887571

0 [early], 7 [middle], and 14 [late]). A
24 h treatment of 50 ng/mL rWNTSB
did not affect Sp7 (osterix, an early
marker of osteoblast differentiation) at any time point
(Figure 5A) but significantly decreased Alpl (alkaline phos-
phatase, a middle marker of osteoblast differentiation) and
Bglap (bone gamma-carboxyglutamate protein, also
known as osteocalcin, a late marker of osteoblast differen-
tiation) at day 7 and day 14 of differentiation (Figures 5B
and 5C). The effects of WNTS5B on both osteoblast differen-
tiation and mineralization were confirmed by alkaline
phosphatase and Alizarin red staining, respectively, and
WNTSB significantly inhibited both differentiation and
mineralization (***p < 0.001; Figures 5D and SE). To test
whether the inhibitory effect of WNTS5B on osteoblast dif-
ferentiation and mineralization is due to apoptosis, cells
from alkaline phosphatase (day 7) and Alizarin red
(day14) staining were stained with Giemsa and the num-
ber of cells was counted. WNTSB increased the number
of cells at day 7 and day 14 compared to the control group
(**p < 0.01; Figures S3C and S3D), suggesting that WNTS5B
inhibits osteoblast differentiation while maintaining cell
survival.

We next performed a knockdown of Wnt5b in primary
murine calvarial osteoblasts to determine the effects of
WNTS5B on osteoblast differentiation. Wnt5b can be suc-
cessfully knocked down with lentivirally-expressed short
hairpins directed at Wnt5h mRNA. The level of Wnt5b
mRNA and protein was reduced by more than 2-fold after
knockdown (Figure S5F). Loss of Wnt5b significantly
increased the level of Bglap expression compared to the
control group, while the addition of 50 ng/mL tWNTSB
for 7 days showed the specificity of Wnt5b knockdown
and rescued the knockdown (Figure 5G). Furthermore,
the level of alkaline phosphatase activity by colorimetric
assay supported the negative function of WNTSB on differ-
entiation and the addition of rWNTS5B reverses alkaline
phosphatase activity in the silenced cells (Figure SH).
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Loss of Wnt5b did not affect Sp7 nor Runx2, which are
earlier markers of differentiation, thus defining the time
of WNTS5B action in calvarial osteoblast differentiation
(Figures S3E and S3F).

WNTSB also decreased the differentiation of osteoblasts
from bone marrow MSCs. The number of CFU-OB was
decreased when bone marrow MSCs were treated with
50 ng/mL rWNTS5B in osteoblastogenic differentiation
media for 12 days compared to the control-treated group
(*p < 0.05; Figure SI).

We further investigated the effect of WNT5B on MSC-
derived adipogenesis. WNTS5B has been shown to increase
adipogenesis in the 3T3-L1 system,*’*’ but this has not
been shown in primary cells. tWNTS5B at 50 ng/mL signif-
icantly increased the number of adipocytes differentiated
in the presence of the PPARy agonist GW1929 (***p <
0.001; Figures 5] and SK) but did not affect the total cell
number, as detected by Giemsa staining (Figure S3G).
Mechanistically, tWNTS5B had little effect on the expres-
sion level of the adipogenic master transcription factor
Pparg (PPARY), when compared to untreated levels at D7
(*p < 0.0S5; Figure SL). More significantly, WNTSB elevated
the expression level of other adipocyte markers such as
Adipogq (adiponectin), Plinl (perilipin 1), and Cebpa
(CEBPa) (Figures 5M, S3H, and S3I).

Based on the above, we assayed the role of WNT5B on
MSCs, the progenitors of osteoblasts and adipocytes, using
the colony-forming unit-fibroblast (CFU-F) assay, which is
commonly used to assess the presence of bone marrow-
derived MSCs.””°! We treated MSCs with or without
50 ng/mL rWNTS5B in mesenchymal stem cell media for
8 days. WNTSB significantly increased the number of CFU-
F and their diameter, compared to the control group (*p <
0.05; Figure S3]J). We determined that the larger size was
caused by increased proliferation due to elevated expression
levels of several cell cycle genes (Ccnel, Ccne2, Ccna2, Ccnbl,
and Ccnb2 but not Ccnd1) (Figure S3K). More importantly,
the TWNTSB exposed group had an increased expression
level of the stem cell markers Nes (nestin) and Nanog (*p <
0.05; Figures S3L and S3M) when compared to the control.

