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Summary
Background Global sclerostin inhibition reduces fracture risk efficiently but has been associated with cardiovascular
side effects. The strongest genetic signal for circulating sclerostin is in the B4GALNT3 gene region, but the causal
gene is unknown. B4GALNT3 expresses the enzyme beta-1,4-N-acetylgalactosaminyltransferase 3 that transfers
N-acetylgalactosamine onto N-acetylglucosaminebeta-benzyl on protein epitopes (LDN-glycosylation).

Methods To determine if B4GALNT3 is the causal gene, B4galnt3−/− mice were developed and serum levels of total
sclerostin and LDN-glycosylated sclerostin were analysed and mechanistic studies were performed in osteoblast-like
cells. Mendelian randomization was used to determine causal associations.

Findings B4galnt3−/− mice had higher circulating sclerostin levels, establishing B4GALNT3 as a causal gene for
circulating sclerostin levels, and lower bone mass. However, serum levels of LDN-glycosylated sclerostin were lower
in B4galnt3−/− mice. B4galnt3 and Sost were co-expressed in osteoblast-lineage cells. Overexpression of B4GALNT3
increased while silencing of B4GALNT3 decreased the levels of LDN-glycosylated sclerostin in osteoblast-like cells.
Mendelian randomization demonstrated that higher circulating sclerostin levels, genetically predicted by variants
in the B4GALNT3 gene, were causally associated with lower BMD and higher risk of fractures but not with higher
risk of myocardial infarction or stroke. Glucocorticoid treatment reduced B4galnt3 expression in bone and
increased circulating sclerostin levels and this may contribute to the observed glucocorticoid-induced bone loss.

Interpretation B4GALNT3 is a key factor for bone physiology via regulation of LDN-glycosylation of sclerostin. We
propose that B4GALNT3-mediated LDN-glycosylation of sclerostin may be a bone-specific osteoporosis target,
separating the anti-fracture effect of global sclerostin inhibition, from indicated cardiovascular side effects.
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Copyright © 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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Introduction
Osteoporosis is a disease affecting millions of people
worldwide.1,2 Although the disability due to osteoporosis
is enormous, the underlying mechanisms causing
reduced bone mass and increased fracture susceptibility
are not completely understood. Global sclerostin
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inhibition increases bone mass and reduces fracture
risk efficiently but has in some, but not all, studies been
associated with cardiovascular side effects.3,4 Romoso-
zumab is a monoclonal antibody against the Wnt in-
hibitor sclerostin, that is approved as an anabolic
treatment of postmenopausal osteoporosis.5 However,
and Arthritis Research, Institute of Medicine, Sahlgrenska Academy at
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Research in context

Evidence before this study
Global sclerostin inhibition is an approved osteoporosis
treatment that reduces fracture risk efficiently but has been
associated with cardiovascular side effects. Circulating
sclerostin is derived from osteoblast-lineage cells. The
strongest genetic signal for circulating sclerostin is in the
B4GALNT3 gene region, but the causal gene is unknown. The
aim of the present study was to identify the causal gene for
sclerostin levels in the B4GALNT3 gene region and to establish
how this gene regulates sclerostin levels. We hypothesized
that methods targeting this mechanism may increase bone
mass and reduce fracture risk without having cardiovascular
side effects.

Added value of this study
This study showed that B4GALNT3 regulates bone mass and
sclerostin levels via an enhanced specific glycosylation of

sclerostin in osteoblast-lineage cells. Furthermore, we
demonstrate that glucocorticoid-induced regulation of
B4galnt3 expression may contribute to glucocorticoid-induced
bone loss. Finally, higher circulating sclerostin levels,
genetically predicted by variants in the B4GALNT3 gene, are
causally associated with lower bone mineral density and
higher risk of fractures, but not with higher risk of myocardial
infarction or stroke in humans.

Implications of all the available evidence
B4GALNT3 is as a key factor for bone physiology via
regulation of a specific glycosylation of sclerostin in
osteoblast-lineage cells. B4GALNT3-mediated glycosylation of
sclerostin may be a promising bone-specific osteoporosis
target, separating anti-fracture effect from cardiovascular side
effects.
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as there is some evidence of potential cardiovascular
safety concerns, recent myocardial infarction and stroke
are contraindications for treatment using romosozu-
mab. One Mendelian randomization (MR) study, using
genetic variants in the SOST gene (coding for sclerostin)
as exposure, revealed that the SOST SNPs alleles that
display the strongest association with reduced fracture
risk also associate with increased risk of myocardial
infarction.3 In contrast, another MR study using scle-
rostin SNPs strongly associated with SOST mRNA
levels in vascular tissues as exposure did not observe an
association with risk of myocardial infarction.6

Furthermore, a protective role of sclerostin against
vascular calcification was recently demonstrated using
two mouse disease models.7 Therefore, further studies
determining the tissue-specific effects of sclerostin are
warranted to either exclude cardiovascular side effects of
global sclerostin inhibition or to develop alternative
sclerostin-targeting therapies with a bone-specific effect,
avoiding cardiovascular side effects.

Sclerostin is a glycoprotein mainly produced by late
osteoblasts and osteocytes.8 It exerts its main effect in
bone where it plays an important role in the adaptive
response to mechanical loading, acting within the local
bone microenvironment to suppress bone formation in
the absence of loading.9 Circulating sclerostin is only
derived from osteoblast-lineage cells as demonstrated by
studies using mouse models with conditional inactiva-
tion of Sost.10 Although high levels of sclerostin were
found in the circulation of control mice, both a mouse
model using Col1-Cre mediated deletion (inactivating
genes in both osteoblasts and osteocytes), and a mouse
model using Dmp1-Cre mediated deletion (inactivating
genes in late osteoblasts/osteocytes) of sclerostin had no
measurable levels of sclerostin in the circulation, clearly
establishing that circulating sclerostin is only derived
from late osteoblasts/osteocytes.10 Nevertheless, SOST is
also expressed in multiple non-bone tissues, including
arteries, and may locally in these tissues exert important
biological actions although these non-bone tissues do
not have the capacity to contribute to circulating scle-
rostin levels.11

We recently observed that the strongest genetic
signal for circulating sclerostin in humans is located on
chromosome 12 in the B4GALNT3 gene region, but the
causal gene is unknown.12 The aim of the present study
was to identify the causal gene for sclerostin levels in the
B4GALNT3 gene region and to determine how this gene
regulates sclerostin levels. We hypothesized that
methods targeting this mechanism may increase bone
mass and reduce fracture risk without having cardio-
vascular side effects.
Methods
Human genetic association studies
Look ups of signals for circulating sclerostin at the
B4GALNT3 gene region in different available data sets
Femoral neck (FN)-BMD analysed by DXA. Associations
with FN-BMD for the used SNPs at the B4GALNT3
gene region are taken from the GWAS summary sta-
tistics from Zheng et al.,12 available at the GEFOS
website http://www.gefos.org.

Estimated BMD (eBMD) at the heel analysed by ultra-
sound. Associations with eBMD for the used SNPs at
the B4GALNT3 gene region are taken from the GWAS
summary statistics from Morris et al.,13 available at the
GEFOS website http://www.gefos.org.

Fractures at any bone site. Association with fractures at
any bone site for the used SNPs at the B4GALNT3 gene
www.thelancet.com Vol 91 May, 2023
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region are taken from the GWAS summary statistics for
fractures at any bone site from Morris et al.,13 available
at the GEFOS website http://www.gefos.org.

Myocardial infarction. Association with myocardial
infarction for the used SNPs at the B4GALNT3 gene
region are taken from the GWAS summary statistics
from Hartiala et al.,14 available at https://www.ebi.ac.uk/
gwas/home.

Stroke. Association with stroke and ischemic stroke
for the used SNPs at the B4GALNT3 gene region are
taken from the GWAS summary statistics for stroke and
ischemic stroke from Malik et al.,15 available at https://
www.megastroke.org/.

