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ABSTRACT

Osteocalcin, the most abundant noncollagenous bone matrix protein involved in bone
mineralization and bone turnover, is encoded by the BGLAP gene; however, there
is no data on the influence of common genetic variation on osteocalcin levels. We
performed a genome-wide association study for osteocalcin levels including 20,922
European individuals. Genome-wide associations were tested using natural log
transformed osteocalcin levels adjusting for age, age’, sex, BMI and ancestral genetic
background estimated by PCA. Inverse variance meta-analysis was performed, and
significance was set at P<5x10°®. LD-score regression was used to estimate heritability
and genetic correlation (shared heritability) with other traits. SNP-based heritabil-
ity was estimated as 0.09 (SE: 0.02). Variants at seven loci reached genome-wide
significance (GWS): 122 (SMG5, p=3.66x107°), 8q24.12 (TNFRSF11B, p=3.72x10?),
11q13.1 (SSSCA1-AS1, 1.75x107), 11q24.3 (FLI1, p=5.68x107), 13q14.11 (AKAP11,
p=8.2x10""%) 16p13.3 (TSC2, p=7.24x10°) and 19q13.41 (FPR3, p=1.01x10-8); after
validation in five cohorts (n=9,467). Osteocalcin had modest negative genetic cor-
relations (shared heritability) with BMD (femoral neck BMD rg:-0.27, se=0.10; lumbar
spine BMD rg:-0.35, se:0.12), type 2 diabetes (rg:-0.26, se:0.11) and several metabolic
traits and diseases such as waist-to-hip ratio (rg:-0.27, se:0.09) and triglycerides (rg:-
0.27, se:0.08). MR analysis did not show any causal effect of osteocalcin on several
glycemic traits. The results of this study highlight the polygenicity of serum osteocal-
cin levels and offers insights into its regulation in humans. Although osteocalcin was
genetically correlated with several metabolic traits its causal role was not confirmed.
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INTRODUCTION

Osteocalcin (gamma-carboxyglutamic acid protein, BGLAP), a bone-derived hormone,
comprises about 15% of the noncollagenous protein component of the extracel-
lular bone matrix and is the most abundant noncollagenous protein of the human
body.* Serum osteocalcin is a sensitive and specific marker of osteoblastic activity
and reflects the rate of bone formation.” Currently, it is used as a non-invasive bone
formation biomarker for the clinical assessment of calcium-phosphorus metabolic
disturbances of bone in diseases or drug trials.?

The osteocalcin protein contains gamma carboxyglutamate (Gla) residues which
are carboxylated by the enzyme gamma glutamyl carboxylase, a process that is
highly dependent to vitamin K. The carboxylated osteocalcin is secreted from the
osteoblasts and incorporated in the bone matrix by binding to hydroxyapatite in a
calcium-dependent fashion. Some of its calcium-binding properties led to the sug-
gestion that osteocalcin is involved in the bone matrix mineralization.? The extracel-
lular bone matrix provides elasticity and flexibility to bone and also determines its
structural organization. Uncarboxylated or undercarboxylated osteocalcin residues
cannot be incorporated in the matrix and are release into the circulation. Intact serum
osteocalcin reflects the portion of newly synthesized osteocalcin that does not bind
to the mineral phase of the bone but is released directly into the circulation.

In addition to its involvementin bone formation, osteocalcin has been suggested to
play an important role in endocrine regulation of energy metabolism,® male fertility,®
exercise capacity,’ brain development? and age-related decline in cognition.’ Studies
suggested that osteocalcin regulates glucose metabolism, insulin secretion and adipo-
nectin expression via directly interacting with p-cells in the pancreas and adipocytes
in the adipose tissues as a feedback loop of Leptin's regulation of osteoblasts.'***
Osteocalcin-deficient mice are obese with decreased B-cell proliferation and greater
insulin resistance.® Osteocalcin-treated deficient mice had a significantly decrease in
blood glucose and an increased insulin secretion. Moreover, wild type mice treated
with non-carboxylated osteocalcin improved insulin sensitivity (partially through the
enhancement of B-cell proliferation); increased B-cell insulin secretion, energy ex-
penditure and adiponectin expression; and were protected against the development
of obesity and type 2 diabetes (T2DM) induced by high-fat diet or hyperphagia.*

Although, as described above, strong evidences demonstrated osteocalcin plays
an important role in endocrine regulation of energy metabolism; epidemiological
studies, on the other hand, have not been conclusive. Low concentrations of baseline
serum osteocalcin were strongly associated with an increased risk of incident diabetes
during a 5-year follow-up.* In incident diabetic subjects, concentrations of serum os-
teocalcin were inversely associated with insulin resistance (HOMA-IR). In non-diabetic
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men exposure to higher plasma osteocalcin during a 3-year follow-up was associated
with a significantly lower rise in fasting plasma glucose.** However, no correlation
between baseline serum osteocalcin and the incidence of diabetes was observed
after a 3-year follow-up in a high-risk cohort with T2D.** In addition, bisphosphonate
treatment for osteoporosis reduced both carboxylated and non-carboxylated forms
of osteocalcin, but no association was found between these changes and glucose
parameters after 16 weeks of treatment in subjects with impaired fasting glucose.*®
The variation of serum osteocalcin due to environmental and/or genetic factors may
confound the findings from observation studies. For example, an increase of 16%-
70% in serum osteocalcin in winter compared with that of summer was found in some
studies.*”*® Serum osteocalcin appears to be slightly higher in males at all ages. ***°
Whereas an age-related decline of serum osteocalcin 19 positively correlated with
estradiol concentration, was observed in women. **