Taken together, WNTS5B did not affect the early osteo-
genic differentiation genes but suppressed the middle
and late osteogenic differentiation genes, resulting in inhi-
bition of differentiation and mineralization. Moreover,
WNTSB increased the number of CFU-F promoted
adipogenic differentiation, and suppressed osteoblast dif-
ferentiation. Therefore, WNTSB has two roles, one in
MSCs promoting “stemness” and one in osteoblasts, block-
ing differentiation.

WNT5B activates the WNT non-canonical signaling
pathway via ROR1/2 and inhibits B-catenin activity in
osteoblasts

To gain mechanistic insights and identify the signaling
transduction pathway mediated by WNTSB in osteoblasts,
we first transfected U20S-ERa cells with a WNT reporter
(TOP-Flash), together with either pcDNA3-WNTSB,

pcDNA3-WNT10B, pcDNA3-WNT5B with pcDNA3-
WNT10B, or vector alone.®>>® The addition of the canon-
ical WNT ligand WNT10B increased TOP-Flash activity by
5.4-fold. In contrast, WNTSB significantly reduced basal
levels of canonical WNT signaling compared to the vector
control (*p < 0.05; Figure 6A). More importantly, WNTSB
also inhibited WNT10B-induced B-catenin activity signifi-
cantly (**p < 0.01; Figure 6A).

To determine whether WNTSB affects the activity of
B-catenin in normal osteoblasts, primary murine calvarial
osteoblasts were differentiated for 7 days before treatment
with PBS (Ctrl) or 50 ng/mL rtWNTSB for 30 min. Immuno-
fluorescence was performed with an antibody to non-
phosphorylated (Ser33/37/Thr41), active B-catenin, often
referred to as ABC. FWNTS5B suppressed the endogenous
levels of ABC (Figure 6B). FWNTS5B decreased the level of
phospho-B-catenin (Ser552) and ABC compared to total
B-catenin by immunoblotting (Figure 6C). Total B-catenin
protein levels are unchanged compared to p-actin
(Figure 6C). Therefore, IWNTSB exposure represses canon-
ical WNT10B/B-catenin-mediated gene transcription.

We further detected the expression level of known non-
canonical WNT co-receptors (RYK, ROR1, and ROR2)"* be-
tween undifferentiated (at DO) and differentiated (at D7)
calvarial osteoblasts. The expression level of ROR1 and
ROR2 significantly increased during osteogenesis in both
mRNA and protein levels (Figures S4A and S4B), which is
similar to the expression pattern of WNTSB (Figures 2E,
S3A, and S3B). In contrast, both RYK mRNA and protein
levels are unchanged at D7 of differentiation, suggesting
that WNTSB signal transduction may be mediated via
ROR1/2. Immunofluorescence showed that the co-localiza-
tion of WNTSB with ROR1 or ROR2 increased in the pres-
ence of IWNTSB (50 ng/mL) in mouse osteoblasts (Figures
6D and 6E). To test whether WNTSB physically interacts
with either ROR1/2, we used mouse osteoblasts that were
differentiated for 7 days and were treated with tWNT5B
for 15 min, then co-immunoprecipitations were performed
with an antibody to WNTSB or IgG before blotting with a
specific antibody to ROR1 or ROR2. WNTSB showed an
interaction with ROR2 but not ROR1 (Figure S4C). This
result shows that endogenous WNTSB interacts with
ROR2.