New associations analyses for the used SNPs at the
B4GALNT3 gene region with distal forearm
fractures
Our new analyses of associations between the used
SNPs at the B4GALNT3 locus with distal forearm frac-
tures (defined by ICD10 codes S52.5 and S52.6;
N = 7324 distal forearm fracture cases) were performed
using data from the UK Biobank study (http://www.
ukbiobank.ac.uk). Briefly, the UK Biobank is a large
prospective cohort study of approximately a half million
adult (ages 40–69 years) participants living in the United
Kingdom, recruited from 22 centres across the United
Kingdom in 2006–2010.16 We included 438,756 partici-
pants of white European descent with valid data on the
candidate SNPs at the B4GALNT3 locus, the forearm
fracture outcome, and relevant covariates (age, sex,
height, weight). Associations between the used SNPs at
the B4GALNT3 locus and the forearm fracture outcome
were performed using SAIGE.17 Briefly, this method
uses a scalable generalized mixed model region-based
association test that can handle large sample sizes and
accounts for unbalanced case–control ratios for binary
traits. Fracture risk was corrected for age, age2, height,
weight, sex, genotyping array and PC1 + … + PC20 in
logistic regression models. Individuals were excluded
based on unusually high heterozygosity or >5% missing
genotype rate, a mismatch between self-reported and
genetically inferred sex.

Selection of genetic instruments for circulating
sclerostin in the B4GALNT3 gene region
In total 69 genome-wide significant SNPs in the
B4GALNT3 gene region were identified in the GWAS
for circulating sclerostin by Zheng et al.12 Associations
for these 69 SNPs are available in Table S1 of Zheng
et al. We excluded 4 SNPs with P value > 5 × 10−8. Of the
remaining genetic variants, we selected those with the
lowest P value having a pairwise squared correlation (r2)
less than 0.4, resulting in 10 validated genetic variants
predicting circulating sclerostin to be used in the MR.18
www.thelancet.com Vol 91 May, 2023
We aligned the effect allele of each genetic variant on
the circulating sclerostin increasing allele. Population-
specific correlations between variants were estimated
with LDlink19 using the 1000 Genomes Project (phase 3)
and the British in England and Scotland population. As
described earlier, the selected SNPs had a pairwise r2

less than 0.418 and they therefore contributed both
common and unique information on circulating scle-
rostin. In the gene-based MR analyses, we subsequently
accounted for remaining correlations among selected
genetic variants; thereby this methodology captures the
total cumulative unique but not overlapping association
information with high precision from multiple SNPs
within the B4GALNT3 gene region.20,21

Mendelian randomization (MR)
We used a gene-based MR analysis to determine the
causal associations of circulating sclerostin, genetically
predicted by 10 variants in the B4GALNT3 gene region,
on BMD parameters, fracture risk, risk of myocardial
infarction, risk of stroke and risk of ischemic stroke. As
genetic variants are randomly distributed at birth, they
are unaffected by confounders. Causal effect estimates
were obtained using fixed effects inverse-variance
weighted (IVW) that accounts for correlations among
genetic variants within the evaluated gene region.22,23

Heterogeneity would generally not be expected when
using multiple variants in the same gene region that
should have similar mechanisms of effect.24 Even
though we are using correlated variants from a single
gene region we first used the Q statistic25 to identify the
presence of potential pleiotropy. As an additional tool to
identify potential presence of directional pleiotropy, we
used Egger regression accounting for correlated genetic
variants.23 All MR analyses were performed using the
MendelianRandomization package in R, version 3.4.2.

Ethics
New analyses of associations between the SNPs at the
B4GALNT3 locus and distal forearm fractures were
performed using data from the UK Biobank study. The
UK Biobank has ethical approval from the North West
Multi-Centre Research Ethics Committee (application
no. 16/NW/0274), and informed consent was obtained
from all participants. The present research was
approved by the UK Biobank Research and Access
Committee (application no. 51784).

Animal experiments
The experimental procedures involving animals were
approved by the Ethics Committee in Gothenburg,
Västra Götaland, and the care of the animals was in
compliance with its guidelines. The mice were housed
in a standard animal housing facility with a 12-h of
darkness and a 12-h of light photoperiod. The temper-
ature was controlled (22 ◦C) and food and water were
available ad libitum.
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Generation of B4galnt3−/− mice
Global B4galnt3+/− mice were generated by breeding
heterozygous B4galnt3tm1c(EUCOMM)Wtsi male mice
(Institut Clinique de la Souris, Illkirch, France), with
female mice expressing cre recombinase ubiquitously
and from an early embryonic stage under the
control of the phosphoglycerate kinase-1 promoter
(PGKcre).26,27 In B4galnt3tm1c(EUCOMM)Wtsi mice, LoxP
sites are introduced upstream from B4galnt3 exon 8
and exon 10 (Fig. 1a). In PGKcre-expressing females,
the cre activity starts in the diploid phase of oogenesis
and thereby a complete recombination of LoxP sites
occurs also in cre− offspring. In the presence of an
active cre recombinase, the DNA fragment including
exons 8–9 of the B4galnt3 allele is excised and the
offspring become B4galnt3+/− mice (Fig. 1a). Briefly,
to generate B4galnt3−/−, B4galnt3+/− and littermate
B4galnt3+/+ control mice for the experiments,
B4galnt3+/− female and male mice were mated. The
following primer pair was used for genotyping
of the B4galnt3−/− mice: forward primer
(5′-GGTGGCTTGCACATTCACAGGCG-3′) and reverse
primer (5′-ACCCCTAGGGAGTTGACTGCTTGCC-3′),
while the following primer pair was used for genotyping
the B4galnt3+/+ mice: forward primer (5′-
GGTGGCTTGCACATTCACAGGCG-3′) and reverse
primer (5′-TGGTAATTTGCCCAAAGTCGCCCAGG-3′).
Detection of the presence of PGKcre was done using
forward primer (5′-AACATGCTTCATCGTCGG-3′) and
reverse primer (5′-TTCGGATCATCAGCTACACC-3′).

Glucocorticoid-treatment experiment
Twelve-wk-old female wild-type (WT) C57BL/6N
mice were treated with a subcutaneous 60-day-slow-
release pellet containing either prednisolone (7.6 mg ×
kg−1 × day−1; Innovative Research of America, Sarasota,
FL) or vehicle for four weeks. This prednisolone
dose has in previous studies been shown to exert ef-
fects on the skeleton in mice.28 The pellets were
inserted under anaesthesia with isoflurane (Baxter
Medical AB, Kista, Sweden) and Rimadyl (Orion
Pharma AB, Animal Health, Sollentuna, Sweden) was
given as an analgesic.

At termination, the mice were anesthetized
with Ketador/Dexdomitor (Richter Pharma/Orion
Pharma), bled, and euthanized by cervical dislocation.
Long bones and vertebrae were dissected and
stored for future analyses, soft tissues were collected,
weighed, and snap-frozen in liquid nitrogen.

Measurement of serum sclerostin
Blood samples were collected at termination and the
serum was separated and kept at −80 ◦C until analysis.
Serum levels of sclerostin were measured using a
commercially available ELISA (ALPCO immunoassays,
Salem, NH).
Assessment of bone parameters
Dual-energy X-ray absorptiometry (DXA)
Analyses of total body areal bone mineral density
(aBMD), lumbar spine aBMD (L2–L5), and whole femur
aBMD were performed using Faxitron UltraFocus DXA
(Faxitron Bioptics, Tuscon, AZ). The DXA analyses were
performed under anaesthesia by intraperitoneal injec-
tion of Ketanest/Dexdomitor (Pfizer/Orion Pharma).