The estimated heritability of serum osteocalcin was 62% in a Mexican American
population, suggesting that the variation of serum osteocalcin may also be due to
genetic factors. ?> A common SNP, rs1800247, located at the 5’ UTR of the osteocalcin
encoded gene, bone gamma-carboxyglutamate protein, BGLAP, was reported to be
associated with lower serum osteocalcin,”® but didn’t replicate in other studies.”***
Given that the BGLAP gene doesn’t seem to explain the variability of serum osteo-
calcin, seeking to identify polygenetic factors that contribute to serum osteocalcin
variation and to causally infer relations between serum osteocalcin and its effect on
metabolic disorders, we conducted a GWAS meta-analysis on 13 studies of European-
descent adults and replicated top genome-wide associated findings in additional five
independent studies. The replicated SNPs were used as instrumental variables for
Mendelian randomization (MR) analyses to examine the causal effect of osteocalcin
on metabolic and diabetic relevant disorders.

SUBJECTS AND METHODS

Study Subjects, Genotyping and Imputation

The Discovery stage of this GWAS meta-analysis utilized data from 11 cohort studies,
including AGEs, Framingham, GOOD, HealthABC (European Ancestry), Mr.0S Sweden,
Mr.0S US, PIVUS, SHIP, SHIP-Trend, Rotterdam study ( I, Il and 1) and TwinsUK cohorts.
Atotal of 20,922 European-descent adults were included in the final analyses. The in-
dependent replication of top associated findings, including genome-wide associated
SNPs (association p-values < 5x10®) and genome-wide suggestive associated SNPs
(5%x10°® < association p-values < 5x10°°), were performed in five additional studies,
including DECODE, BPROOF, GINLISA, Health2006 and OPRA cohorts. A total of 9,467
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adult European-descent adults were included in the replication analyses. Distribution
of age, sex, BMI and T2DM prevalence in the participating discovery and replication
cohorts is available in the Supplementary Materials (Supplementary table 1). All stud-
ies were approved by institutional ethics review committees at the relevant organiza-
tions and all participants provided written informed consent.

All the cohorts were genotyped using commercially available SNP arrays from Af-
fymetrix (Affymetrix Inc., Santa Clara, CA, USA) or Illumina (Illumina Inc., San Diego, CA,
USA). The detail of genotype arrays, calling algorithms, quality controls for genotyp-
ing, inclusion criteria of SNPs and subjects is available in the Supplementary Materials
(Table S2). Imputation was performed within each study with IMPUTE,*® IMPUTE2,?
MACH?® or Minimac® software (Supplementary table 2) using genotypes from the
HapMap Phase Il release 22, NCBI build 37 (CEU samples) or HRC1.1%° as reference
panels. Before performing an analysis, poorly imputed and low frequency or rare
polymorphisms were excluded. Specifically, the quality control filters applied for
exclusions of SNPs were: imputation quality score <0.3 for MACH/Minimac and <0.4
for IMPUTE/IMPUTE2, average minor allele frequency (MAF) of <1% across studies,
and SNPs missing from 250% of the cohorts. After quality control, ~2.5 million SNPs
were available from each cohort for the discovery meta-analysis.

Serum Osteocalcin Measurement

Serum total osteocalcin was measured by assays with different specificities including
chemiluminescence assay, eletrochemilumin-escence immunoassay, ELISA, EIA and
RIA. The intact osteocalcin is 49 amino acid long. The N-terminal part of the osteocal-
cinincludes molecule fragment from amino acid#1 to amino acid#19. The C-terminal
part of the osteocalcin includes molecule fragment from amino acid#44 to amino
acid#49. The middle "mid” part of the osteocalcin includes molecule fragment from
amino acid#20 to amino acid#43. The majority of these assays capture the intact
osteocalcin and/or large N-terminal-mid molecule (fragment amino acid #1 to amino
acid#43). For example, RIA was used to measure serum osteocalcin in Framingham
Study participants. This RIA assay captures both intact osteocalcin (49 amino acids)
and the large N-terminal-mid molecule fragment (amino acid#1 to amino acid#43).
Given these differences the serum osteocalcin levels may not be directly comparable
across studies. As showed in Supplementary table 1, the average serum osteocalcin
level in men is 26.3, 16.5 and 4.4, respectively, in participants from GOOD Study
(using ELISA), MROS (using EIA) and Framingham Study (using RIA). The distribution
of serum osteocalcin across studies as well as the assays they used are available in
the Supplementary Materials (Supplementary table 1). The non-carboxylated form of
osteocalcin can be further separated from the carboxylated form. As showed in Table
S1, the % of the non-carboxylated osteocalcin among total serum osteocalcin is 18%,
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34% and 19%, respectively, in Framingham, HealthABC and MROS US studies. Since
the other studies didn't measure non-carboxylated osteocalcin, we only perform
GWAS analyses on the total osteocalcin level.