Next, we investigated the downstream signal transduc-
tion effectors of WNTS5B. Mouse osteoblasts were differen-
tiated for 7 days before treatment with 50 ng/mL rtWNT5B
at different time points (0, 15, 30, and 60 min). WNTSB
increased the level of dishevelled proteins (DVL) 2 and
DVL3 but not DVL1 (Figure 6F). It is often presumed that
the higher molecular weight band is an indication that
phosphorylation has taken place, and as such, phosphory-
lated DVL2 and DVL3 are also observed after treatment
with WNTSB, suggesting signal transduction has been
initiated through these proteins. The tWNTS5B signal also
activated RAC1/CDC42, phospho-JNK (Thr183/Tyr185),
and induced phosphorylation of c-Fos (Ser32) at 15 to
60 min (Figure 6G). In contrast, WNTSB suppressed
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Figure 5. WNTS5B suppresses osteoblast differentiation and promotes adipogenesis

(A-C) mOBs were isolated from calvaria then treated with various doses of rtWNTS5B at day 0 (DO0), day 7 after differentiation (D7) or day
14 after differentiation (D14) for 24 h. The levels of (A) Sp7, (B) Alpl, and (C) Bglap were detected by qPCR.

(D) mOBs were treated with or without 50 ng/mL rWNTS5B and stained for alkaline phosphatase (ALP) and Alizarin Red.

(E) The levels of Alizarin Red in Ctrl and WNTS5B groups were quantified at O.D. 570 nm and shown as % of the control.

(F) mOBs were infected with lentivirus containing sh-Ctrl or sh-Wnt5b, before collecting mRNA or protein. The levels of WNT5B mRNA
and protein were normalized with B-actin and quantified by Image].

(G and H) Cells were differentiated for 7 days in the presence or absence of 50 ng/mL rWNTS5B, then (G) expression of Bglap was detected
by qPCR and (H) alkaline phosphatase (ALP) activity was detected at O.D. 405 nm then was normalized with total protein.

(I) Bone marrow-derived MSCs were treated with or without 50 ng/mL rWNTS5B in osteogenic differentiation media for 12 days and
stained with Alizarin Red. CFU-OB was reported as the number of colonies.

(J) Bone marrow-derived MSCs were treated with or without 50 ng/mL rWNTS5B in adipogenic differentiation medium for 14 days and

stained with Oil Red O.

(K) The levels of Oil Red O between Ctrl and WNT5B groups were quantified as % Area by Image].

(L and M) Expression of (L) Pparg and (M) Adipoq in MSC-derived adipocytes treated with or without twNTSB for 24 h were detected by
qPCR. Three different biological replicates were obtained and a representative image or graph from one replicate is presented. n = 3,
Student’s t test: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05.

ROCK2 at 60 min and did not affect the downstream
NFATc1. Moreover, c-Jun and phospho-c-Jun (Ser63) were
significantly downregulated at 60 min, relative to basal
levels (Figure 6G).

c-Fos is a transcription factor that increases the level of
the proinflammatory cytokine interleukin 6 (IL6) among
other genes.>® IL-6 induces bone loss by inhibiting bone
formation®® and increasing bone resorption.>” Moreover,
WNTSB was shown to upregulate IL6 in synovial MSCs
from individuals with osteoarthritis®® and to correlate
with IL6 in people with septic shock.”” We hypothesized
that IL6 is a target gene of WNTSB via the activation of
c-Fos. We found that WNTSB significantly increased the
level of Il6 in mouse osteoblasts, MSCs and MSC-derived
adipocytes treated with 50 ng/mL rWNTS5B for 24 h (Fig-
ures 6H-6]). Mechanistically, ChIP-qPCR with a specific

antibody to phospho-c-Fos revealed the binding of phos-
pho-c-Fos at the II6 promoter, compared to a negative con-
trol binding site®” in mouse osteoblasts. The binding of
phospho-c-Fos (Ser32) is increased by the addition of
rWNTSB (*p < 0.05; Figure 6K).

These data show that WNTS5B colocalized with ROR1/2
then activates signal transduction through DVL2/3 and
downstream to WNT non-canonical effectors RAC1/
CDC42, phospho-JNK and phospho-c-Fos in osteoblasts,
while repressing p-catenin-dependent gene activation.

