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Abstract

Purpose A Disintegrin and Metalloproteinase (ADAM) and A Disintegrin and Metalloproteinase with
Thrombospondin Motif (ADAMTS) have been reported potentially involved in bone metabolism and related to bone
mineral density. This Mendelian Randomization (MR) analysis was performed to determine whether there are causal
associations of serum ADAM/ADAMTS with BMD in rid of confounders.

Methods The genome-wide summary statistics of four site-specific BMD measurements were obtained from
studies in individuals of European ancestry, including forearm (n=8,143), femoral neck (n=32,735), lumbar spine
(n=28,498) and heel (n=426,824). The genetic instrumental variables for circulating levels of ADAM12, ADAM19,
ADAM23, ADAMTS5 and ADAMTS6 were retrieved from the latest genome-wide association study of European
ancestry (n=5336~5367). The estimated causal effect was given by the Wald ratio for each variant, the inverse-
variance weighted model was used as the primary approach to combine estimates from multiple instruments, and
sensitivity analyses were conducted to assess the robustness of MR results. The Bonferroni-corrected significance was
set at P<0.0025 to account for multiple testing, and a lenient threshold P<0.05 was considered to suggest a causal
relationship.

Results The causal effects of genetically predicted serum ADAM/ADAMTS levels on BMD measurements at forearm,
femoral neck and lumbar spine were not statistically supported by MR analyses. Although causal effect of ADAMTS5
on heel BMD given by the primary MR analysis (3 =-0.006,-0.010 to 0.002, P=0.004) failed to reach Bonferroni-
corrected significance, additional MR approaches and sensitivity analyses indicated a robust causal relationship.

Conclusion Our study provided suggestive evidence for the causal effect of higher serum levels of ADAMTS5 on
decreased heel BMD, while there was no supportive evidence for the associations of ADAM12, ADAM19, ADAM?23,
and ADAMTS6 with BMD at forearm, femoral neck and lumbar spine in Europeans.
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Introduction

Decreased bone mineral density (BMD), the clinical sign
of bone loss, is a critical risk factor of osteoporosis [1].
Osteoporosis is an aging-related degenerative disease
characterized by reduction of bone mass and destruc-
tion of bone structure. Osteoporosis results in a decrease
in bone strength and an increase in the risk of fracture,
and brings a great challenge for the aging society due to
its serious negative impact on the general health and life
quality of postmenopausal women and the elderly [2].
BMD results examined by dual-energy X-ray absorptiom-
etry (DXA)-scanning at forearm (FA-BMD), femoral neck
(FN-BMD) and lumbar spine (LS-BMD) are commonly
used in clinical settings, while recently, the estimated
BMD (eBMD) measured by quantitative heel ultrasound
has also been identified a highly heritable predictor of
fracture [3]. Although a large number of risk factors and
mechanic pathways of osteoporosis have been recognized
by analyzing its genetic characteristics and clinical mea-
surements [4], illuminating the complex pathogenesis of
the changes in BMD is still a challenge for both clinicians
and researchers.

The crucial metalloproteinases in the destruction of
extracellular matrix proteins, A Disintegrin and Metallo-
proteinase (ADAM) and A-Disintegrin and Metallopro-
teinase with Thrombospondin Motif (ADAMTS), have
been found involved in several bone diseases and related
to biological process of bone and cartilage in different
ways. In TIMP-3-deficient mouse models, the inhibi-
tion of ADAM and ADAMTS is partially relieved, and
higher bone remodeling characterized by altered corti-
cal and mineralization of trabecular bone and increased
compositional heterogeneity can be observed at the
same time [5]. At the late stage during differentiation
of mesenchymal stem cells towards chondrocytes, the
increased expression levels of ADAM19, ADAM23 and
ADAMTS5 suggests a potential to regulate the pheno-
type, maturation and function of chondrocyte and a criti-
cal role in growth-plate organization and endochondral
ossification [6]. Additionally, ADAMTSS5 is regulated by
Wnt/B-catenin signal, which is a critical developmental
regulation pathway, and functions during the cartilage
callus remodeling into bone during osseointegration [7,
8]. ADAM1I2 has been considered as an osteoclastic gene
to promote osteoclastic resorption and bone loss [9-11].
POFUT?2 has been identified impotant in bone develop-
ment, while ADAMTS6 acts as a substrate of POFUT2
and significantly reduces during adipose derived stem
cells undergoing osteogenesis [12, 13]. Such findings
encourage us to further explore the potential of ADAM

and ADAMTS in bone formation, development and
remodeling, and the possibility as candidate biomarkers
of bone loss and osteoporosis.

