Supplementary Text

Five ADAM/ADAMTS metallopeptidases (ADAM12, ADAM19, ADAM23, ADAMTS5 and ADAMTS6), which were likely to exert influences on BMD as indicated in previous studies:

	Metallopeptidases of interest
	Biological implications in BMD from previous studies
	PMID

	ADAM12
	directly interacted with FLRG, which may contribute to bone formation by inhibiting osteoclast differentiation
	15574124

	
	participates in cell-cell fusion in myoblast formation, is upregulated and processed upon formation of multinuclear giant cells and osteoclasts
	16206351

	
	the isoform of ADAM12S selectively expressed in osteoclast, and the level of ADAM12L changes in the process of osteoblast differentiation
	15207739

	ADAM19
	increases during differentiation of mesenchymal stem cells towards chondrocytes
	17391539

	ADAM23
	[bookmark: _GoBack]increases during differentiation of mesenchymal stem cells towards chondrocytes
	17391539

	ADAMTS5
	regulated by Wnt/β-catenin signaling pathway, potential to regulate chondrocyte phenotype, maturation and function in a developmentally regulated manner
	15760903

	
	may play a critical role in growth-plate organization and endochondral ossification
	17391539

	
	the level increases during remodeling of the cartilage callus into bone during osseointegration
	32995386

	ADAMTS6
	acts as a POFUT2 substrate important for bone development
	35167946

	
	decreases during adipose derived stem cells undergoing osteogenesis
	31409848






#R scripts for Mendelian randomization analyses
#Raw input data referred to Supplementary Table 2-5, and defaul File and Variable #Column Name should be changed accordingly for replication. Analysis results were #organized into Supplementary Table 6-9.

library(TwoSampleMR)
exposure_dat <- read_exposure_data(filename = "MR_ADAM_Exp.csv", sep=",", phenotype_col = "Exposure", gene_col = "Gene", snp_col = "RSID", beta_col = "EXPbeta", se_col = "EXPse", pval_col = "EXPpval", effect_allele_col = "effect_allele", other_allele_col = "other_allele")
outcome_dat <- read_outcome_data(filename = "MR_BMD_Out.csv", sep=",", phenotype_col = "Outcome", gene_col = "Gene", snp_col = "RSID", beta_col = "beta", se_col = "se", pval_col = "pval", effect_allele_col = "ea", other_allele_col = "oa")
dat <- harmonise_data(exposure_dat, outcome_dat)
mr_res <- mr(dat, method_list=c("mr_ivw", "mr_weighted_median","mr_egger_regression"))
mr_res
mr_heterogeneity(dat)
mr_pleiotropy_test(dat)
save.image("MR_ADAMTS_BMD.RData")



#R scripts for generating Figure 2

library(forestplot)
forest <- read.csv('Raw data for generating Figure 2.csv',header = F)
attach(forest)
pdf("Figue2.pdf", bg = "white", colormodel = "cmyk", paper = "letter")
forestplot(labeltext = as.matrix(forest[,1:5]),
           mean = forest$V6, #Mean
           lower = forest$V7, #Lower limit
           upper = forest$V8, #Upper limit
           is.summary=c(T,
                        T,F,F,F,F,
                        T,F,F,F,F,
                        T,F,F,F,F,
                        T,F,F,F,F,
                        T,F,F,F,F, 
                        T,F,F,F,F),#T=Bold
           txt_gp=fpTxtGp(label=gpar(cex=0.8), ticks=gpar(cex=0.8), xlab=gpar(cex=1)),
           hrzl_lines=list("2" = gpar(lty=1,lwd=1)), 
           xticks = c(-0.2, -0.1, 0, 0.1, 0.2),
           clip = c(-0.12,0.23),
           ci.vertices.height = 0.05,
           zero = 0, 
           boxsize = 0.22,
           lineheight = unit(8,'mm'),
           colgap = unit(8,'mm'),
           lwd.zero = 1,
           lwd.ci = 2,
           lwd.xaxis=2,
           xlog=FALSE,
           grid = FALSE,
           lty.ci = "solid", 
           col=fpColors(box='black',  lines = 'black',zero = 'grey'),
           xlab="Effect on BMD per 1-SD increase in ADAM/ADAMTS",
           graph.pos = 3)

dev.off()
detach(forest)

# Raw data for generating Figure 2 
##which were also summarized in Supplementary Table 6-9. 

	Exposures
	BMD
	Effect (95% CI)
	P-value
	
	
	

	ADAM12
	
	
	
	
	
	

	
	FA-BMD
	0.051 (-0.127, 0.230)
	0.573
	0.05123656
	-0.1270886
	0.22956167

	
	FN-BMD
	-0.049 (-0.134, 0.036)
	0.261
	-0.0487204
	-0.133726
	0.03628511

	
	LS-BMD
	0.021 (-0.078, 0.120)
	0.682
	0.02067742
	-0.0783113
	0.11966614

	
	HL-eBMD
	-0.008 (-0.092, 0.075)
	0.847
	-0.0082145
	-0.0915645
	0.07513552

	ADAM19
	
	
	