High resolution micro computed tomography (μCT)
High resolution micro computed tomography (μCT) was
used to analyse lumbar vertebra 5 and tibia (Skyscan,
1172; Bruker MicroCT, Aartselaar, Belgium), as previ-
ously described.29 The lumbar vertebra and tibia were
imaged with an X-ray tube voltage of 50 kV and a cur-
rent of 201 μA, with a 0.5 mm aluminium filter, and the
scanning angular rotation was 180◦, and the angular
increment was 0.70◦. NRecon (version 1.6.9.8, Bruker
MicroCT) was used to perform reconstruction after
scans. In the vertebra, the trabecular bone was analysed
235 μm from the lower end of the pedicles and
continued for approximately 229 μm. In the tibia, the
trabecular bone distal to the proximal growth plate was
selected for analysis within a conforming volume of
interest (cortical bone excluded), commencing at a dis-
tance of 650 μm from the growth plate and extending a
further longitudinal distance of 134 μm in the distal
direction. The data was analysed using the CTAn soft-
ware (version 1.13.2.1, Bruker MicroCT).

Peripheral quantitative computed tomography (pQCT)
Peripheral quantitative computed tomography (pQCT)
was performed on tibia using pQCT XCT Research M
(version 4.5B; Norland) at a resolution of 70 μm, as
previously described.30,31 Cortical bone was determined
with a mid-diaphyseal scan positioned distal from the
proximal growth plate of the tibia, corresponding to 30%
of the bone length.

Mechanical strength
After dissection, the humerus was frozen at −20 ◦C.
Three-point bending was performed with a span length
of 4.5 mm and a loading speed of 0.155 mm/s using an
Instron 3366 (Instron, Norwood, MA). Biomechanical
parameters, based on the recorded load deformation
curves, were calculated from Bluehill 2 software v.2.6
(Instron) with custom-made Excel (Microsoft, Red-
mond, WA) macros.29

RNA isolation, cDNA synthesis and quantitative
real-time PCR analyses of mice tissue and primary
periosteal cells
Total RNA was prepared from mouse cortical bone, aorta,
and kidney and primary periosteal cells using Trizol
reagent (Thermo Fisher Scientific) and/or RNAeasy micro
kit in a Qiacube preparation robot (Qiagen). The mRNA
was reversed transcribed to cDNA (Thermo Fisher
www.thelancet.com Vol 91 May, 2023
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Fig. 1: B4galnt3−/− mice have increased levels of total serum sclerostin but decreased levels of LDN-glycosylated sclerostin in serum.
a) Schematic illustration of the B4galnt3 inactivated mouse model. The B4galnt3 gene has 20 exons and the two LoxP sites are located in the
introns upstream of exons 8 and 10. b) mRNA expression analyses of B4galnt3 in the cortical bone of tibia and aorta in 13-wk-old female
B4galnt3+/+ mice (n = 11) and B4galnt3−/− homozygote (n = 12) mice. Individual values are presented with the mean as horizontal lines and
±SEM as vertical lines. Statistical analyses were performed using two-sided Student’s t test. ND = not detectable. c–e) Total serum sclerostin
levels in female + male (c), female (d), and male (e) B4galnt3+/+ and B4galnt3−/− mice (female B4galnt3+/+ n = 11; female B4galnt3−/− n = 11; male
B4galnt3+/+ n = 11; male B4galnt3−/− n = 11) as measured by ELISA. Values are given as medians and interquartile range. Statistical analyses were
performed using two-sided Student’s t test. f–h) Normalized LDN-glycosylated sclerostin protein levels from serum of female + male (f), female
(g), and male (h) B4galnt3+/+ and B4galnt3−/− mice (female B4galnt3+/+ n = 11; female B4galnt3−/− n = 11; male B4galnt3+/+ n = 11; male
B4galnt3−/− n = 11) after precipitation with Wisteria floribunda agglutinin (WFA) agarose beads and analysed by Western blot. On each Western
blot (see example in Supplemental Figure S2a and b), serum from one random B4galnt3+/+ and one random B4galnt3−/− mice with and without
WFA in the precipitation were included and the levels in B4galnt3−/− mouse were normalized to the levels in the B4galnt3+/+ mouse set to 1.
Values are given as medians and interquartile range. Statistical analyses were performed on normalized data using Mann–Whitney U-test. i–k)
Ratio of LDN-glycosylated/total sclerostin levels in female + male (i), female (j), and male (k) B4galnt3+/+ and B4galnt3−/− mice (female
B4galnt3+/+ n = 11; female B4galnt3−/− n = 11; male B4galnt3+/+ n = 11; male B4galnt3−/− n = 11). The ratio in a B4galnt3−/− mouse was
normalized to the ratio in the B4galnt3+/+ mouse analysed on the same Western blot. Values are given as medians and interquartile range.
Statistical analyses were performed on normalized data using Mann–Whitney U-test. l) Quantification of the intensity of sclerostin immu-
noreactivity per osteocyte in tibia. Results are expressed as mean intensity per osteocyte (male B4galnt3+/+ mice n = 6; B4galnt3−/− mice n = 6).
Individual values are presented with the mean as horizontal lines and ±SEM as vertical lines. Statistical analyses were performed using two-sided
Student’s t test. The results refer to 13-week-old B4galnt3+/+ and B4galnt3−/− mice. LDN = LacdiNAc.
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Scientific) and real-time PCR analyses were performed
using the StepOnePlus Real-Time PCR System (version
2.3, Thermo Fisher Scientific). Expression of B4galnt3
mRNA was analysed by use of custom-made primers and
probe spanning the exon 8–9 boundary: forward primer:
5′-ATCAGCCTCCCTCAGGTACT-3′; reverse primer:
5′-AACTTGGCTCCAGGGTCATT-3′; and probe: FAM-5′-
CCACGCGACCTCCACGTGGT-3′. The following
Assay-on-Demand primer and probe sets were used: scle-
rostin (Sost), Mm00470479_m1; osteocalcin (Bglap),
www.thelancet.com Vol 91 May, 2023
Mm03413826_mH; osteopontin (Spp1), Mm00436767_
m1; OPG (Tnfrsf11b), Mm00435452_m1; Nfatc1,
Mm00479445_m1; αKlotho, Mm00502002_m1; Runx2,
Mm00501580_m1; Axin2, Mm00443610_m1; Lef1,
Mm01310389_m1; Tcf7 (Tcf1), Mm00493445_m1; Cyclin
D1 (Ccnd1), Mm00432359_m1; and B4galnt4,
Mm01276749_g1. The relative gene expression was
calculated by 2–ΔΔCt method using the expression of the
18S ribosomal subunit (4310893E; Thermo Fisher Sci-
entific) as internal standard.
5
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In situ hybridization
The chromogenic in situ hybridization (cISH) was per-
formed by using the RNAscope Duplex Detection Kit
(322500, Advanced Cell Diagnostics (ACD), Bio-Techne
Ltd., Abingdon, UK). Briefly, the bone specimens were
fixated in 4% formaldehyde in phosphate buffered sa-
line for 24 h and demineralized in 15% EDTA with 0.4%
PFA for three weeks. The tissues were embedded with
paraffin and sectioned at 6-μm thickness. After depar-
affinization, standard RNAscope protocols were applied
according to manufacturer’s instructions with minor
modifications, as described below. Rehydrated sections
were blocked by kit-provided hydrogen peroxide and
heated in target retrieval buffer, then digested by 10%
pepsin. cISH target probes were applied and incubated
overnight at 40 ◦C. The following probes were used:
Mm-B4galnt3 (ACD; 857461), Mm-Dmp1 (ACD;
441171-C2), Mm-Sost (ACD; 410031-C2), Mm-Ctsk
(ACD; 464071-C2) and Mm-Runx2 (ACD; 414021-C2).
During/after ten steps of amplification, the signals were
visualized by kit-provided fast red (C2 channel) and
green (C1 channel) dyes and sections were counter-
stained with 50% haematoxylin. Images were captured
on a Nikon Eclipse 80i light microscope. The number of
B4galnt3-positive osteocytes was quantified in tibia of
female mice and was expressed as a mean value of three
sections from the proximal, middle, and distal tibia
(n = 5 mice). Statistical analyses were performed using
two-sided Student’s t test.