SNP-Osteocalcin association Analyses

In the Discovery and replication phases, each cohort conducted analyses according to
a standard pre-specified analysis plan under an additive (i.e. per allele count) genetic
model. Both sex-specific and sex-combined analyses were performed. The phenotype
was log2 transformed serum total osteocalcin level. The covariate adjustment in the
model included sex (only for sex-combined models), age, age2, BMI and ancestral
genetic background estimated by PCA. For family-based studies with pedigree struc-
tures, such as the Framingham Study, a mixed-effect model to take into account the
within familiar correlation was applied. The mixed-effect model was implemented
in the R Kinship2 package (https://cran.rproject.org/web/packages/available_pack-
ages_by_name.html). Study-specific summary statistics (beta-coefficients, standard
errors, p-values and sample size) were used for the meta-analysis with the genome-
wide SNPs.

Meta-Analysis

Meta-analysis of the GWAS discovery results was conducted and tested indepen-
dently by two researchers. Due to the relatively limited statistical power to detect
sex-specific associations, we only present results from sex-combined meta-analysis.
Given the relative incomparable serum total osteocalcin measurements across stud-
ies, we applied a fixed-effect, sample size weighted meta-analysis implemented in
METAL software. A genomic control was estimated and applied to meta-analysis to
correct for potential inflation of the test statistics. The QQ plot was generated by R
package (EasyQQ). The regional plots were generated by LocusZoom, ** using chromo-
some position coordinates as provided in GrCh37/hg19. I> was estimated per SNP to
quantify heterogeneity across studies. We consider genome-wide level of statistical
significance at p-value < 5x10°® and the suggestive level of significance at p-value <
5x10°°.

Conditional Analyses for Independent Signals

To identify independent association signals in the regions containing SNPs that were
genome-wide significant or genome-wide suggestively significant, we performed
chromosomal-wide association analyses conditioning on the most significantly as-
sociated SNP(s) from locus (loci) on the same chromosome. This was done by using
variance-component models implemented in the GCTA (Genome-wide Complex Trait
Analysis) tool package®* with summary statistics from discovery meta-analysis along
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with LD information from HRC1.1 using the BPROOF study.** Conditionally indepen-
dent variants were then annotated to the closest gene using the Ensembl annotation
system implemented by SNP-NEXUS (https://snp-nexus.org/index.html).

Replication Analysis

In each genome-wide associated locus, suggestive associated locus or genome-wide
associated independent signals in the HapMap effort we selected the lead SNP with
the lowest association p-value for de-novo replication in three cohorts. In addition,
SNP with p<5x10° from the combined discovery (HapMap and HRC1.1) were followed
for replication in three cohorts with available genome-wide data. The SNP-osteocalcin
association analysis has been described in the "Osteocalcin Association Analyses”
section. A fixed-effect meta-analysis was performed to combine results from these
four replication studies. The meta-analysis approach has been described in the "Meta-
Analysis” section.

Meta-Analysis of Results from Discovery and Replication Studies

We further combine summary statistics from the discovery studies and replication
studies for those SNPs with replication results. The meta-analysis was done by using
the fixed-effect sample size weighted meta-analysis implemented in METAL software.
These association p-values are considered as “combined association p-values”. A
successful replication was considered if the combined association p-values were
genome-wide significant (ps5x10°%) and lower than the discovery.

Functional Annotations

We used the FUMA online platform** to obtain gene-based, gene-set and tissue-specific
annotations. In addition, for all variants, we predicted their function by PolyPhen2.?®
For all variants, we annotated potential regulatory functions of our replicated GWAS
SNPs and loci based on experimental epigenetic evidence including DNAse hypersen-
sitive sites, histone modifications, and transcription factor binding sites in human cell
lines and tissues from the ENCODE®**” and the Epigenetic Roadmap projects. *® We first
constructed haplotype blocks for GWAS lead SNPs and SNPs in high LD (r2 > 0.8) with
GWAS lead SNPs. We then identified regulatory elements (enhancers and promoters
estimated by chromatin state) in the haplotype blocks across 98 healthy human tis-
sues/normal cell lines available in the ENCODE Project and the Epigenetic Roadmap
Project using HaploReg4 web browser.** GWAS lead SNPs or the SNPs in high LD with
GWAS lead SNPs were annotated as to whether they were located within these regu-
latory elements, including, promoters, flanking active promoters, active promoters,
weak promoters, strong and weak enhancers, weak enhancers in transcribed regions,
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weak enhancers, active enhancers, active enhancers with weak H3K4me3 and strong
H3K27ac and poised enhancers estimated by the ChromHMM approach.*

SNP Heritability of Osteocalcin and Genetic Correlations with Energy
Metabolic Traits

LD score regression was used to estimate the SNP heritability (h2) of serum osteocalcin
and to estimate the genetic correlation (rg) between serum osteocalcin and variety of
bone and energy metabolic traits and diseases with publicly available summary GWAS
data using LD Hub.** The tool is a centralized database of summary-level GWAS results
for hundreds of diseases/traits, as well as a web interface that automates the LD score
regression analysis pipeline.*?

Mendelian Randomization Analysis

To determine the causal relation of serum total osteocalcin with the risk of T2D, meta-
bolic relevant disorders, and bone health we selected only GWAS SNPs associated with
serum total osteocalcin as instrumental variables from the combined meta-analysis.
To estimate the per SNP causal relation between serum total osteocalcin and disease
risks, we used the 2-sample MR analytical approach. To increase statistical power, we
combined each SNP result into a multi-instrument summary-level MR variable.** One
of the fundamental assumptions of Mendelian randomization analyses is that there
should be no pleiotropy in genetic variants; thus, the genetic variants associated with
serum total osteocalcin are exclusively associated with disease risks through only
serum total osteocalcin, but no other confounders. To avoid bias of Mendelian ran-
domization analyses from pleiotropic genetic effects, we applied the MR Egger* and
the Mendelian Randomization Pleiotropy RESidual Sum and Outlier (MR-PRESSO).%*
We also performed a bidirectional MR to test for the possibility that BMD may causally
affect the levels of total serum osteocalcin. Given several SNPs were associated with
both BMD and osteocalcin instead of removing the SNPs we applied Steiger filtering*®
to estimate the true direction of the SNP-trait association.