	
	
	

	
	FA-BMD
	0.006 (-0.116, 0.127)
	0.925
	0.00585034
	-0.1155309
	0.1272316

	
	FN-BMD
	0.009 (-0.050, 0.068)
	0.759
	0.00920503
	-0.0496557
	0.06806574

	
	LS-BMD
	0.014 (-0.082, 0.110)
	0.777
	0.01389097
	-0.0823221
	0.11010403

	
	HL-eBMD
	0.014 (0.000, 0.028)
	0.055
	0.01392239
	-0.0002922
	0.02813701

	ADAM23
	
	
	
	
	
	

	
	FA-BMD
	-0.006 (-0.075, 0.063)
	0.866
	-0.0059606
	-0.0753218
	0.0634006

	
	FN-BMD
	0.003 (-0.045, 0.052)
	0.892
	0.00338068
	-0.0452615
	0.05202287

	
	LS-BMD
	-0.007 (-0.062, 0.048)
	0.809
	-0.0067816
	-0.061637
	0.04807392

	
	HL-eBMD
	-0.004 (-0.024, 0.016)
	0.684
	-0.0041154
	-0.0239575
	0.01572659

	ADAMTS5
	
	
	
	
	
	

	
	FA-BMD
	0.031 (-0.014, 0.077)
	0.277
	0.031
	-0.0144906
	0.0774578

	
	FN-BMD
	-0.010 (-0.041, 0.021)
	0.542
	-0.0096486
	-0.0406841
	0.02138691

	
	LS-BMD
	0.004 (-0.036, 0.043)
	0.858
	0.00361198
	-0.0358367
	0.0430607

	
	HL-eBMD
	-0.006 (-0.010, -0.002)
	0.004
	-0.006061
	-0.0101513
	-0.0019708

	ADAMTS6
	
	
	
	
	
	

	
	FA-BMD
	0.051 (-0.070, 0.171)
	0.412
	0.05054939
	-0.0702275
	0.17132624

	
	FN-BMD
	0.001 (-0.072, 0.073)
	0.987
	0.00059228
	-0.0716796
	0.07286419

	
	LS-BMD
	-0.005 (-0.089, 0.078)
	0.899
	-0.0053763
	-0.0885668
	0.07781427

	
	HL-eBMD
	-0.047 (-0.116, 0.022)
	0.185
	-0.0469653
	-0.1163488
	0.02241823






#R scripts for generating Figure 3
#Initial .eps file from Rstudio was processed in AI to make the current Figure 3.

library(forestplot)
forest <- read.csv('Raw data for generating Figure 3.csv',header = F)
attach(forest)

forestplot(labeltext = as.matrix(forest[,1:5]),
           mean = forest$V4, #Mean
           lower = forest$V5, #Lower limit
           upper = forest$V6, #Upper limit
           is.summary=c( T,F,F,F,
                        T,F,F,F),#T=Bold
           txt_gp=fpTxtGp(label=gpar(cex=0.8), ticks=gpar(cex=0.8), xlab=gpar(cex=1)),
           hrzl_lines=list("2" = gpar(lty=1,lwd=1)), 
           xticks = c(-0.02, -0.01, 0, 0.01),
           clip = c(-0.021, 0.012),
           ci.vertices.height = 0.05,
           zero = 0, 
           boxsize = 0.22,
           lineheight = unit(8,'mm'),
           colgap = unit(8,'mm'),
           lwd.zero = 1,
           lwd.ci = 2,
           lwd.xaxis=2,
           xlog=FALSE,
           grid = FALSE,
           lty.ci = "solid", 
           col=fpColors(box='black',  lines = 'black',zero = 'grey'),
           xlab=" Effect of ADAMTS5 on Heel BMD Estimated by Mendelian Randomization",
           graph.pos = 2)

dev.off()
detach(forest)

# Raw data for generating Figure 3 

	Individual SNP
	Effect (95% CI)
	p-value
	
	
	

	rs2830585
	-0.006 (-0.011, -0.001)
	0.013
	-0.0059016
	-0.010533
	-0.0012701

	rs990529
	-0.003 (-0.017, 0.011)
	0.653
	-0.0031279
	-0.0167639
	0.0105082

	rs229100
	-0.009 (-0.020, 0.002)
	0.118
	-0.0090467
	-0.0203892
	0.00229579

	Overall Estimate
	
	
	
	
	

	Inverse-variance weighted
	-0.006 (-0.010, -0.002)
	0.004
	-0.006061
	-0.0101514
	-0.0019707