Immunofluorescence
Dissected tibiae were fixated in 4% formaldehyde in
phosphate buffered saline for 48 h and demineralized in
10% EDTA for four weeks, embedded in paraffin and
longitudinal sectioned at 4-μm thickness. Immunofluo-
rescence staining was applied with SOST antibody (1:50,
R&D, AF1589) overnight at 4 ◦C. The sections were then
incubated with Alexa 647-conjugated secondary anti-
body (1:400, Jackson ImmunoResearch, 705-605-003)
for 2 h at RT, followed by counterstaining with DAPI for
10 min. The images were captured by the spinning-disk
confocal microscope (Nikon). 3–5 slices were picked
from each mouse, 1–2 images were taken from each
slice and >100 DAPI positive cells in the cortical bone
were counted in each image. The quantification of SOST
positive cells and the measurement of the fluorescence
intensity were performed by NIS-Elements and ImageJ.

Cell culture of Saos-2 cells
Saos-2 cells (ATCC) were routinely cultured in McCoy’s
5A medium supplemented with 15% FBS (Fisher Sci-
entific), 100 U/mL penicillin (Fisher Scientific) and
100 μg/mL streptomycin (Fisher Scientific). Where
indicated, Saos-2 cells were transfected with 2 μg DNA
encoding human B4GALNT3 in pcDNA3.1 vector
(GenScript) or empty vector as control using X-trem-
eGENE HP DNA transfection reagent (Roche Applied
Science). Saos-2 cells were transfected with 10 nM hu-
man B4GALNT3 siRNA (ID no. s49202) or 10 nM
negative control siRNA (ID no. 4390843) using siPORT
amine transfection agent (all from Fisher Scientific).
Saos-2 cells were used 48 h following transfection and
transfection efficiency was determined by real-time
PCR.

RNA isolation, cDNA synthesis and quantitative
real-time PCR analyses of Saos-2 cells
Total RNA was isolated from Saos-2 cells by using Trizol
Reagent (Fisher Scientific). cDNA was synthesized with
SuperScriptIII Reverse Transcriptase and oligo(dT)12–18
primers (Fisher Scientific). RT-PCR was performed in
duplicate with iQ™ Sybr Green Supermix (Bio-Rad Lab-
oratories) and CFX96 Real-Time PCR Detection System
(Bio-Rad Laboratories). The following human primers
were used (Fisher Scientific): B4GALNT3 forward primer:
5′-TGGCAGCTCTATCCAGCAG-3′; B4GALNT3 reverse
primer: 5′-GCCATAGTTGGTCCATTTGGG-3′; GAPDH
forward primer: 5′-GAGTCAACGGATTTGGTCGT-3′;
GAPDH reverse primer: 5′-GACAAGCTTCCCGTTCT-
CAG-3′; SOST forward primer: 5′-ACACAGCCTTC-
CGTGTAGTG-3′; SOST reverse primer:
5′-GGTTCATGGTCTTGTTGTTCTCC-3′. The specificity
of the PCR products was confirmed by analysis of the
melting curves. Relative mRNA expression was calculated
by the 2−ΔΔCt method using GAPDH as housekeeping
gene, normalized to the control group.

Measurements of LDN-glycosylated sclerostin
B4GALNT3 form a LacdiNAc (LDN) disaccharide
determinant on target glycoproteins.32 To quantify the
amount of sclerostin carrying a LDN, Wisteria flori-
bunda agglutinin (WFA) agarose beads were used for
precipitation.33 WFA is a legume lectin that recognizes
and preferentially binds the disaccharide LDN with
high affinity.34 Briefly, Saos-2 cells were lysed with
ice-cold IP lysis buffer supplemented with complete
protease and phosphatase inhibitors cocktail (Fisher
Scientific) and total protein concentration was mea-
sured by the Bradford assay (Bio-Rad Laboratories).
Precipitation was performed from 25 μL human serum
collected from healthy volunteers,35 from 2 Ll serum of
B4galnt3−/− and corresponding B4galnt3+/+ female and
male mice, or from 100 μg of Saos-2 cells total proteins,
with the WFA agarose beads (Vector Laboratories) and
control agarose beads by using Pierce Classic IP kit
(Fisher Scientific). The eluted proteins following pre-
cipitation were separated on SDS-polyacrylamide gels
and transferred to PVDF membranes. The membranes
were incubated with primary rabbit anti-sclerostin
antibody (1:1000, Abcam) at 4 ◦C overnight and then
with secondary anti-rabbit HRP-conjugated antibody at
room temperature for 1 h (1:1000, Cell Signaling).
Bands were detected with Clarity Western ECL sub-
strate (Bio-Rad Laboratories) and ChemiDoc MP
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imaging system (Bio-Rad Laboratories) and quantified
by using ImageJ software.

Single cell RNA sequencing (scRNAseq)
The expression of B4galnt3 and Sost in bone marrow
cells were investigated in two different publicly available
scRNAseq datasets as previously described.36,37 The on-
line nichExplorer made available by Iannis Aifantis
laboratory (http://aifantislab.com/niche) was used to
study expression in mouse bone marrow vascular (VE-
Cad+), perivascular (Lepr+), and osteoblast (Col2.3+) cell
populations. Datasets published by Matsushita et al.38

were used to study the expression in Cxcl12+ bone
marrow stromal cells.

Primary calvarial osteoblast cultures
Primary periosteal cells were isolated from calvarial
bones from 3 to 5 days old C57BL/6N mice by
sequential collagenase treatment as previously
described.39 Cells from collagenase fractions 6–10 were
cultured for 2–3 days in MEMalpha medium (Gibco,
cat no 22561-021) supplemented with 10% heat inac-
tivated fetal bovine serum (Sigma, cat no F7525),
50 μg/mL gentamicin (Gibco, cat no 15750-037), PEST
(100 U/mL penicillin, 100 μg/mL streptomycin, Gibco,
cat no 15140-148) and 2 mM GlutaMAX (Gibco, cat
no 35050-038), before detachment with trypsin and
re-seeding at a density of 20,000 cells/cm2 in osteo-
genic media (MEMalpha with above supplements and
4 mM beta-glycerophosphate, Sigma cat no G9422, and
0.28 mM ascorbic acid, Sigma cat no A8960), with
and without 100 nM dexamethasone (Sigma, cat no
D4902). After 48 h the cells were harvested and RNA
isolated using the RNeasy Micro kit according to the
instructions from the manufacturer (Qiagen, cat no
74004).

Statistics
The predesigned primary endpoint in the mouse
studies was to record the effect of B4galnt3 inactivation
on cortical bone area. Our power analysis suggested
that when using eight WT and eight B4galnt3−/− mice,
we would have 80% power to detect a biological sig-
nificant effect with a 1.51 SD change in cortical bone
area, and therefore we aimed to use at least eight mice
per group in the different mouse studies. No animal
experiments requiring randomization of sample
groups were performed. All animals of the required
genotype were included in the experiments. Exclusion
criteria were technical failure at analysis. For normally
distributed data, two-sided Student’s t test was used
and for non-parametric data, Mann–Whitney U-test
was used. Spearman correlation analysis was used to
assess the relationship between serum sclerostin and
cortical bone area in the tibia of B4galnt3−/− mice and
WT mice. A P value < 0.05 was considered statistically
significant.
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Role of funding source
The funders played no role in the design of the research,
collection, analysis and interpretation of data, the
writing of the paper or the decision to submit the
manuscript for publication.
Results
B4GALNT3 reduces circulating sclerostin via
glycosylation of sclerostin in osteocytes/late
osteoblasts
We have previously demonstrated that the A allele of
the rs215226 SNP in the B4GALNT3 gene region on
chromosome 12 is robustly associated with increased
circulating levels of sclerostin in humans.12 To deter-
mine if B4GALNT3 is the causal gene for the strong
association signal for circulating sclerostin at the
B4GALNT3 locus, we first developed a mouse model
with global inactivation of B4galnt3 (Fig. 1a).
B4galnt3−/− mice were born healthy and according to
Mendel’s law of inheritance and had normal body
weight and relative organ weights of kidney, spleen,
gonadal fat, retroperitoneal fat, uterus, and seminal
vesicles (Supplemental Table S1). Analysis of
the B4galnt3 mRNA expression in bone, aorta and
kidney confirmed that the B4galnt3 gene was inacti-
vated in B4galnt3−/− mice (Fig. 1b, Supplemental
Figure S1b).