RESULTS

Genome-Wide Associated Loci and Replication

Sex-combined GWAS meta-analyses were performed on 20,922 European adults.
We identified six GWAS loci, including chriq22 SMG5-BGLAP; chr8q24 TNFRSF11B,
chr11q13.1 SSSCA1-AS1, chr11q24.3 FLI1-KCNJ1, chr13q14.11 AKAP11, chri6p13.3
TSC2 (Table 1; Supplementary Figure 1-Manhattan plot). The QQ plots and A genome
control values of GWAS meta-analyses didn't demonstrate any potential systemic
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biases (Supplementary Figure 2). The most significantly associated SNP, rs2246476,
is in the intron region of the SMG5 gene with p-value equal to 2.64x107*°. The minor
allele frequency is 22% in the studied cohorts. We did not observe any differences
between the inverse-variance weighted and z-score weighted meta-analysis (Table
S3). Therefore, in all post GWAS analysis we used the summary statistics from the IVW
meta-analysis.

The GWAS Secondary Signals

To identify independent GWAS signals, we performed a conditional analysis by condi-
tioning on GWAS SNPs. Summary statistics from model 1 and HRC1.1 CEU LD structure
were used for the conditional analyses. On Chr1 SMG5 locus (Supplementary Figure
1), SNP rs2104404 (Table 1), located in the TMEM79 gene, remained genome-wide
significantly associated with serum total osteocalcin after conditioning on the most
significant SNP (rs2246476). SNP rs2104404 is not in LD with rs2246476 (R2=0.03,
D'=0.56).

Combined Meta-analysis

The top associated SNPs from the HapMap effort and SNPs with p<5x10°® from the
total discovery effort were selected for replication. Replication genotyping (including
de novo genotyping and genome-wide genotyping) were done in 9,467 Caucasian
samples. All GWS loci were successfully replicated in the combined meta-analysis. In
addition, one suggestive locus on chr19q13.41 reached GWS in the combined meta-
analysis along with 14 suggestive loci (Table 1). Overall, seven GWAS loci were iden-
tified in the combined meta-analysis. Supplementary Figure 2 and Supplementary
Figure 3 are the regional plots and forest plots.

Annotation and Functional Role of Associated Variants

We annotated SNPs with discovery p-values <5x10-6 from those seven replicated
GWAS loci (Supplementary Table 4). Except for SNP rs2073618, the other SNPs are
intronic, 5'upstream, 3’'downstream or intergenic. SNP rs2073618 is a missense vari-
ant modifying the third amino acid of OPG protein (encoded by TNFRSF11B gene) from
Asn to Lys (N3K). SNP rs2073618 was genome-widely associated with serum total
osteocalcin and in LD (r2=0.57, D'=0.89) with the top SNP at chr8 (rs10955908). How-
ever, the functional impact of this missense SNP is predicted to be "benign” based on
the ACMG Gideline.”’

To annotate potential functions of these non-coding variants and to predict
potential functions of these non-coding variants, we overlapped locations of these
SNPs with locations of gene regulatory elements, especially on promoters, promoter
flanking regions with transcription factor (TF) bindings, enhancers, CTCF binding
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sites and TF binding sites (TFBS). The CTCF binding sites represent the activity of
insulators, sequences that block the interaction between enhancers and promoters.
The average length is 4.3Kb, 1.8Kb, 0.5kb, 0.6kb and 6kb, respectively for promoters,
proximal enhancers, distal enhancers, CTCF bindings, and TFBS in human genome. 48
We overlapped SNP locations with these gene regulatory elements observed from
human primary osteoblasts. The lead SNPs on chr1 SMG5-BGLAP, chr8 -TNFRSF11B
and chr11 FLI1 loci are in LD with SNPs located in gene regulatory elements (Table 2).
rs1346 is located at the promoter flanking TF binding regions of the SSSCA1-AS1 gene.
Moreover, rs2104404, rs10955908, rs611307 and rs11840862 are in LD with SNPs
located in the promoter flanking TB bonding region of their corresponding genes.
With the exception of rs1246, these regulatory elements were only observed in cells
from other lineages but not osteoblasts. (The "Multiple cells” column in Table 2). The
majority of the associated SNPs were located in the enhancer regions of the mapped
genes.

To estimate the confidence of a non-coding variant to be functional, we utilized the
RegulomeDB score. It scored variants from 1 (high evidence) to 6 (no or low evidence)
based on evidence from eQTL, TF binding, matched TF motif, matched DNase Footprint
and DNase peak TF (Table 2). We identified one SNPs (rs6469789) on chr8 TNFRSF11B
locus scored as “1d” (evidences from eQTL + TF binding + any motif + DNase peak).
In addition, 7 SNPs on chr1 SMG5-BGLAP locus scored as “1f" (evidences from eQTL
+ TF binding + matched TF motif). Among them, only rs2246476 was a lead SNP. The
SNPs scored as "1d” or "1f" are likely to affect binding and linked to expression of a
gene target.