	Weighted median
	-0.006 (-0.010, -0.002)
	0.006
	-0.0060269
	-0.0103621
	-0.0016918

	MR Egger
	-0.005 (-0.013, 0.003)
	0.411
	-0.0053671
	-0.013295
	0.00256075






#R scripts for generating Figure 4

library(ggplot2)
library(TwoSampleMR)
library(dplyr)
load("MR_ADAMTS_BMD.RData")
dat <- dat %>%  
filter(exposure ==  "ADAMTS5 " & id.outcome=="ebi-a-GCST006979")
rm(list = ls()[!ls() %in% "dat"])
mr_res <- mr(dat, method_list=c("mr_ivw", "mr_weighted_median","mr_egger_regression"))
mr_single <- mr_singlesnp(dat,  parameters = default_parameters(),  single_method = "mr_wald_ratio", all_method = c("mr_ivw", "mr_weighted_median","mr_egger_regression"))
res_loo <- mr_leaveoneout(dat)
mr_funnel_plot(mr_singlesnp(dat,  parameters = default_parameters(),  single_method = "mr_wald_ratio",all_method = c("mr_ivw")))

###Figure 4A Scatter Pot:
mr_scatter_A <- function(mr_results, dat)
{
  requireNamespace("ggplot2", quietly=TRUE)
  requireNamespace("plyr", quietly=TRUE)
  mrres <- plyr::dlply(dat, c("id.exposure", "id.outcome"), function(d)
  {
    d <- plyr::mutate(d)
    if(nrow(d) < 2 | sum(d$mr_keep) == 0)
    {
      return(blank_plot("Insufficient number of SNPs"))
    }
    d <- subset(d, mr_keep)
    index <- d$beta.exposure < 0
    d$beta.exposure[index] <- d$beta.exposure[index] * -1
    d$beta.outcome[index] <- d$beta.outcome[index] * -1
    mrres <- subset(mr_results, id.exposure == d$id.exposure[1] & id.outcome == d$id.outcome[1])
    mrres$a <- 0
    if("MR Egger" %in% mrres$method)
    {
      temp <- mr_egger_regression(d$beta.exposure, d$beta.outcome, d$se.exposure, d$se.outcome, default_parameters())
      mrres$a[mrres$method == "MR Egger"] <- temp$b_i
    }
    
    if("MR Egger (bootstrap)" %in% mrres$method)
    {
      temp <- mr_egger_regression_bootstrap(d$beta.exposure, d$beta.outcome, d$se.exposure, d$se.outcome, default_parameters())
      mrres$a[mrres$method == "MR Egger (bootstrap)"] <- temp$b_i
    }
    
    ggplot2::ggplot(data=d, ggplot2::aes(x=beta.exposure, y=beta.outcome)) +
      ggplot2::geom_errorbar(ggplot2::aes(ymin=beta.outcome-se.outcome, ymax=beta.outcome+se.outcome), colour="#969696",size=0.2, width=0) +
      ggplot2::geom_errorbarh(ggplot2::aes(xmin=beta.exposure-se.exposure, xmax=beta.exposure+se.exposure), colour="#969696", size=0.2,height=0) +
      ggplot2::geom_point(ggplot2::aes(text=paste("SNP:", SNP)), size=2) +
      ggplot2::geom_abline(data=mrres, ggplot2::aes(intercept=a, slope=b, colour=method, linetype=method), show.legend=TRUE,  size=1) +
      ggplot2::scale_colour_manual(values=c( "#e41a1c","#4daf4a", "#377eb8","#000000")) +
      ggplot2::scale_linetype_manual(values=c("solid", "dashed", "dotted", "dotdash")) +
      ggplot2::labs(colour="MR Methods", x=paste("Effects of SNPs on ", d$exposure[1]), y=paste("Effects of SNPs on ", d$outcome[1])) +
      
      ggplot2::theme_bw()+
      ggplot2::theme(panel.grid = element_blank())+
      ggplot2::theme(panel.grid.major = element_line(size=0.3, linetype="dotted",color="#cccccc")) +
      ggplot2::guides(colour=ggplot2::guide_legend(ncol=1))
    
  })
  mrres
}   

ggsave(mr_scatter_A(mr_res, dat)[[1]], file="Figure4A.tiff", width=8, height=6, dpi=600)
 