So far, the relationship between ADAM/ADAMTS and
BMD remains inconclusive. Randomized controlled tri-
als (RCT) are considered a gold standard when exploring
causality, but the high time and money cost brings limita-
tions for such studies. With more and more genetic data
for complex diseases and traits turning publicly available,
Mendelian Randomization (MR) analysis becomes an
alternative approach to investigate the causal inference
between exposures and outcomes [14]. The MR method
employs single nucleotide polymorphism (SNPs) as
instrumental variables, explains the causal relationship in
a genetic view, and could draw conclusions that are simi-
larly effective compared with RCT studies [15]. Besides,
by using genome-wide association study (GWAS) sum-
mary statistics that are randomly allocated before birth
and fixed at conception, MR is superior in avoiding
confounders, which is the main cause of reverse causal-
ity and false-positive result in observational studies [16,
17]. Since GWAS has demonstrated that BMD is a highly
polygenically heritable trait [18], several MR studies have
been conducted and have recognized the causal associa-
tions of some biomarkers, behaviors and diseases with
BMD such as serum estradiol concentrations, smoking,
and type 2 diabetes, while some previously reported fac-
tors were not supported such as C-reactive protein and
25-hydroxyvitamin D concentrations [19]. In this study,
we performed a two-sample MR analysis (Fig. 1) to
find out whether there is a genetic correlation between
ADAM/ADAMTS and BMD. Our findings may provide
genetically informative evidence for studies on new bio-
markers and further understandings on the pathogenesis
of osteoporosis.

Materials and methods

The MR study was based on publicly accessible data.
Informed consent and ethical approval have been
obtained in original studies (Supplementary Table 1).
We are particularly interested in five ADAM/ADAMTS
metallopeptidases (ADAM12, ADAMI19, ADAM?23,
ADAMTS5 and ADAMTS6), which were likely to exert
influences on BMD as indicated in previous studies.

Data sources of ADAM/ADAMTS metallopeptidases

We retrieved summary-level association data for ADAM/
ADAMTS from a recent GWAS [20] conducted in
European participants (n=5336~5367). Serum con-
centrations of ADAM/ADAMTS were measured by the
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Fig. 1 Schematic of the Mendelian randomization study investigating causal effects of metalloproteinases on bone mineral density. ADAM, A Disintegrin
and Metalloproteinase; ADAMTS, A Disintegrin and Metalloproteinase with Thrombospondin Motif; BMD, bone mineral density; FA, forearm; FN, femoral

neck; HL, heel; LS, lumbar spine; SNP, single nucleotide polymorphism

SOMAscan platform (SomalLogic Inc, Boulder, United
States). Individuals were genotyped with Illumina array,
and 7,506,463 variants with minor allele frequency>1%,
Hardy-Weinberg equilibrium P>1x107%, call rate>95%
and imputation score>0.7 were kept. Association tests
were conducted for each unique protein adjusted for age,
sex, five principal components, and genotyping platform.
Stepwise conditional association analysis was also per-
formed to give independent lead variants. We obtained
SNPs associated with ADAM12, ADAM19, ADAM?23,
ADAMTS5 and ADAMTS6 reaching genome-wide sig-
nificance (P<5x107%) as genetic instrumental variables
for the ensuing MR analyses.