WNT5B represses E2-induced ALPL expression via SIN3A

Because both ERaz and WNTS5B differentially regulate alka-
line phosphatase (Figures 5B, 5D, and SH), we further
investigated the function of WNT5B on E2-induced ALPL
expression. Mouse calvarial osteoblasts were differentiated
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Figure 6. WNT5B activates WNT-PCP signaling pathway via ROR1/2 and inhibits B-catenin activity in osteoblasts

(A) U20S-ERa cells were transfected with Super8XTOPFash (a luciferase reporter for p-catenin activity) together with empty vector
(pcDNA3), WNTS5B, WNT10B, or WNTSB with WNT10B vectors. After 48 h, relative luciferase activity was measured using dual-luciferase
reporter assays. Firefly luciferase activity was normalized to pRL-SV40 (Renilla).

(B) mOBs were differentiated for 7 days before treatment with or without 50 ng/mL rWNTS5B for 30 min and the levels of active B-catenin
(ABC) was detected by immunofluorescence. Scale bar = 10 uM. Three different mOBs were tested in biological replicates and a repre-
sentative image from one replicate is presented.

(C) Differentiated mOBs at D7 were treated with 50 ng/mL rWNTS5B and total cell lysate was collected at different time points before
detecting the level of phospho-B-catenin (Ser552), ABC, total pB-catenin, and B-actin by immunoblotting.

(D and E) mOBs were differentiated for 7 days before treatment with or without 50 ng/mL rWNTSB for 30 min and localization of
WNTS5B with (D) ROR1 or (E) ROR2 were detected by immunofluorescence. Scale bar = 10 pM.

(F and G) mOBs were differentiated for 7 days and treated with 50 ng/mL rWNTS5B, and protein was collected at 0, 15, 30, and 60 min.
The levels of downstream effectors were detected with the indicated antibodies.

(H-J) mOBs (H), MSCs (I), and MSC-derived adipocytes (J) were treated with or without 50 ng/mL rWNTS5B for 24 h and qPCR was per-
formed for 116 mRNA.

(K) mOBs were treated with 50 ng/mL rWNTS5B for 1 h and then ChIP was performed using a specific antibody to phospho-c-Fos (Ser32)
and qPCR using primers to mouse negative control binding site and the I/6 promoter. n = 3, Student’s t test: ****p < 0.0001, **p < 0.01,
*p < 0.05.

and treated with or without 10 nM E2 and/or 50 ng/mL
rWNTS5B for 4 days. In the presence of E2, the level of alka-
line phosphatase activity significantly increased; mean-
while, WNTS5B inhibited the induction by E2 (Figure 7A).
This effect was also confirmed in U20S-ERa cells
(Figure 7B). Furthermore, the mRNA of ALPL was increased
by E2 and decreased by WNTSB (Figure 7C). Therefore,
U20S-ERa cells were used to investigate the molecular
mechanism of WNTS5B on ALPL expression.

We have shown previously that ERa binds at two en-
hancers downstream of ALPL (see schematic, Figure 7D)."?

U20S-ERa. cells were treated with either EtOH/PBS (Ctrl),
10 nM E2, 50 ng/mL rWNTSB, or a combination of E2
with tWNTS5B (E2/WNT5B), and then ChIP-qPCR was per-
formed with an antibody to ERa. The binding of ERa signif-
icantly increased at both enhancers when treated with E2
compared to the control (Figure 7E). Paradoxically, ERa
was further enriched when the cells were treated with E2
together with WNTSB compared to only E2 at enhancer 1
(**p < 0.01; Figure 7E). Because the presence of ERo. does
not match the expression of ALPL, we hypothesized that
WNTSB signaling would recruit a repressor complex to
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ALPL expression via SIN3A

(A and B) mOBs (A) or U20S-ERa. cells (B)
were treated with EtOH or 10 nM E2 in
the presence or absence of 50 ng/mL
rWNTSB for 4 days. Then, alkaline phos-
phatase (ALP) activity was detected and
was normalized with total protein.