###Figure 4B Funnel Pot:
mr_funnel_A <- function(singlesnp_results)
{
  requireNamespace("ggplot2", quietly=TRUE)
  requireNamespace("plyr", quietly=TRUE)
  res <- plyr::dlply(singlesnp_results, c("id.exposure", "id.outcome"), function(d)
  {
    d <- plyr::mutate(d)
    if(sum(!grepl("All", d$SNP)) < 2) {
      return(
        blank_plot("Insufficient number of SNPs")
      )
    }
    am <- grep("All", d$SNP, value=TRUE)
    d$SNP <- gsub("All - ", "", d$SNP)
    am <- gsub("All - ", "", am)
    
    p <-subset(d, !SNP %in% am)
    x1 = d$b[d$SNP=="Inverse variance weighted"]
    xmin <- x1-max(x1-min(p$b),max(p$b)-x1)-(max(p$b)-min(p$b))/10
    xmax <- x1+max(x1-min(p$b),max(p$b)-x1)+(max(p$b)-min(p$b))/10
    ymax <- max(1/p$se)+(max(1/p$se)-min(1/p$se))/10
    ymin <- min(1/p$se)-(max(1/p$se)-min(1/p$se))/10
    
    ggplot2::ggplot(subset(d, ! SNP %in% am), ggplot2::aes(y = 1/se, x=b)) +
      ggplot2::geom_point() +
      ggplot2::geom_vline(data=subset(d, SNP=="Inverse variance weighted"),linetype="dotted",
                          ggplot2::aes(xintercept=b, colour = SNP)) +
      
      geom_abline(slope= (ymax-ymin)/(x1-xmin),intercept = (x1*ymin-xmin*ymax)/(x1-xmin),linetype="dotted",colour="grey")+
      geom_abline(slope= (ymax-ymin)/(x1-xmax),intercept = (x1*ymin-xmax*ymax)/(x1-xmax),linetype="dotted",colour="grey")+
      xlim(xmin, xmax) +
      ylim(ymin, ymax) +
      
      ggplot2::scale_colour_manual(values = c("grey", 
                                              "#1f78b4", "#b2df8a", "#33a02c", "#fb9a99", 
                                              "#e31a1c", "#fdbf6f", "#ff7f00", "#cab2d6", 
                                              "#6a3d9a", "#ffff99", "#b15928")) +
      ggplot2::labs(y="1/se", x="beta\nFunnel plot for MR analysis of ADAMTS5 on heel eBMD", colour="MR Method") +
      ggplot2::theme_linedraw()+
      ggplot2::theme(panel.grid = element_blank(), 
                     legend.position="none", legend.direction="none")
  })
  res
}

ggsave(mr_funnel_A (mr_res, dat)[[1]], file="Figure4B.tiff", width=8, height=6, dpi=600)  


###Figure 4C Leave-one-out Pot:
mr_leaveoneout_A <- function(leaveoneout_results)
{
  requireNamespace("ggplot2", quietly=TRUE)
  requireNamespace("plyr", quietly=TRUE)
  res <- plyr::dlply(leaveoneout_results, c("id.exposure", "id.outcome"), function(d)
  {
    d <- plyr::mutate(d)
    # Need to have at least 3 SNPs because IVW etc methods can't be performed with fewer than 2 SNPs
    if(sum(!grepl("All", d$SNP)) < 3) {
      return(
        blank_plot("Insufficient number of SNPs")
      )
    }
    d$up <- d$b + 1.96 * d$se
    d$lo <- d$b - 1.96 * d$se
    d$tot <- 1
    d$tot[d$SNP != "All"] <- 0.01
    d$SNP <- as.character(d$SNP)
    nom <- d$SNP[d$SNP != "All"]
    nom <- nom[order(d$b)]
    d <- rbind(d, d[nrow(d),])
    d$SNP[d$SNP == "All"] <- "All-IVW"
    d$SNP <- ordered(d$SNP, levels=c("All-IVW", "", nom))
    
    ggplot2::ggplot(d, ggplot2::aes(y=SNP, x=b)) +
      ggplot2::geom_vline(xintercept=d$b[d$SNP == "All-IVW"], linetype="dashed",colour="grey") +
      ggplot2::geom_errorbarh(ggplot2::aes(xmin=lo, xmax=up, size=as.factor(tot), colour=as.factor(tot)), height=0) +
      ggplot2::geom_point(ggplot2::aes(colour=as.factor(tot))) +
      ggplot2::scale_colour_manual(values=c("#000000", "#e41a1c")) +
      ggplot2::scale_size_manual(values=c(0.3, 0.8)) +
      ggplot2::theme_bw()+
      ggplot2::theme(
        panel.grid = element_blank(),
        legend.position="none", 
        axis.text.y=ggplot2::element_text(size=8), 
        
        axis.title.x=ggplot2::element_text(size=8)) +
      ggplot2::theme(panel.grid.major = element_line(size=0.3, linetype="dotted",color="#cccccc")) +
      ggplot2::labs(y="", x=paste0("Leave-one-out plot"))
  })
  res
}

ggsave(mr_ leaveoneout _A (res_loo)[[1]], file="Figure4C.tiff", width=8, height=6, dpi=600)  


Reference:
1. https://github.com/mrcieu/TwoSampleMR
2. https://cran.r-project.org/web/packages/forestplot/vignettes/forestplot.html 
3. https://ggplot2.tidyverse.org/
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