Summary statistics of bone mineral density

Summary statistics for BMD used in this study were
obtained from the datasets of the largest GWAS on BMD
so far released by GEnetic Factors for OSteoporosis Con-
sortium and the UK Biobank. The DXA-derived BMD
associated SNPs were extracted from the large-scale
meta-analysis performed by Zheng et al. [21] in 2015,
including FA-BMD (n=8,143), EN-BMD (n=32,735) and
LS-BMD (n=28,498) in individuals of European ances-
try from the general population. The eBMD associated
SNPs were gained from the study performed by Morris,
et al. [22] in 2018, which assessed genetic determinants
of BMD as estimated by heel quantitative ultrasound in
Europeans (n=426,824). Effect size represented changes
in the unit of standard deviation (SD) of BMD per addi-
tional copy of effect allele. For instrumental SNPs which
were not present in the datasets of BMD, variant prox-
ies (r7>0.8) were adopted if available. Summary statistics
of ADAM/ADAMTS metallopeptidases and site-specific
BMD were harmonized in terms of the effect allele and
alternate allele of each SNP. The merged datasets (Sup-
plementary Tables 2-5) were used in subsequent MR
analyses.

Mendelian randomization

We used the R software, version 3.6.3 (R Foundation for
Statistical Computing, Vienna, Austria) and the TwoSam-
pleMR package, version 0.5.6 [23] to perform the MR
analysis (Supplementary Text). Given the effect of SNPy
on the serum level of ADAM/ADAMTS ( ﬁXk , 0x,)
and its effect on BMD ( ﬁyk 0Oy,) per additional copy of
effect allele (n=0, 1, 2) from the GWAS, causal effect of
ADAM/ADAMTS on BMD (SNP, — X, — Y},) can be
estimated using the Wald ratio [24], namely with its asso-
ciated standard error given by.

~
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The inverse variance weighted (IVW) model was adopted
as the primary MR approach to compute overall esti-
mates from multiple instrumental variables [25]. Causal
effect size gn,w and standard error oy were derived
as below.
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Estimated effect size from the IVW method would be
biased when invalid instrumental SNPs with unbal-
anced horizontal pleiotropy were present. Hence, two
additional models, weighted median and MR-Egger
were adopted. Weighted median estimator was robust
when more than 50% SNPs were valid instruments [26].
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MR-Egger regression intercept was capable of identifying
unbalanced horizontal pleiotropy, whereas the regression
slope would give an causal estimate adjusting for pleiot-
ropy [27]. Weighted median and MR-Egger approaches
were considered as sensitivity analyses tools, which tend
to give less precise point estimates accompanied by wide
confidence intervals (CI). As complementary tools, we
also examined potential outlier variants and their heter-
ogenous effect using the scatter, funnel and leave-one-out
plot. Causal effect estimates were interpreted as BMD
changes in the unit of SD with elevated levels of ADAM/
ADAMTS. Statistical significance was set at P<0.05/
(5*4)=0.0025 using the Bonferroni correction, and
P<0.05 was deemed as suggestive evidence for a causal
relationship. Finally, mRnd1, a well-established tool for a
posteriori power estimation in Mendelian randomization
analyses [28], was used for power calculation.

Results

Genetically-predicted ADAM/ADAMTS levels in relation to
FA-, FN- and LS-BMD

MR analyses suggested that serum concentrations
of ADAMI12, ADAMI19, ADAM?23, ADAMTS5 and
ADAMTS6 were not associated with FA-, FN- and LS-
BMD. According to the primary MR method (Fig. 2),
causal effects of each metallopeptidase on FA-BMD were
0.051 (-0.127 to 0.230, P=0.573) per 1l-unit increment
in ADAMI12 levels, 0.006 (-0.116 to 0.127, P=0.925) per
1-unit increment in ADAMI19 levels, -0.006 (-0.075 to
0.063, P=0.866) per 1-unit increment in ADAM?23 levels,
0.031 (-0.014 to 0.077, P=0.277) per 1-unit increment in
ADAMTSS5 levels, and 0.051 (-0.070 to 0.171, P=0.412)
per 1l-unit increment in ADAMTS5 levels. Like-
wise, genetically-predicted serum levels of ADAMI2,
ADAM19, ADAM?23, ADAMTS5 and ADAMTS6 were
not in association with FN-BMD or LS-BMD (Supple-
mentary Tables 6-8).