(C) Expression of ALPL also was measured
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these ALPL enhancers. Thus, we performed ChIP-qPCR us-
ing an antibody to SIN3A, a member of a histone deacety-
lase complex (Figure 7F). In the presence of E2, the binding
of SIN3A at both enhancers was decreased when compared
to the control (Figure 7F), corresponding with the increase
in ALPL expression without WNT5B. The addition of
WNTSB and E2 increased the recruitment of SIN3A to
enhancer 1, compared to E2 alone. We confirmed the deace-
tylase activity of SIN3A by analyzing for H3K27ac at the
ALPL enhancers. Indeed, in the presence of rtWNTSB and
E2, there is a correlation between SIN3A recruitment and
a decrease in H3K27ac compared to E2 alone (Figure S5A).

We found that SIN3A expression was increased by
rWNTSB in U20S-ERa cells (lane 1 versus 3, Figure 7G).
Next, we tested for the interaction of ERa and SIN3A by co-
immunoprecipitation. ERo and SIN3A interact, and their
interaction increased when WNT5B was added (lane 5 versus
8, Figure 7G). As a negative control, ERa was not immuno-
precipitated with normal IgG (lane 9-12, Figure 7G). Phos-
phorylated CDKS at tyrosine 15 (Tyr15) is active®! and can
phosphorylate SIN3A to induce proteasome degradation.®*
Due to the lack of a phospho-specific SIN3A antibody, we

SIN3A

0 min

B-actin (BA) by Image]J. Three different bio-
logical replicates were tested and a repre-
sentative image from one replicate is pre-
sented. n = 3, Student’s t test: **p < 0.01,
*p < 0.05.

analyzed SIN3A phosphorylation us-
ing calf intestinal phosphatase (CIP)
assays and a phospho-specific CDKS
antibody (Tyr15). Mouse osteoblasts
were treated with 50 ng/mL rWNTSB for O and 15 min,
and protein was obtained. The protein lysates were treated
with or without CIP in vitro, before detecting the level of
phospho-specific CDKS (Tyr15) and SIN3A by immunoblot-
ting. Phospho-CDKS (Tyr15) was decreased and, in contrast,
non-phosphorylated SIN3A was increased by the activation
of WNTS5B (lane 1 versus 3, Figure 7H). Moreover, Image]
quantification of the immunoblots confirms our results.
Therefore, WNT5B suppresses CDKS activity, which pre-
vents phosphorylation of SIN3A and blocks protein degrada-
tion that ultimately allows SIN3A to activate gene suppres-
sion (e.g., ALPL).

Interestingly, we found that the expression of ALPL in
U20S-ERa homozygous GG cells, that has lower WNT5B
expression, was higher than homozygous AA by qPCR
(***p < 0.0001; Figure S5B), further demonstrating the
role of WNTSB in the suppression of ALPL expression.

Taken together, WNT5B suppresses E2-induced ALPL
expression by protecting SIN3A degradation via the inhibi-
tion of CDKS activity and then recruiting SIN3A to interact
with ERe, resulting in loss of acetylation at H3K27 at the
ALPL enhancer.

15 min
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Figure 8. Model of the regulation of WNT5B expression at SNP
rs2887571 and the signaling pathway of WNT5B in osteoblasts
(A) The molecular mechanisms of ERa and NFATcl at SNP
152887571 in cells with homozygous AA (right) or homozygous
GG (left) at rs2887571. (Top) Homozygous GG has increased
ERa, NFATc1 and SIN3A compared to homozygous AA, which re-
sults in lower endogenous WNTS5B expression due to the repres-
sive effects of SIN3A. (Bottom) The presence of E2 recruits SIN3A
to suppress the expression of WNT5B in both genotypes, with
increased suppression in cells with GG due to increased recruit-
ment of SIN3A.