Gene-based association Analyses

The gene-based association test implemented in MAGMA 49 using the FUMA platform
was performed using summary statistics from discovery GWAS meta-analyses. All
available SNPs were mapped to 18,793 protein coding genes. Genome-wide signifi-
cance was found for TNFRSF11B, SMG5, CCT3, TMRM79, PMF1-BGLAP and PAQR6 genes
with p-values < 2.6x10-6 (=0.05/18793) after Bonferroni correction (Supplementary
Figure 5). TSC2 and FPR3 were also strongly associated.

Chromatin 3D Interactions

Hi-C looping structure (chromatin 3D interactions) was used to find interactions be-
tween SNPs located regions and potential promoter regions of protein coding genes.
We only considered looping structures that overlapped with estimated enhancers and
promoters, so that chromatin interactions are always between enhancer regions and
promoter regions. We combined chromatin interactions as well as gene regulatory
element information (enhancers and promoters) from multiple tissues together; thus,
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Genome-wide Association Meta-analysis Identifies Seven Loci for Osteocalcin Levels

results are not tissue-type or cell-type specific. As showed on the circus plot (Supple-
mentary Figure 6A) of chr1 SMG5-BGLAP locus, the chromatin interactions (colored
orange) were found between top associated SNPs and several genes in the regions.
eQTLs between top associated SNPs and genes were highlighted in green. Genes
highlighted in red, including SMG5, BGLAP among others, showed both evidences
from chromatin interactions and eQTLs. On chr 8 TNFRSF11B, COLE10, MAL2, NOV and
SMAD12 were all marked by significant chromatin interactions and eQTLs (Supple-
mentary Figure 6B). Next, on chr11q24.3 both KCNJ1 and FLJ1 can be considered
possible candidate genes, whereas on chr11q13.1 the list of genes marked by both
chromatin interaction and eQTLs is large (Supplementary Figure 6¢c and Supplemen-
tary Figure 6D). The chr 13 locus was highlighted by AKAP11(Supplementary Figure
6E). Finally, on chr16 and chr19 (Supplementary Figure 6F and Supplementary Figure
6g, respectively), TSC2 and FPPR3 are likely to be the candidate genes with support
from chromatin interactions and eQTLs.

Heritability and Genetic Correlations

The estimated SNP heritability (h2) of serum total osteocalcin is 9% (95%Cl: 4-12%).
We found negative genetic correlations between serum total osteocalcin and triglyc-
erides, waist-to-hip ratio, type 2 diabetes and femoral neck BMD (p<0.05). Positive
genetic correlation was also found for height (genetic correlation=0.15) (Figure 1).
Since BMI was adjusted in our osteocalcin GWAS analyses, the genetic correlations
with quantitative BMI relevant phenotypes may not be estimated accurately.
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Figure 1 | Genetic correlation between osteocalcin and variety of related traits. LS-BMD=Lumbar
spine bone mineral density; FN-BMD= femoral neck bone mineral density. HOMA-B= Homeostatic
model assessment of B-cell function idex; HOMA-IR= Homeostatic model assessment of insulin
resistance index; HDL= high-density lipoproteins; LDL= low-density lipoproteins.
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Mendelian Randomization Analyses
SNPs from seven replicated GWAS loci were selected as instrumental variables for
total serum osteocalcin. We did not detect any pleiotropic biases in our MR analysis
(Egger-intercept). We did not find any causal effect of genetically determined osteo-
calcin on type 2 diabetes and other glycemic traits with the exception of HOMA-IR
(Table 3). We did not look into obesity relevant phenotypes (BMI, waist-to-hip ration,
obesity) since BMI was adjusted in our osteocalcin GWAS analyses; therefore, the
analyses may not be accurately.

As a positive control, we also performed Mendelian randomization analyses on
bone relevant phenotypes. We found a causal effect of serum total osteocalcin on
lower femoral-neck BMD (beta=-1.32; p-value=1.4x10) (Table 4).

Table 3 | Causal effect of serum total osteocalcin on different bone and metabolic traits.

ww Weighted median MR-PRESSO _Egger
intercept
Outcome
effect p Effect p global Effect p p
(95%Cl) (95%Cl) P (95%Cl)
Femoral -0.685 -0.707 0715
e EMD (-1.239, 0016  (-1.111, 0001 <0.001  (-1.173, 0028  0.51
-0.130) -0.304) -0.257)
-1.056 -0.590 -0.616
Lumbar
oogup (1948, 0020  (-1.106, 0026 <0.001  (-1087, 0083  0.94
P -0.163) -0.073) -0.145)
Tvoe 2 -0.395 -0.216 -0.370
D‘i’sbetes (-1.046, 0234 (-0.651, 0331 0.001  (-0.729, 0.100  0.19
0.256) 0.234) 0.010)
Fastin -0.048 -0.017
lucosge (-0.140, 0303  (-0.136, 0.781 0.583 NA NA 0.67
g 0.044) 0.102)
Fastin -0.042 -0.062
insulif (-0.136, 0384  (-0.190, 0.775 0.421 NA NA 0.51
0.052) 0.065)
-0.083 -0.181
Homa-B (-0.203, 0.180 (-0.232, 0.012 0.159 NA NA 0.02
0.038) 0.040)
0.128 -0.183
Homa-IR (0250, 0041 (-0.341, 0.022 0818 NA NA 0.22
-0.006) -0.026)

global p= test for horizontal pleiotropy; MR-Presso beta (95%Cl) = corrected effect estimate for
horizontal pleiotropy via outlier removal; NA= not applicable. If the global test is not significant
(P<0.05) corrected effect is not calculated as there are no outliers
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Table 4 | Causal effect of BMD on osteocalcin.