Serum ADAMTS5 concentrations were associated with heel
eBMD

Overall, MR analyses showed that elevated concentra-
tions of ADAMTS5 were associated with decreased heel
eBMD, but did not support causal effects of ADAMI12,
ADAM19, ADAM23 and ADAMTS6 (Fig. 2, Supple-
mentary Tables 9-10). Causal relationships between
ADAMTS5 and heel eBMD were suggested by the IVW
(P=0.004) and weighted median method (P=0.004),
albeit not reaching Bonferroni-corrected significance.
The causal effect estimate derived from the MR-Egger
slope, -0.005 (-0.013 to 0.003, P=0.411) was directionally
consistent, yet less precise (Fig. 3). MR-Egger intercept
indicated no unbalanced horizontal pleiotropy (Inter-
cept = -0.001, P=0.874). Individual causal estimate given
by the Wald ratio from three instrumental SNPs was
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examined, and overall causal estimate showed no evident
heterogeneity through sensitivity analyses (Fig. 4). On
the whole, the MR analysis provided suggestive evidence
(0.0025<P<0.05) for the causal effect of ADAMTS5 on
heel eBMD.

Discussion

ADAM and ADAMTS are two large metalloproteinase
families with important roles in numerous physiological
processes, especially in regulating cell adhesion, migra-
tion, proteolysis and signaling [29, 30]. Previous studies
have discovered ADAM/ADAMTS family proteins were
in relation with neurodegenerative disorders, airway
dysfunctions, cancers, atherosclerosis and many other
diseases [31-34], but little is known about the correla-
tion between ADAM/ADAMTS metalloproteinase and
osteoporosis. GWASs report summary data associated
with a trait for the strongest SNP in a certain genomic
region and typically enroll many regions across the entire
genome, which enables researchers to analyze a huge
number of uncorrelated genetic variants [35]. Therefore,
we used MR method, an attractive tool for estimating
genetic correlations, to explore the causality between
ADAM/ADAMTS and osteoporosis based on public
GWAS data ahead of recruiting new patients or design-
ing additional RCT studies.

The choice of the genetic instrumental variable for
MR analysis should fulfil three underlying assumptions
including (1) relevance assumption, genetic instrumen-
tal variables are reproducibly and strongly associated
with the risk factor of interest; (2) independence assump-
tion, genetic variants are not associated with any fac-
tors that confound the relationship between exposure
and outcome; and (3) exclusion-restriction assumption,
instrumental SNPs only influence the outcome through
the given exposure [36]. In this study, we selected SNPs
illustrating the serum levels of ADAM metallopeptidases
based on public GWAS results and analyzed their asso-
ciation with FA-BMD, FN-BMD, LS-BMD and eBMD,
since DXA measured BMD has been introduced as diag-
nostic standard of osteoporosis by world health organi-
zation, and meta-analysis of prospective studies have
supported the sensitiveness, effectiveness, and indepen-
dence of quantitative ultrasound estimated heel BMD
[37, 38]. Although laboratorial findings reported previ-
ously strongly suggested ADAM12, ADAM19, ADAM?23,
and ADAMTS6 were potential participants in bone
metabolism, our two-sample MR estimates had great
robustness to support no MR association between levels
of these metallopeptidases and osteoporosis based on the
results of various MR methods and sensitivity analyses.
Meanwhile, the results of our MR study suggested that
selected SNPs for higher serum levels of ADAMTS5 were
significantly associated with decreased eBMD (P<0.05).
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Exposures BMD Effect (95% CI) P-value
FA-BMD = 0.051 (-0.127, 0.230) 0.573
FN-BMD — —-0.049 (-0.134, 0.036) 0.261
ADAM12
LS-BMD = 0.021 (-0.078, 0.120) 0.682
HL-eBMD — -0.008 (-0.092, 0.075) 0.847
FA-BMD - 0.006 (-0.116, 0.127) 0.925
FN-BMD —— 0.009 (-0.050, 0.068) 0.759
ADAM19
LS-BMD = 0.014 (-0.082, 0.110) 0.777
HL-eBMD - 0.014 (0.000, 0.028) 0.055
FA-BMD — -0.006 (-0.075, 0.063) 0.866
FN-BMD —. 0.003 (-0.045, 0.052) 0.892
ADAM23
LS-BMD —— -0.007 (-0.062, 0.048) 0.809
HL-eBMD —_— -0.004 (-0.024, 0.016) 0.684
FA-BMD —— 0.031 (-0.014, 0.077) 0.277
FN-BMD —a— -0.010 (-0.041, 0.021) 0.542
ADAMTS5
LS-BMD —— 0.004 (-0.036, 0.043) 0.858
HL-eBMD " —-0.006 (-0.010, -0.002) 0.004
FA-BMD - 0.051 (-0.070, 0.171) 0.412
FN-BMD — 0.001 (-0.072, 0.073) 0.987
ADAMTS6
LS-BMD — -0.005 (-0.089, 0.078) 0.899
HL-eBMD —e -0.047 (-0.116, 0.022) 0.185
T T T T 1
-0.2 -0.1 0 0.1 0.2