(B) WNTSB binds with ROR1/2 then activates DVL2/3, RAC1/
CDC42, p-JNK, and p-c-Fos. Phosphorylation of SIN3A by CDKS5
results in proteasome degradation. WNTSB inhibits phosphoryla-
tion of CDKS (Tyr15), resulting in accumulation of SIN3A. WNT5B
also inhibits B-catenin activity in osteoblasts. Solid lines indicate
the signaling pathways described in this study. The dashed line in-
dicates the signaling that has been previously reported. P indicates
phosphorylation. Created with BioRender.com

Discussion

Many genetic factors significantly influence osteoporosis.*
The non-coding intergenic SNP rs2887571 at 12p13.33 is
predicted to affect BMD;*®* however, the mechanism of
152887571 in bone was not known. Here we show that
SNP 152887571 is a binding site for ERa and NFATc1 and
they regulate the expression of WNT5B (Figure 8A).
Increased expression of WNTSB with the AA genotype cor-
relates with decreased bone mineral density, as WNTSB in-

hibits osteoblast differentiation. WNTSB signals through
ROR1/2 signaling pathways to inhibit osteoblast differen-
tiation genes such as alkaline phosphatase. Mechanisti-
cally, we also reveal that SIN3A is a downstream effector
of WNTSB to suppress gene expression (see model,
Figure 8B).

GWASs have discovered hundreds of variants associated
with bone density®* and the trait-associated variants are
mostly far from protein-coding regions.®® The effects of
non-coding causal variants can be highly cell-type-,
context- and disease-specific; therefore, the greatest
challenge after a GWAS is to understand the underlying
biological mechanisms of the variants on each trait.®®
The intergenic variant SNP rs2887571 is reported to con-
nect with WNTS5B in silico by the Gene Relationships
Across Implicated Loci (GRAIL) text-mining algorithm®
and is predicted to associate with bone density and
osteoporotic fractures.*>**®” We identified that SNP
152887571 targets WNTSB, but not ERC1, LINC00942,
LOC107984507, nor FBXL14, in primary human osteo-
blasts. We also provide evidence that this was not due to
another SNP in linkage disequilibrium, as shown by
CRISPR substitutions of the AA allele for the GG allele
altering the expression of WNTS5B.

Several WNT proteins, including WNT10B and WNTSA,
have been shown to promote bone mass by activating
osteoblastogenesis and inhibiting adipogenesis from
MSCs.”%%7% Although WNTSA and WNTSB have a high
amino acid identity in mice (87%) and humans
(80.5%),”""”* they show non-redundant functions in most
tissues.”” The distinct effects of WNT5A and WNT5B are
not only in bone'*’* and adipose tissue*”**°? but also in
the nervous system,”>’® immune system,”””® and mam-
mary gland.”” Moreover, our results elucidate that WNT5B
affects both bone marrow-derived MSCs and calvarial differ-
entiating osteoblasts. WNTSB promotes MSC proliferation
and induces the commitment to the adipocyte lineage
rather than osteoblast lineage. WNTSB may increase pro-
genitor cell exhaustion as it does in hematopoietic stem
cells.”” The role of WNTS5B in stem cells, osteoblasts, bone
metabolic diseases, and osteosarcoma is still limited and
should be investigated in future studies.

WNTs function through either a B-catenin-dependent (ca-
nonical) or a B-catenin-independent (non-canonical) WNT
signaling pathway.’**" We find that WNT5B suppresses
B-catenin activity and activates non-canonical WNT
signaling via DVL2/3, RAC1/CDC42, JNK, and CDKS5/
SIN3A in osteoblasts. ROR1 and ROR2 show dimerization
to trigger non-canonical WNT signal transduction in
chronic lymphocytic leukemia,®' and potentially could
do the same thing in osteoblasts, as our mechanistic results
also show that WNTS5B is activating non-canonical
signaling via ROR1 and/or ROR2. During osteoblast differ-
entiation (D7), both levels of mRNA and protein expres-
sion pattern for ROR1/2 are elevated, similar to WNTS5B,
yet the expression is more prominent for ROR1. Colocali-
zation by immunofluorescence suggests that ROR1/2 are
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WNTSB co-receptors. WNT ligands use a two-component
system of receptors to create a WNT-ligand-specific signal-
osome and ligand-selective WNT signaling.®” Further work
will be required using conditional KOs or CRISPR-Cas9
technique for ROR1/2 and/or other co-receptors in osteo-
blasts to delineate the recruitment of the co-receptors
and WNTSB interactions.