ww Weighted median MR-PRESSO Egger
intercept
Exposure
beta p beta p global beta p p

(95%CI) (95%Cl) P (95%ClI)
Femoral -0.065 -0.035 -0.042

(-0.111, 0.005  (-0.069, 0.048 <0.001 (-0.069  0.004 0.85
neck BMD

-0.019) -0.000) -0.015)

-0.056 -0.028 -0.018
Lumbar
spine BMD (-0.097, 0.008 (-0.062, 0.09 <0.001 (-0.041, 0.14 0.01
P -0.015) 0.005) -0.005)

global p= test for horizontal pleiotropy; MR-Presso beta (95%Cl) = corrected effect estimates for
horizontal pleiotropy via outlier removal; NA= not applicable. If the global test is not significant
(P<0.05) corrected effect is not calculated as there are no outlier

DISCUSSION

In the current GWAS study, we successfully replicated seven GWAS loci associated
with total serum osteocalcin. Several of the SNPs were located within or near genes
implicated in relevant bone pathways such as TNFRSF11B and AKAP11. Total serum
osteocalcin had modest heritability (~9%) and weak evidence of shared genetic
etiology with femoral neck BMD, type 2 diabetes, triglycerides, waist-to-hip ratio and
height. Nonetheless, none of these relationships were causal with the exception of
BMD.

The strongest associations arose from the 1q22 locus which harbors the well-
known osteocalcin gene, BGLAP, but also several other genes such as SMG5, TMEM79
and CCT3. The strongest association (rs2246476) mapped to the SMG5 gene. This SNP
or its proxies (r*>0.8) have not been reported to be associated with any other traits
before. Although SMG5 have been associated with variety of traits such as mortality,
HbA1c, red cell distribution, and adiposity the lead SNPs in these associations were
not in LD with our lead SNP(r’<0.2). This SNP is highly likely to affect the binding and
expression of SMG5 (regulomeDB score of 1f [eQTL + TF binding/DNase peak]). In ad-
dition, the variant is located within the enhancer region of SMG5 but only in the liver.
Additional secondary signal in this locus (rs2277872) overlap with the TF Promoter
flanking region of SMG5 in blood cells and the enhancer region in osteoblasts. The
biological function of SMG5 in not well understood. What is known so far is that it
plays important role in nonsense-mediated mRNA decay; process relevant to reduce
errors during gene expression.®® The gene is expressed across various tissues such
as testis, blood, and muscle among others. In the proximity of SMG5 is the BGLAP or
the so called “osteocalcin gene”. BGLAP encodes 4 exons from which the first three
produce immature proteins, whereas exon 4 produces mature one. ** In osteoblasts,
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the expression of osteocalcin is incited by the Runx2 (Cbfa1) transcription factor;
without it the osteoblasts will don’t differentiate and produce bone®? and osteocalcin
will not be produced as well. On the other hand, BGLAP expression is inhibited by the
transforming growth factor-B (TGF-B) in an autocrine fashion. The BGLAP promotor is
sensitive to vitamin D, alcohol intake and corticosteroids, thus, they may influence
the levels of total serum osteocalcin. The lead SNPs in this locus are also in LD with
SNPs mapping near TMEM79 and CCT3; thus, any of these genes can be a potential
candidate gene. Nevertheless, SMG5 and BGLAP were highlighted by both chromatin
interactions and eQTLs; making them stronger candidate genes in this locus.

Several SNPs mapped to genes involved in the nuclear factor-kB ligand (RANKL/
RANK /osteoprotegerin (OPG)) signaling pathway such as TNFRSF11B and AKAP11.
TNFRSF11B encodes the OPG protein which is primarily secreted from the osteoblasts
and it is essential for osteoclast development and function. OPG binds to RANKL, and
prevents it from activating its cognate receptor RANK, which is vital for osteoclast
differentiation, activation and survival.*® Next, the AKAP11 gene (is located ~185 kb
upstream of RANKL) encodes a group of A-kinase anchor proteins (AKAP), involved in
intracellular signaling events by linking cAMP to other pathways.**** In mice, AKAP11
is continuously expressed during osteoblast maturation.®® Akap11 knockout cells,
generated using CRISPR/Cas9 in mouse pre-osteoblastic MC3T3-E1 cells, presented
significant reduction of calcium mineral deposition and decreased alkaline phospha-
tase (ALP) activity since differentiation phase (Day7). Moreover, the expression of the
major structural protein genes such as OC, IBSP and SPP1, was reduced since miner-
alization phase (Day16).® TNFRSF11B and AKAP11 were mapped by both chromatin
interaction and eQTLs. Signals also arose from the 11q24.3 locus that have been re-
cently associated with heel BMD*” which mapped near FLI1 that have also been linked
to the NF-kB Signaling; however, the exact mechanism of action of this gene on bone
are still unknown. Overall, these genes play a key role in bone metabolism, thus, can
affect the serum osteocalcin levels as well.