Effect on BMD per 1-SD increase in ADAM/ADAMTS

Fig. 2 Effects of ADAM/ADAMTS metalloproteinases on bone mineral density estimated by the Mendelian randomization analyses. Causal estimates
given by the inverse weighted variance model were delineated with forest plots, with solid blocks representing effect sizes and horizontal lines meaning
confidence intervals. ADAM, A Disintegrin and Metalloproteinase; ADAMTS, A Disintegrin and Metalloproteinase with Thrombospondin Motif; BMD, bone
mineral density; Cl; confidence interval; eBMD, bone mineral density estimated by quantitative ultrasound; FA, forearm; FN, femoral neck; HL, heel; LS,
lumbar spine; SD, standard deviation
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Individual SNP Effect (95% Cl) P-value
rs2830585 -0.006 (-0.011, —0.001) 0.013
rs990529 -0.003 (-0.017, 0.011) 0.653
rs229100 -0.009 (-0.020, 0.002) 0.118
Overall Estimate

Inverse—variance weighted —— -0.006 (-0.010, —0.002) 0.004
Weighted median _— = -0.006 (-0.010, —0.002) 0.006
MR Egger i —-0.005 (-0.013, 0.003) 0.411

T T T T
-0.02 -0.01 0 0.01

Effect of ADAMTS5 on Heel BMD Estimated by Mendelian Randomization

Fig. 3 Association of genetically-predicted serum ADAMTS5 levels with heel bone mineral density. Effect estimates derived from individual SNP were
given by Wald ratios, and overall estimates were computed using three MR approaches, among which the primary method—inverse weighted variance
MR suggested that elevated concentrations of ADAMTS5 were associated with decreased heel BMD (B = -0.006, P=0.004). ADAMTS5, A Disintegrin and
Metalloproteinase with Thrombospondin Motif 5; BMD, bone mineral density; Cl; confidence interval; MR, Mendelian randomization; SNP, single nucleo-

tide polymorphism

Although the significance failed to reach Bonferroni-cor-
rected significance, a robust causal relationship was con-
sidered due to the results of additional MR approaches
and sensitivity analyses, and the possible linkage disequi-
librium among GWAS markers. The power calculation
results showed that our study had inadequate power to
detect such an association which truly existed but only
with a minimal effect, given that variances explained
by instrumental variables for ADAMs exposures were
relatively small (all <20%), and sample sizes for BMD
outcomes (especially for forearm BMD<10,000) were
largely restricted. It is worth mentioning that, the sample
size of GWAS on eBMD was larger than those of GWAS
on BMD measured by DXA, which probably accounted
for the failure of the association between serum lev-
els of ADAMTS5 and DXA-BMD to reach statistical
significance.