We have demonstrated the mechanisms of WNT5B on
suppression or stimulation of several target genes in osteo-
blasts. WNTSB increases 116, an osteoporotic-induction
cytokine,*®*” via phospho-c-Fos (Ser32). We also reveal
that SIN3A is a WNTSB effector to suppress gene expres-
sion via CDKS. SIN3A is a global transcription repressor
and phosphorylation by CDKS leads to proteasome degra-
dation.®” WNT5B decreases CDKS5 Tyr15 phosphorylation,
thus decreasing active CDKS5,°! resulting in the accumula-
tion and activation of SIN3A. Finally, we show that
WNTSB inhibits the function of B-catenin by decreasing
the levels of non-phospho (active) B-catenin (Ser33/37/
Thr41) and phospho-B-catenin (Ser552). Although phos-
phorylation at Ser33/37/Thr41 leads to proteasome degra-
dation,®* phosphorylation of B-catenin at Ser552 induces
transcriptional activity which is mediated by protein ki-
nase B (AKT).** The PI3K/AKT signaling pathway is re-
ported to inhibit osteoporosis by promoting osteoblast
proliferation, differentiation, and bone formation.®®
WNTS5B may suppress AKT/B-catenin transcriptional activ-
ity via JNK. A high-fat diet in mice increases the level of in-
sulin, resulting in the upregulation of Wnt5b,*® while
decreasing the level of AKT signaling.®” JNK attenuates
the activity of AKT through a p70 ribosomal S6 kinase
alpha (RPS6KB1)-dependent mechanism.®” However, the
crosstalk between JNK and AKT signaling pathway is com-
plex and requires further investigation.

Estrogens, via ERa, are important in the development
and maintenance of bone mineral density.'® Estrogens
regulate osteoblast differentiation and induce osteoclast
apoptosis.'*?° Here, we show that E2 additionally protects
bone by suppressing WNTSB. E2 activates the ERa/SIN3A
complex to bind at SNP rs2887571. A 3D interaction study,
such as Hi-C or HiChlIP, could identify specific promoter
and enhancer gene interactions between ERa, WNTS5B,
and rs2887571.%°

We find that ERa and NFATc1 interact with each other
and bind at SNP rs2887571. However, the effects of ERa
and NFATc1 on WNTSB are in opposition. The E2/ERa com-
plex suppresses WNTSB and NFATcl increases WNTSB.
Which NFAT interacts with ERa is cell type specific. In
breast cancer cells, NFATc2 interacts with ERa and enhances
ERo-mediated transcription activity.®® In contrast, E2 and
ERa have also been shown to inhibit NFATc2 transcrip-
tional activity.”” Our results clearly show that NFATC1 has
the highest expression compared to other NFAT members
in osteoblasts and activation of NFATc1 represses osteoblas-
togenesis by activating WNT5B expression. These results
support the previous studies that show that NFATc1 sup-
presses osteoblast differentiation by inhibiting ERa and os-

teocalcin expression.”””" Nevertheless, the effects of NFATSs
on osteoblasts are still controversial’” and need further
investigation.

In conclusion, this work shows a functional mechanism
of how the SNP rs2887571 regulates WNT5B and the
inhibitory effect of WNTSB on osteoblastogenesis. In our
study, we find that homozygous GG at SNP rs2887571 cor-
relates with lower WNTSB expression than homozygous
AA in primary human osteoblasts. We propose that SNP
152887571 is an enhancer for WNT5B (Figure 8A) and
that ERa represses WNTS5B to protect osteoblasts. Using
the CRISPR-Cas9 technique to alter SNP rs2887571 in
U20S-ERa cells reveals that allele G leads to higher sup-
pression of endogenous WNTSB via recruitment of
SIN3A, leading to increased osteoblastogenesis. These find-
ings reveal the importance of GWAS-identified signals in
the non-coding region, as well as the biological effects of
WNTSB in osteoblasts, for the pathophysiology of bone
metabolic diseases such as osteoporosis that may lead to
the development of alternative therapies for bone disease.
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