Importantly, the serum sclerostin levels were sub-
stantially increased in B4galnt3−/− mice compared with
littermate control mice (Fig. 1c–e; females + males
(Fig. 1c): +185%, P < 0.001, two-sided Student’s t test),
reminiscent of the results of the A allele of rs215226 in
humans. As B4GALNT3 expresses the enzyme beta-
1,4-N-acetylgalactosaminyltransferase 3 that transfers
N-acetylgalactosamine (GalNAc) onto N-acetylglucosa-
minebeta-benzyl to form GalNAcβ1,4-GlcNAc struc-
tures on protein epitopes (LDN-glycosylation),40 we
compared the levels of LDN-glycosylated sclerostin
between B4galnt3−/− and littermate B4galnt3+/+ control
mice. The LDN-glycosylated sclerostin was analysed by
W. floribunda agglutinin (WFA; recognizes and pref-
erentially binds LDN-glycosylation with high affinity34)
precipitation, followed by sclerostin Western blot
analysis. In contrast to total levels of sclerostin, both
the level of LDN-glycosylated sclerostin (Fig. 1f–h;
females + males (Fig. 1f): P = 0.001, Mann–Whitney
U-test, Supplemental Fig. S2a and b) and the LDN-
glycosylated sclerostin/total sclerostin ratio (Fig. 1i–k;
females + males (Fig. 1i): P < 0.001, Mann–Whitney
U-test) in the circulation were reduced in B4galnt3−/−

mice compared with littermate B4galnt3+/+ control
mice. WFA precipitation followed by Western blot
analysis revealed that LDN-glycosylated sclerostin was
present also in human serum (Supplemental
Figure S2c). The intensity of sclerostin immunoreac-
tivity per osteocyte in cortical diaphyseal bone was
7
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Fig. 2: B4galnt3 is expressed in osteoblasts and osteocytes but not in osteoclasts. a–l) Representative in situ hybridization images in mice.
Transverse sections across lumbar vertebra 5 (a–d) and longitudinal sections of femur or tibia (e–l) in mice demonstrate the mRNA expression of
B4galnt3 (blue; a–l) and Sost (red; a, e, i), Dmp1 (red; b, f, j), Runx2 (red; c, g, k) or Ctsk (red; d, h, l). B4galnt3 mRNA could be observed in Sost-,
Dmp1-, and Runx2-expressing osteocytes and osteoblast- lineage cells on the bone surface. In contrast, B4galnt3 was not detectable in Ctsk-
expressing osteoclasts. Scale bar 50 μm. Images are representative of at least three independent experiments.
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increased in B4galnt3−/− mice compared with WT mice
(Fig. 1l and Supplemental Figure S1c).

Besides B4GALNT3, also B4GALNT4, has been
shown to have the capacity to synthesize LDN-
glycosylation structures.32,40,41 B4galnt4 was expressed
in the cortical bone of B4galnt3−/− mice but its expres-
sion did not differ between B4galnt3−/− and WT mice
(Supplemental Table S2).

As previous studies using inactivation of Sost spe-
cifically in DMP1-expressing cells have revealed that
circulating sclerostin is completely derived from osteo-
cytes/late osteoblasts in mice10 and the enzymatic post-
translational action of B4GALNT3 with an impact on
circulating sclerostin levels is exerted intracellularly in
the cells secreting sclerostin, we hypothesize that
B4GALNT3 increases LDN-glycosylation of sclerostin in
osteocytes/late osteoblasts and that this, in turn, reduces
circulating sclerostin via an increased degradation
locally in bone and/or reduced half-life of circulating
LDN-glycosylated sclerostin compared with sclerostin
without a LDN-glycosylation.

To determine the localization of the cells expressing
B4galnt3 within the skeleton, chromogenic in situ hy-
bridization was performed (Fig. 2a–l). B4galnt3 was
detected in Runx2- and Dmp1-expressing osteoblasts on
the trabecular surfaces and in Dmp1-expressing osteo-
cytes in the trabecular bone of the vertebra (Fig. 2b and
c). In the long bones, B4galnt3 mRNA was detected in
Runx2- and Dmp1-expressing osteoblasts on the
trabecular surfaces (Fig. 2f and g) as well as in Dmp1-
expressing osteocytes in cortical bone (Fig. 2j). Counting
the proportion of B4galnt3 expressing osteocytes in the
cortical bone revealed that 34.8 ± 1.4% (mean ± standard
error of the mean, n = 5) of the osteocytes were
B4galnt3-positive. Combined chromogenic in situ hy-
bridization revealed that B4galnt3 was colocalized with
Sost in osteocytes and late osteoblasts (Fig. 2a, e, and i).
We also determined if B4galnt3 and Sost are co-
expressed in mesenchymal stem cells in the bone
marrow. Two independent single cell RNA-sequencing
(scRNAseq) data sets of bone marrow cells38,42 were
evaluated but neither B4galnt3 nor Sost were expressed
in bone marrow stromal cells expressing early osteo-
blastic markers (Supplemental Figure S3). In addition,
no B4galnt3 mRNA expression was detected in
Ctsk-expressing osteoclasts (Fig. 2d, h, and l). Thus,
circulating sclerostin is derived from osteocytes/late
osteoblasts and B4galnt3 and Sost are co-expressed in
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these cells. Normal Sost expression was observed in
bone of B4galnt3−/− mice (Supplemental Figure S1b),
demonstrating that the B4GALNT3-mediated regulation
of circulating sclerostin is not caused by a transcrip-
tional regulation of Sost in late osteoblasts/osteocytes.
The expression of B4galnt3 in mice was −96% lower in
aorta compared with cortical bone (Fig. 1b). The
B4GALNT3 mRNA expression was also modest in the
aorta when compared with the expression in multiple
tissues (n = 54) available at the GTEx portal (https://
gtexportal.org/home/; Supplemental Figure S4a). In
contrast, the SOST expression in aorta was highest
among all tissues available at the GTEx portal
(Supplemental Figure S4b; bone not available at the
GTEx portal). Thus, the expression of both SOST and
B4GALNT3 is relatively high in cortical bone. In
contrast, SOST but not B4GALNT3 expression is high in
aorta. These expression patterns indicate that SNPs
affecting SOST expression will have an impact on both
bone and aorta while SNPs affecting B4GALNT3
expression may preferentially have an impact on LDN-
glycosylation of sclerostin in bone.

We next determined if B4GALNT3 contributes to
post-translational modification by regulating LDN-
glycosylation of sclerostin in human osteoblast-like os-
teosarcoma Saos-2 cells, expressing both B4GALNT3
mRNA and SOST mRNA. First, to determine if reduc-
tion of B4GALNT3 expression in osteoblast-like cells
regulates LDN-glycosylation of sclerostin, B4GALNT3
expression was silenced in the human osteoblast-like cell
line Saos-2. Expression of B4GALNT3 mRNA was sub-
stantially reduced in the B4GALNT3 silenced Saos-2 cells
compared with Saos-2 cells transfected with a negative
control siRNA (Fig. 3a), whereas the mRNA expression
of SOST was unchanged (Fig. 3b). Subsequent WFA
precipitation followed by Western blot analysis demon-
strated a reduction in the LDN-glycosylated sclerostin
levels in the B4GALNT3 silenced Saos-2 cells compared
with Saos-2 cells transfected with a negative control
siRNA (Fig. 3c and d). These results demonstrate that
B4GALNT3 enhances post-translational LDN-glycosyla-
tion of sclerostin while SOST transcription is not affected
by B4GALNT3 in osteoblast-like cells.