Next, we identified two loci that have not been associated with any bone traits
harboring the TSC2 and FPR3 genes. Nevertheless, these genes have shown links to
relevant bone pathways. For instance, TSC2 been related with the mTOR signaling
pathway*® implicated in osteoblast differentiation and function stimulated by several
bone anabolic ligands such as Wnt, igf and bmp.*>¢¢* The role of mTOR signaling
in osteoclastogenesis is still controversial as inactivation of mTORC1 by deletion of
Raptor can enhance, whereas hyperactivation of mTORC1 by deleting Tsc1 in osteo-
clast precursors can impair osteoclastogenesis.®> FPR3 on the other hand, has been
proposed to promote osteoblast differentiation via the N-Formyl Peptide Receptor
1-mediated Signaling Pathway in Human Mesenchymal Stem Cells from Bone Marrow
GPCRs (G protein coupled receptor) in bone.®* G protein signaling also has a key role in
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bone development and remodeling by influencing the GPCR-G, Wnt, calcium and PTH
signaling pathways. In addition, the G-protein-coupled receptor (GPCR) 48 have been
related with significant downregulation of the expression levels of osteocalcin and
collagen.® Interestingly, GPCR represents the largest family of proteins that is cur-
rently targeted by approve drugs. % The exact role of these genes in the underlaying
pathways is still unknown and warrants further investigation.

In the past decade there has been increasing recognition of the intimate relation-
ship between bone and energy metabolism. Initially it was shown thar energy me-
tabolism influence bone remodeling through the effects of leptin, serotonin and the
sympathetic tone [reviewed elsewhere °®]. Therefore, it was postulated that bone may
also provide a feedback loop and affect energy metabolism. An early experimental
animal study showed that osteocalcin-deficient mice were glucose intolerant, insulin
resistant and fat started.’ Similarly, observational studies have shown inverse associa-
tion between osteocalcin, adiposity and diabetes.®”*%*7° We did find a negative ge-
netic correlation between osteocalcin and type 2 diabetes. However, our MR analysis,
did not show any causal effect of genetically determined total serum osteocalcin on
type 2 diabetes; indicating that osteocalcin and type 2 diabetes may share common
pathways and the observed associations to be simple due to pleiotropy. In addition,
osteocalcin and BMD showed a bidirectional association driven by the SNPs mapping
to the RANK/RANK/OPG pathway; establishing the role of osteocalcin as bone turnover
marker where as evidence of a causal effect cannot be established. Overall, the MR
results need to be interpreted with caution as the variance explained of osteocalcin
was low; thus, providing low power to detect any true causal associations.

This study has several limitations that need to be highlighted. First, the majority of
the studies were imputed to older imputation panels (HapMap) and only one utilized
newer and denser panel (HRC1.1); thus, we might have missed some variants associ-
ated with total serum osteocalcin not present in the majority of the studies. Second,
the osteocalcin assays were different between studies which may have led to lower
power to detect true-positive associations. Finally, we were not able to examine the
carboxylated and non-carboxylated forms of osteocalcin separately as the majority of
the cohorts estimated only the total serum osteocalcin.

Total serum osteocalcin is a complex, heritable trait implicated in relevant bone
mechanisms. We identified seven loci robustly associated with total serum osteocal-
cin. MR analysis showed no causal link with metabolic and glycemic traits, but did
proved evidence for bidirectional association with BMD, highlighting the essential
role of osteocalcin in bone biology. The exact role of osteocalcin in energy metabo-
lism in humans is yet to be full elucidate till then our results do not support any causal
association.
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Supplementary Figure 1 | Manhattan Plot of Association Statistics (~log10(P)) for serum total os-
teocalcin. Each dot represents a SNP and the x axis indicates its chromosomal position (built 37
NCBI). Dashed red horizontal line marks the GWS threshold (P <5x107%).
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Supplementary Figure 2 | Quantile-quantile (QQ) plot of observed versus expected P values of the
GWAS results. The dashed red line in the QQ plot indicates the distribution of SNPs under the null
hypothesis.
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Supplementary figure 5 | Gene-Based Associaiton Analyses Using Summary Statistics from Discov-
ery Meta-Analysis

Supplementary Figure 6 | The Circos Plot with Chromatin Inetraction (Orange lines) and eQTLs
(Green Lines) on displaying1q22 (A), 8q24.12 (B), 11q13.1(C), 11q24.3 (D), 13q14.11 (E),
16p13.3(F) and 19q13.41 (G) loci.

The most outer layer represents the Manhattan plot. SNPs in genomic risk loci are colour-coded
as a function of their maximum r2 to the lead SNPs in the locus, as follows: red (r2 > 0.8), orange
(r2 > 0.6), green (r2 > 0.4), blue (r2 > 0.2) and grey (r2 < 0.2). The rs ID of the top SNPs in the risk
locus is displayed in the most outer layer. The second layer contains the genomic risk locus which
is highlighted in blue. Here genes are mapped by chromatin interactions (orange) or eQTLs (green).
When the gene is mapped by both, it is colored in red.
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Supplementary Figure 6 | The Circos Plot with Chromatin Inetraction (Orange lines) and eQTLs
(Green Lines) on displaying1q22 (A), 8q24.12 (B), 11q13.1(C), 11q24.3 (D), 13q14.11 (E),
16p13.3(F) and 19q13.41 (G) loci.