In previous studies, ADAMTS5 has always been rec-
ognized as a symbolling molecule of osteoarthritis [39,
40], and the positive results in MR analysis suggested its
potential role in osteoporosis, which updated the cur-
rent understanding on this metalloproteinase. A recent
study applied ADAMTS5 as one of bone resorption
markers, and considered it functional in the process of
RAW?264.7 cells differentiating into osteoclasts [41],
while the underlying mechanism has not been clarified.
The relationship between metalloproteinases and bone
loss has drawn attention in recent years but remains con-
troversial. Zhu et al. [42] identified a cathepsin K-inde-
pendent collagenolytic system in osteoclasts, which
was composed of a functionally redundant network of
the secreted matrix metalloproteinase MMP9 and the
membrane-anchored matrix metalloproteinase MMP14.

They found that Mmp9/Mmpl4 conditional double-
knockout mice exhibited marked increases in bone den-
sity and displayed a highly protected status against either
parathyroid hormone- or ovariectomy-induced patho-
logic bone loss. Inconsistently, our previous two-sample
MR analysis found no evidence for the causal relation-
ship between MMPs and BMD in the European popula-
tion [43]. Such contradict findings encouraged further
explorations in this field. In general, various metallo-
proteinases are potential in bone loss, especially in bone
resorption induced by osteoclasts, and the new evidence
for the causal effect of ADAMTS5 on BMD provided by
our MR analysis supported further clinical and biological
verification.

However, regardless of the strengths, the results of this
study should be understood with caution. First, although
MR analysis is based on the randomized assignment to
the next generation of genes during meiosis, there are
still uncontrolled confounding variables since the three
key assumptions of the genetic instrumental variable for
MR analysis cannot be statistically confirmed. Second,
our negative results could not totally deny the potential
of ADAM12, ADAM19, ADAM23 and ADAMTS6 as
biomarkers for osteoporosis due to the weakness of MR
analysis in identifying non-linear relationship [44]. Third,
the power and comprehensiveness of MR analysis rely
on the availability of GWAS datasets. The genetic data
associated with ADAM/ADAMTS used in the MR anal-
ysis were based on serum levels, which could not repu-
diate their physiobiological functions. Given the great
pleiotropy of genetic variants and previously intracellu-
lar findings, the role of these metallopeptidases in bone
metabolism remained worthy of further exploration.
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Fig. 4 Sensitivity analyses for the Mendelian randomization of ADAMTS5 on heel bone mineral density. In the scatter pot (A), each instrumental SNP
was presented with a black point, its associated vertical gray line (effect on heel BMD) and the crossed horizontal gray line (effect on serum ADAMTS5).
Colored lines illustrated overall causal estimates given by three MR methods, inverse-variance weighted (red solid), weighted median (blue dotted) and
MR-Egger (green dashed). For each SNP, the causal effect against its inverse standard error were depicted in the funnel plot (B). Causal estimates from all
instrumental variables except for the removal one in turn were delineated in the leave-one-out plot (C). On the whole, no evident outlier was detected in
the sensitivity analyses, which would otherwise heterogeneously or disproportionately influence the overall estimate. ADAMTS5, A Disintegrin and Metal-
loproteinase with Thrombospondin Motif 5; BMD, bone mineral density; MR, Mendelian randomization; SNP, single nucleotide polymorphism

Also, all the included participants were of European studies have discovered some types of ADAM/ADAMTS
ancestry, leading to inaccuracy in generalizing our find-  that were not discussed here and might take part in bone
ings to other populations. Besides, ADAM/ADAMTS remodeling [45]. In addition, it is of great significance,
metalloproteinase family consist of various members, especially in clinical practice, to explore the association of
while only five types were analyzed in this study. Previous =~ ADAM/ADAMTS with BMD in terms of different age or
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sex groups, while the GWAS datasets accessible hitherto
failed to support further age- or set-stratified analyses.
When genetic data of relevance are available in the near
future, current analyses could be updated to powerfully
provide more informative and comprehensive knowledge
on the relationship between ADAM/ADAMTS family
and BMD.

Conclusion

Our study provided suggestive evidence for the causal
effect of higher serum levels of ADAMTS5 on decreased
heel BMD, while there was no supportive evidence for
the associations of ADAMI12, ADAM19, ADAM23, and
ADAMTS6 with BMD at forearm, femoral neck and lum-
bar spine in Europeans.
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