Second, Saos-2 cells were transfected with DNA
encoding the human B4GALNT3 gene in a vector or an
empty control vector. Real-time PCR analyses revealed
an increase in B4GALNT3 expression in the B4GALNT3
overexpressing Saos-2 cells compared with Saos-2 cells
transfected with an empty vector (Fig. 3e), whereas the
mRNA expression of SOST was unchanged (Fig. 3f).
WFA precipitation followed by Western blot analysis
showed a significant increase in LDN-glycosylated scle-
rostin levels in the B4GALNT3 overexpressing Saos-
2 cells compared with Saos-2 cells transfected with an
empty vector (Fig. 3g and h).
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Human genetic analyses of the causal effects of
genetic variants in the B4GALNT3 gene region
One previous Mendelian randomization (MR) study,
using genetic variants in the SOST gene as exposure,
revealed that the SOST SNPs alleles that display the
strongest association with reduced fracture risk also
associate with increased risk of myocardial infarction.3

After having demonstrated that B4GALNT3 is the
causal gene for the observed strong association between
SNPs in the B4GALNT3 gene region and circulating
levels of sclerostin, we determined the causal associa-
tion for B4GALNT3-regulated circulating sclerostin
levels with bone health parameters and risk of myocar-
dial infarction in humans. Two-sample MR studies us-
ing gene-based genetic instruments assessed the causal
association between circulating sclerostin genetically
predicted by 10 variants in the B4GALNT3 gene region
and bone mineral density (BMD), risk of fractures and
risk of myocardial infarction. Using IVW MR adjusted
for SNP correlations, we observed that circulating scle-
rostin genetically predicted by variants in the
B4GALNT3 gene region was inversely associated with
estimated (e)BMD, as analysed by ultrasound in the
heel, and femoral neck BMD, as analysed by DXA
(Table 1, Supplemental Table S3). In addition, increased
circulating sclerostin, genetically predicted by variants
in the B4GALNT3 gene region, was causally associated
with increased risk of fractures at any bone site (OR
1.10, 95% CI 1.03–1.17 per SD increase in sclerostin)
and substantially increased risk of distal forearm frac-
tures (OR 1.25, 95% CI 1.06–1.48 per SD increase in
sclerostin; Table 1, Supplemental Table S3). Using the
largest available GWAS data set for myocardial infarc-
tion (61,000 myocardial infarctions and 577,000 con-
trols14), we evaluated the association between circulating
sclerostin predicted by 10 variants in the B4GALNT3
gene region and risk of myocardial infarction. No trend
of causal association was observed in the IVW analyses
for myocardial infarction (Table 1, Supplemental
Table S3). However, MR Egger analyses revealed that
the Egger intercept was significant, indicating pleiot-
ropy, implying that the slope from the Egger regression
should be considered. The Egger slope revealed a sig-
nificant direct association between sclerostin levels
genetically predicted by variants in the B4GALNT3 gene
region and risk of myocardial infarction (OR 1.14, 95%
CI 1.03–1.25 per SD increase in sclerostin: Table 1,
Supplemental Table S3). Thus, genetic variants in the
B4GALNT3 gene region that increase BMD and reduce
fracture risk might reduce (and not increase) risk of
myocardial infarction. Finally, our MR analyses revealed
that circulating sclerostin, genetically predicted by vari-
ants in the B4GALNT3 gene region, was not causally
associated with risk of stroke or ischemic stroke
(Table 1, Supplemental Table S4).
9
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Fig. 3: B4GALNT3 contributes to post-translational modification by regulating LDN-glycosylation of sclerostin in human osteoblast-like
cells. a and b) B4GALNT3 (a) and SOST (b) mRNA expression in Saos-2 cells following transfection with negative control siRNA (Neg.si) or
B4GALNT3 siRNA (B4GN3si) (n = 6 per group). Values are given as means ± SEM. Statistical analyses were performed using two-sided Student’s
t test. c) Representative Western blot showing LDN-glycosylated sclerostin protein levels after precipitation with WFA agarose beads or negative
control (Neg. CTR) agarose beads from Saos-2 cells following transfection with negative control siRNA (Neg.si) or B4GALNT3 siRNA (B4GN3si).
d) Normalized quantification of LDN-glycosylated sclerostin protein levels after precipitation with WFA agarose beads from Saos-2 cells
following transfection with negative control siRNA (Neg.si) or B4GALNT3 siRNA (B4GN3si) and detected by Western blot analysis (n = 5 per
group). Values are given as means ± SEM. Statistical analyses were performed on normalized data using two-sided Student’s t test. e and f)
B4GALNT3 (e) and SOST (f) mRNA expression in Saos-2 cells following transfection with empty vector (V) or a construct encoding human
B4GALNT3 (n = 6 per group). Values are given as means ± SEM. Statistical analyses were performed using Mann–Whitney U-test for (e) and two-
sided Student’s t test for (f). g) Representative Western blot showing LDN-glycosylated sclerostin protein levels after precipitation with WFA
agarose beads or negative control (Neg. CTR) agarose beads from Saos-2 cells following transfection with empty vector (V) or a construct
encoding human B4GALNT3. h) Normalized quantification of LDN-glycosylated sclerostin protein levels after precipitation with WFA agarose
beads from Saos-2 cells following transfection with empty vector (V) or a construct encoding human B4GALNT3 and detected by Western blot
analysis (n = 8 per group). Values are given as means ± SEM. Statistical analyses were performed on normalized data using two-sided Student’s t
test. LDN = LacdiNAc, PD = precipitation, WFA = Wisteria floribunda agglutinin, a.u. = arbitrary units.
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Genetic variants in SOST and B4GALNT3 are
independently associated with BMD
We next determined the combined impact of a genetic
variant in BGALNT3 (top SNP rs215226), reflecting
post-translational LDN-glycosylation of sclerostin, and
two genetic variants in SOST (G allele in rs7209826 and
A allele in rs188810925), reflecting SOST expression on
eBMD.3 All three SNPs were strongly associated with
eBMD in the UK Biobank (Supplemental Table S5) in
age and sex adjusted models. Combined models
including one of the two SOST SNPs and SNP rs215266
in B4GALNT3 revealed that the B4GALNT3 SNP
rs215226 and the two SOST SNPs are independently
associated with eBMD (Supplemental Table S5). The
associations for B4GALNT3 and SOST SNPs were ad-
ditive as illustrated in Supplemental Figures S5 and S6
while no significant interaction between SNPs in
B4GALNT3 and SOST for this association was observed
(P values for SNP × SNP interactions were all >0.05).
These findings indicate that alteration of sclerostin
expression (indicated by SNPs regulating SOST tran-
scription) and post-translational LDN-glycosylation of
sclerostin (indicated by the B4GALNT3 SNP) may exert
additive effects on bone mass.

Hormonal regulation of B4GALNT3 expression in
bone
As B4GALNT3 influences both sclerostin levels, and
bone mass, we hypothesized that hormones regulating
bone mass might exert their effects on bone, at least
partly, via modulation of B4GALNT3 expression in
bone. Glucocorticoid (GC)-treatment reduces BMD and
increases fracture risk, and GC-induced bone loss is not
observed in Sost−/− mice,43 suggesting that modulation
of sclerostin levels/activity is involved in GC-induced
bone loss. To determine if GC-induced bone loss is
associated with changes in B4GALNT3 expression in
bone, and thereby sclerostin levels, we treated mice with
www.thelancet.com Vol 91 May, 2023
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Beta SE P value N subjects Source

Bone parameters

eBMD −0.12 0.01 4.0E-38 426,824 Morris et al.13

FN-BMD −0.08 0.04 2.1E-02 53,236 Zheng et al.12

Binary outcomes OR 95% CI P value N cases N controls

Fractures

Fracture at any bone site 1.10 (1.03–1.17) 2.9E-03 53,184 426,795 Morris et al.13

Distal forearm fractures 1.25 (1.06–1.48) 7.1E-03 7324 431,432 New analyses in UK Biobank

Myocardial infarction

IVW 1.03 (0.93–1.15) 5.4E-01 ∼61,000 ∼577,000 Hartiala et al.14

Egger regressiona 1.14 (1.03–1.25) 7.8E-03 ∼61,000 ∼577,000 Hartiala et al.14

Stroke

IVW 1.03 (0.94–1.13) 5.0E-01 40,585 406,111 Malik et al.15

Egger regressiona 1.13 (0.99–1.30) 7.8E-02 40,585 406,111 Malik et al.15

Ischemic stroke

IVW 1.05 (0.95–1.16) 3.2E-01 34,217 406,111 Malik et al.15

Inverse-variance weighted (IVW) Mendelian randomization. Estimated causal effects of circulating sclerostin genetically predicted by 10 variants in the B4GALNT3 gene
region on estimated bone mineral density (eBMD), femoral neck BMD (FN-BMD), fracture risk, myocardial infarction risk, stroke risk, and ischemic stroke risk. Betas in SD for
BMD parameters and odds ratios (OR) and 95% CI for fracture risk, myocardial infarction, stroke, and ischemic stroke are given per SD increase of sclerostin. aEgger intercept
was significant and therefore the slope given from the Egger regression should be considered.