The most outer layer represents the Manhattan plot. SNPs in genomic risk loci are colour-coded
as a function of their maximum r2 to the lead SNPs in the locus, as follows: red (r2 > 0.8), orange
(r2 > 0.6), green (r2 > 0.4), blue (r2 > 0.2) and grey (r2 < 0.2). The rs ID of the top SNPs in the risk
locus is displayed in the most outer layer. The second layer contains the genomic risk locus which

is highlighted in blue. Here genes are mapped by chromatin interactions (orange) or eQTLs (green).
When the gene is mapped by both, it is colored in red. (continued)
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Supplementary Table S2 | Genotype, Imputation and Sample QC information for Participating Cohorts

Genotyping SNP Inclusion criteria
. Calling
Study Platform(s) / ChiP(s)  sioorithm  MAF Call Rate P-test HWE # SNPs
Discovery Cohorts
AGEs Ilumina HU370CNV  BeadStudio  21% 297% >10° 308340
FHS Affymatrix 550K BRLMM 21% 297% >10° 378163
GOOD Illumina Infinium 5 istudio 1% 298% >10° 521160
HumanHap 610K =20 =787
African American =
HealthABC Illumina Infinium 1M BeadStudio 21% 297% >10° 1007669. European
Ancestry 914075
>10™ for
Illumina HumanOm- GenomeStu- o o autosomes.
Mr.0S Sweden ni1_Quad_v1-0 B dio 21% 298% >10° for X 739477
chromosome
Illumina HumanOm- GenomeStu-
o, 0, -
Mr.0S US ni1Quad_v1-0 B dio 21% 297% 210-4 725550
PIVUS Human Omni Express GenCall >0 295% >10° 645318
SHIP Affymetrix 6.0 Birdseed2 NA NA NA 869224
SHIP-Trend Illimuna Omni 2.5 GenCall >0 >0.9 >0.0001 1782967
SNP call rate
:;:;2”22380 o >97% (SNPs with 317k=303.940;
TwinsUK Duo anF:j 1 ZMDUO Iluminus  MAF>1%  MAF25%) or > >10-6 610k=554.234; 1M=
' 99% (for 1% 878.319

1M).

<MAF < 5%)
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SNP Imputation Samples Association
Quality Call rate*
Method MAF metric Total # SNPs  selection Sample QC/ Other exclusions Software
Discovery Cohorts
1) Mismatch with previous genotypes from
MACH >0% r*-hat=0.30 2533153 297% other experiments. 2) missing height and PorbABEL
1.0.16 . 0.0.5¢
weight
MACH o, [(O/E)d® ratio o 1) Autosomal heterozygosity (<0.26 or > Kinship.
1.0.16 21% 20.30 2471285 297% 0.30); (2) Ethnic outliers (Eigenstrata) R-package
1) heterozygosity > 33%;
Técll; none none 2543887 297.5% 2) ethnic outliers; ’\c:‘:‘(:jl-Rllzl\j:’l
o 3) related individuals and duplicates.
African
American = . .
MACH 1922501, l_\lo IBD > 0.125. no eth.mc outhers from MACH@
none none 297% Eigenstrat. no gender discrepancies from
1.0.16 European QTL
self-report versus genotype data
Ancestry
2543887
exclusion based on IBD clustering. checked
minimac none none 297% for duplicates. first and second-degree PLINK
relatives
minimac none MACH r2 3020488 297% 1 relat.ed partl.c1pants and duplicates 2) R
High BAF in >5 chromosomes
IMPUTE . o . .
20 none info>0 2692093 >95%  Heterozygosity (+-35D. Gender discordance) ~ PLINK
. duplicate samples (by estimated IBD). .
IMPUTE  NA excl. dupli 2748910 >92% individuals with reported/genotyped gender Quicktest
cate IDs . v0.95
mismatch
. duplicate samples (by estimated IBD). .
IMPUTE  NA excl- dupli 3437411 >94% individuals with reported/genotyped gender Quicktest
cate IDs . v0.95
mismatch
Exclusion criteria were:(ii) heterozygos-
ity across all SNPs 22 s.d. from the sample
mean (iii) evidence of non-European an-
cestry as assessed by PCA comparison with
IMPUTEv2 21%  info20.30 3044097 298% HapMap3 populations; (iv) observed pair- ~ GenABEL

wise IBD probabilities suggestive of sample

identity errors; (v). We corrected misclassi-

fied monozygotic and dizygotic twins based
on IBD probabilities
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Supplementary Table S3 | Comparing the IVW and ZW meta-analysis for the lead GWS SNPs from

each locus
Locus SNP EA NEA EAF Effect se P Z-score P
1q22 rs2246476 T C 0780 0.037 0.004 2.64x10"°  8.97  2.60x10™
1q22 rs2104404 A C 0201 -0.029 0.004 6.94x10"" -6.47  1.01x10™°
8q24.12  rs10955908 A C 0467 -0.028 0.003 4.53x10™ -8.21  2.18x10™
11q13.1 rs1346 A T 0812 0025 0.005 2.16x10° 5.61 1.95x10°
11q24.3  rs1787971 C G 0.670 -0.020 0.004 7.73x10°  -534  9.18x10°®
13q14.11  rs9594738 T C 0498 0.030 0.003 5.04x10" 893  4.36x10™
16p13.3  rs13337626 T C 0916 0.039 0.007 4.82x10°% 538 7.40x10°®
19q13.41 rs8111274 T G 0.291 -0.021 0.004 8.25x10° -537  7.70x10°®
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