Table 1: Estimated causal effects of circulating sclerostin genetically predicted by variants in the B4GALNT3 gene region on eBMD, FN-BMD, fracture
risk, myocardial infarction risk, and stroke risk.
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GC for 4 weeks, resulting in a substantial bone loss
(Fig. 4a). This GC-induced bone loss was associated with
reduced B4galnt3 expression in cortical bone (Fig. 4b)
and increased circulating levels of sclerostin (Fig. 4c)
while Sost expression in bone was not affected (Fig. 4d).
Dexamethasone treatment reduced B4galnt3 expression
in cultured calvarial osteoblasts (Fig. 4e), supporting a
direct GC-induced regulation of B4galnt3 in osteoblast-
lineage cells. These findings demonstrate that GC reg-
ulates B4GALNT3 in osteoblast-lineage cells and one
may speculate that this will result in reduced LDN-
glycosylation of sclerostin and, thereby, increased scle-
rostin action in bone, contributing to GC-induced bone
loss (Fig. 4f).

Reduced cortical bone mass and strength in
B4galnt3−/− mice
A functional role of B4GALNT3 for bone mass regula-
tion is supported by findings from the high throughput
International Mouse Phenotyping Consortium (IMPC)
screening program of total body BMD as analysed
by DXA, revealing some evidence of reduced BMD
in mice devoid of B4galnt3 (P = 0.06, https://www.
mousephenotype.org/data/genes/). We extended those
preliminary high throughput skeletal analyses by eval-
uating not only total body BMD, but also bone site-
specific (lumbar spine and femur) BMD using DXA as
well as the cortical and trabecular bone compartments
separately using computed tomography and bone
strength using three-point bending in the B4galnt3−/−

mouse model used in the present study (Fig. 4g–q).
DXA analyses revealed that female B4galnt3−/− mice had
www.thelancet.com Vol 91 May, 2023
reduced total body (−10.1%, P = 0.002, two-sided Stu-
dent’s t test), lumbar spine (−13.0%, P = 0.019%, two-
sided Student’s t test) and total femoral BMD (−8.9%,
P = 0.004, two-sided Student’s t test) compared with
B4galnt3+/+ mice (Fig. 4g–i). Analyses using computed
tomography revealed reduced cortical bone mass in the
mid-diaphyseal area of tibia (Fig. 4j–n), while the trend of
reduced trabecular bone volume fraction in the vertebrae
did not reach statistical significance (Fig. 4o, P = 0.09,
two-sided Student’s t test) in female B4galnt3−/− mice
compared with B4galnt3+/+ mice. In tibia, no difference
in trabecular bone volume fraction was observed between
B4galnt3−/− and WT mice (Fig. 4p). The bone strength
(maximal load at failure) as analysed by three-point
bending test in the humerus diaphyseal region (Fig. 4q)
was reduced in B4galnt3−/− mice compared with
B4galnt3+/+ mice. Reduction of cortical bone mass in the
tibia was also observed in male mice (Supplemental
Table S6). Thus, B4galnt3−/− mice have reduced BMD
mainly because of reduced cortical bone mass, resulting
in reduced bone strength. When evaluating the associa-
tion between serum sclerostin and cortical bone area in
the tibia of B4galnt3−/− mice and WT mice, we observed a
significant inverse association (rs = −0.50, P = 0.018,
n = 22, Spearman correlation analysis).

The expressions of the evaluated WNT signalling
genes (Axin2, Lef1, Tcf7, and Cyclin D1) were not
significantly altered in the cortical bone of B4galnt3−/−

mice compared with WT mice, suggesting that a new
steady state of WNT signalling had occurred in the
13-wk-old B4galnt3−/− mice with already reduced cortical
bone area (Supplemental Table S2). In a similar
11
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Fig. 4: Hormonal regulation of B4galnt3 expression in bone and reduced cortical bone mass and strength in B4galnt3−/− mice. a–d)
Cortical area of femur (a), B4galnt3 mRNA expression in cortical bone (b), total serum sclerostin levels (c), and Sost mRNA expression in cortical
bone (d), in 16-wk-old wildtype female mice treated with glucocorticoids (GC; n = 9, open circle) or vehicle (Veh; n = 9, filled circle) for four
weeks. e) B4galnt3 mRNA expression in primary calvarial osteoblastic cells cultured in osteogenic media for 48 h, with and without 100 nM
dexamethasone (DEX). f) Proposed mechanism of hormonal regulation of B4GALNT3 and effects on LDN-glycosylation of sclerostin (LDN-
Sclerostin). g–i) Areal bone mineral density (BMD) of total body (g), lumbar spine (L2–L5) (h), and whole femur (i), of 5-wk-old female
B4galnt3−/− (n = 11) and B4galnt3+/+ (n = 10) mice. j–n) Cortical content (j), cortical area (k), cortical thickness (l), periosteal circumference (m),
and endosteal circumference (n), of tibia in 13-wk-old female B4galnt3−/− (n = 12) and B4galnt3+/+ (n = 11) mice. o and p) Trabecular bone
volume over total volume (BV/TV) of vertebra (o) and tibia (p) in 13-wk-old female B4galnt3−/− (n = 12) and B4galnt3+/+ (n = 11) mice. q)
Maximal load at failure (N) of humerus as measured by three-point-bending in 13-wk-old female B4galnt3−/− (n = 11) and B4galnt3+/+ (n = 9)
mice. Statistical analyses were performed using two-sided Student’s t test. Values are given as means ± SEM.
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manner, no or only modest effect on the expression of
WNT signalling genes has been observed in most pre-
vious studies of different mouse models with sclerostin
overexpression.44,45

We also measured several transcripts previously
associated with calcification in aorta,46–49 without
observing any significant difference in expression in
aorta between B4galnt3−/− mice and B4galnt3+/+ mice
(Supplemental Figure S7).
Discussion
Although global sclerostin inhibition increases bone
mass and reduces fracture risk efficiently, there is some
evidence of potential cardiovascular safety concerns and
recent myocardial infarction, and stroke are currently
contra-indications for treatment using global sclerostin
inhibition by the approved sclerostin antibody romoso-
zumab.3 Therefore, there is an urgent medical need to
increase understanding of the tissue-specific effects of
sclerostin. In this study, we identified that the enzyme
B4GALNT3 is co-expressed with sclerostin in osteocytes
and that B4GALNT3 enhances LDN-glycosylation of
sclerostin in osteoblast-lineage cells, as indicated by
WFA-precipitation. This in turn results in reduced
circulating sclerostin levels, increased bone mass and
increased bone strength in mice and reduced circulating
sclerostin levels, increased bone mass and decreased
fracture risk in humans without increased risk of
myocardial infarction or stroke. One may speculate that
targeting B4GALNT3-mediated LDN-glycosylation of
sclerostin separates the antifracture effects of sclerostin
from its possible cardiovascular side effects.

We recently identified a trans-signal on chromosome
12 in the B4GALNT3 gene region to be the by far strongest
genetic signal for circulating sclerostin.12 As B4GALNT3
encodes for the enzyme beta-1,4-N-acetylgalactosaminyl-
transferase 3 that transfers N-acetylgalactosamine (Gal-
NAc) onto N-acetylglucosaminebeta-benzyl to form
GalNAcβ1,4-GlcNAc structures to target glycoproteins
(LDN-glycosylation) and sclerostin harbours two possible
LDN-glycosylation sites (N53 and N175), we hypothesized
www.thelancet.com Vol 91 May, 2023
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that B4GALNT3 might be the causal gene for circulating
sclerostin levels. We, therefore, developed B4galnt3−/−

mice that had substantially increased circulating sclerostin
levels and reduced degree of LDN-glycosylation of sclero-
stin. As circulating sclerostin is only osteocyte-derived10

and we demonstrated that the intra-cellularly acting
enzyme B4GALNT3 is co-localized with SOST in osteo-
cytes, it is likely that the elevated circulating sclerostin
levels in B4galnt3−/− mice is caused by a lack of
B4GALNT3-mediated LDN-glycosylation of sclerostin in
osteocytes. This notion is supported by our findings that
overexpression of B4galnt3 increased, while silencing of
B4galnt3 decreased, WFA-recognized LDN-glycosylation of
sclerostin in cultured human osteoblast-like cells. Normal
Sost mRNA levels were observed in bone of B4galnt3−/−

mice, demonstrating that the B4GALNT3-mediated regu-
lation of circulating sclerostin is not caused by a tran-
scriptional regulation of Sost in late osteoblasts/osteocytes.
Sclerostin protein levels, identified by immunoreactivity in
cortical osteocytes, were increased in B4galnt3−/− mice
compared with WT mice.

These results indicate that LDN-glycosylation of
sclerostin enhances local degradation of sclerostin in
bone, which is the sole source of circulating sclerostin,
and/or the clearance of sclerostin from the circulation.
Terminal GalNAc structures have been shown to be
bound by asialoglycoprotein receptor (ASGP-R)
expressed in hepatocytes and thereby increase the
clearance of endogenous and therapeutic LDN-glycosy-
lated glycoproteins.50,51 One may speculate that sclero-
stin without LDN-glycosylation will have an increased
serum half-life due to reduced hepatic clearance. Future
studies are warranted to determine the effect of
B4GALNT3-mediated LDN-glycosylation on local scle-
rostin degradation in bone and on sclerostin clearance
from the circulation. Besides affecting degradation/
clearance of sclerostin, B4GALNT3-mediated LDN-
glycosylation may affect binding of sclerostin to LRPs
(low-density lipoprotein receptor-related proteins) and
thereby the biological activity of sclerostin. The most
studied interaction site between sclerostin and LRP6 is
not glycosylated but an additional binding site was
recently discovered close to one of the N-linked glyco-
sylation sites.52 However, in situmodelling indicated that
the glycosylation was directed towards the solvent and
not involved in binding. WFA shows a very high affinity
for binding LDN structures34 and the method used in
this study of WFA-based precipitation followed by
Western blotting of target protein is widely used to
determine LDN-glycosylation of proteins.33,53,54 In addi-
tion, the WFA-binding properties were successfully
employed previously for histochemical and lectin col-
umn detection of LDN epitopes.40,55 One limitation of
this approach is that even if WFA shows a very high
affinity for binding LDN structures (17-fold higher as for
GalNAc, which in turn shows a 5-fold higher affinity as
for Gal34), additional potential low bindings may impact
www.thelancet.com Vol 91 May, 2023
the basal levels detected for the LDN-glycosylated
sclerostin. This may explain why the reduction of
LDN-glycosylated sclerostin in B4galnt3−/− mice was
only partial using the WFA precipitation assay. Alter-
natively, B4GALNT4, that also has the capacity to syn-
thesize LDN-glycosylation structures, might have partly
replaced B4GALNT3 in the B4galnt3−/− mice. B4galnt4
was expressed in the cortical bone of B4galnt3−/− mice
but its expression did not differ between B4galnt3−/− and
WT mice.

It is well established that inhibition of sclerostin
expression or action results in a substantial increase in
bone mass.56–58 However, like B4galnt3−/− mice with
elevated sclerostin levels, several transgenic mouse
models overexpressing sclerostin only display a modest
reduction in bone mass.44,45,59 In a similar manner,
inactivation of WNT16 in osteoblast-lineage cells results
in a substantial cortical bone loss,29 while transgenic
overexpression of WNT16 in osteoblasts using the pro-
collagen type I α 1 promoter did not significantly in-
crease cortical bone thickness.60 Thus, it is possible that
the dose–response effect of sclerostin on bone mass is
normally rather saturated, meaning that an increase in
sclerostin levels will only modestly reduce bone mass
while a reduction of sclerostin will result in a markedly
increase in bone mass. It has previously been proposed
that there is a threshold of sclerostin above which bone
formation is inhibited, rather than a linear relationship
between sclerostin and bone formation.45 We propose
that a reduction in sclerostin levels, resulting in
increased bone mass may be achieved by increased
loading or an increased B4GALNT3 activity. Further
studies are warranted to determine the effect of
B4GALNT3 overexpression in osteocytes on bone mass.
It is a limitation of the present study that no histo-
morphometry data is included. Besides the proposed
effect of B4GALNT3 on cortical bone via a regulation of
sclerostin, we cannot exclude other potential mecha-
nisms mediating the effect on cortical bone in the
B4galnt3−/− mice.

MR using genetic instruments as exposures often
accurately predicts the beneficial effects and the possible
off-target side effects of pharmaceutical targets.3,61 One
MR study, using genetic variants in the SOST gene as
exposure, revealed that the SOST SNPs alleles that
display the strongest association with increased bone
mass and reduced fracture risk also associate with
increased risk of myocardial infarction.3 We observed
that the expression of both Sost and B4galnt3 are rela-
tively high in bone while Sost but not B4galnt3 expres-
sion is high in arteries. We, therefore, hypothesized that
targeting B4GALNT3 might exert bone-specific effects
without cardiovascular side effects. To test this hypoth-
esis, we performed MR, demonstrating that decreased
circulating sclerostin, genetically predicted by several
variants in the B4GALNT3 gene, is causally associated
with increased BMD and decreased risk of fractures but
13
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not with increased risk of myocardial infarction or
stroke. As regards myocardial infarction, MR Egger
analyses revealed that the Egger intercept was signifi-
cant, and the Egger slope that then should be considered
revealed a significant direct association between sclero-
stin levels genetically predicted by variants in the
B4GALNT3 gene region and risk of myocardial infarc-
tion. This finding suggests that besides increasing BMD
and reducing fracture risk, targeting B4GALNT3 may
reduce (and clearly not increase) the risk of myocardial
infarction. Thus, the risk of myocardial infarction might
be in opposite directions for elevated BMD caused by
genetic variants in B4GALNT3 compared with elevated
BMD caused by genetic variants in SOST. A bone-
specific effect of targeting B4GALNT3 is supported by
our findings that B4galnt3−/− mice are apparently
healthy except for a reduction of cortical bone mass and
bone strength.

Glucocorticoid therapy is widely used for the treat-
ment of various diseases, including autoimmune and
inflammatory disorders and malignancies, but thera-
peutic use is also associated with bone loss and sub-
stantially increased risk of fractures.62,63 GC-induced
bone loss was in the present study associated with
increased bone-derived circulating sclerostin levels and
reduced B4galnt3 but unchanged Sost expression in
bone. Based on these findings, we speculate that
reduced post-translational LDN-glycosylation may partly
contribute to GC-induced bone loss. However, further
studies are required to directly determine if GC-
treatment affects sclerostin glycosylation and it should
be emphasized that there are many alternative pathways
independent of sclerostin by which GC may cause bone
loss.

In conclusion, we identify B4GALNT3 as a key factor
for bone physiology via regulation of LDN-glycosylation
of sclerostin in osteoblast-lineage cells. We propose
that B4GALNT3 may be a bone-specific osteoporosis
target, separating the anti-fracture effect of global scle-
rostin inhibition, from indicated cardiovascular side
effects.
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