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Whole-genome sequencing identifies non-coding variants
near EN1 with large effectson bone mineral densty

SUPPLEMENTARY INFORMATION

1. Cohorts

Cohort-level characteristics are describe@upplementary Table 18. Supplementary Table 19
describes BMD measurements and covariates usessatiation testing for all cohorts.

2. Sequencing

Supplementary Table 20 summarizes the data generation method for sequepiheised cohorts. A
detailed description is provided below for the vehgenome and whole exome sequenced cohorts.

Whole Genome Sequencing
UK10K

ALSPAC and TwinsUK cohorts were sequenced to anageeread depth of 6.7x through the UK10K
program fwww.uk10k.org. Whole genome sequencing was completed at thécivied Trust Sanger
Institute and Beijing Genomics Institute. BrieflyNA was sheared and subjected to lllumina pairetl-en
DNA library preparation and sequenced using therllha HiSeq platform. Reads were aligned to the
GRCh37 human reference, using BWA (v0.5.9-ABAM files were further processed to realign around
known INDELSs, base quality score recalibration,iidd of BAQ tags using GATK.

SNV calls were completed using samtools/bcftootsgion 0.1.18-r57F and were then called to produce
a VCF file2 The pipeline to create these calls is availatenfr
https://github.com/VertebrateResequencing/vr-codefigee/develap

Sites were called using the Variant Quality Scoeed®ibration (VQSR)and GATK Unified Genotyper
was used to recall the sites and alleles discoveyeshmtools. The VariantRecalibrator within GATlasv
used to first model the variants, then GATK ApplgRBlbration was applied to assign VQSLOD scores
(seehttp://www.broadinstitute.org/gsa/wiki/index.phpMé&nt _quality score_recalibratidar more
details).

VQSLOD score threshold was set at -0.6804 whichrawgd site concordance with duplicate samples
sequenced using high-depth exome sequence metheddurther thresholds were applied: failure of
HWE (P<1e-6) and evidence of batch effects betveaemples genotyped at Sanger and BGI (P<1e-2). In
total, 4.2M variants were removed through thesec@@ria. The final set contained over 42M SNVs.

In order to assess the validity of the sequence, @4t samples were also sequenced using high-degth
generation exome sequencing (depth = 70x), destpbeviously. 74,621 sites were shared out of the
86,322 sites that were called in the exome dapaiesenting a sensitivity of 86.4% across the 35Isib b
region. We assessed the non-reference discordatecand found that 0.2% were discordant, suggesting
that the resultant dataset had high concordandehigh depth exome sequencing.

Whole Exome Sequencing
AOGC

993 samples underwent exome capture and massiabgbaequencing. Sequencing libraries were
constructed from 1.6ug genomic DNA using the lllneniTruSeqDNA sample preparation kit. Libraries
were combined in pools of six for target capturegishe lllumina TruSeq Exome Enrichment Kit.
Libraries were assessed pre- and post-captureoforduality and yield using the Agilent High Seivity
DNA assay and KAPA Library Quantification Kit. Magsly parallel sequencing was performed using the
lllumina HiSeq2000 to generate 100bp paired-endg€2x100PE). Either 6 or 12 samples were run per
flow cell lane using version 2 or version 3 SBSgesas respectively.
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lllumina Data Analysis Pipeline software (CASAVA812) was used for de-multiplexing and initial base
calling and sequence data was aligned to the duptéld of the human genome (hgl9, released Fepruar
2009) using the Novoalign alignment tool (V2.08;68quence alignment files were converted using
SAMtools (v0.1.16) and Picard toolstip://picard.sourceforge.ne{v1.42) SNPs and indels were called
using the Genome Analysis Toolkit (GATK v2.2®)cluding variant recalibration. Variants were
annotated using ANNOVAR and Variant Effect Predictod GERP++ scorés.

FHS

DNA samples were constructed into Illumina paired-ere-capture libraries according to the
manufacturer’s protocol (lllumina Multiplexing_Salaprep_Guide_1005361_D) with modifications as
described in th8CM-HGSC lllumina Barcoded Paired-End Capture Lityr&@reparationprotocol.
Libraries were prepared using Beckman robotic watiens (Biomek NXp and FXp models). The
complete protocol and oligonucleotide sequencesegessible from the HGSC website
(https://hgsc.bcm.edu/sites/default/files/documdlhisiina_Barcoded_Paired-

End_Capture_Library Preparation.pdf

Briefly, 1 ug of DNA in 100ul volume was sheared into fragmeftapproximately 300-400 base pairs in
a Covaris plate with E210 system (Covaris, Inc. WabMA) followed by end-repair, A-tailing and
ligation of the lllumina multiplexing PE adaptorBre-capture Ligation Mediated-PCR (LM-PCR) was
performed for 6-8 cycles of amplification using &% SOLID Library High Fidelity Amplification Mix &
custom product manufactured by Invitrogen). Urgeéprimer IMUX-P1.0 and a pre-capture barcoded
primer IBC were used in the PCR amplification.tdtal, a set of 12 such barcoded primers were ased
these samples. Purification was performed withnsgerrt AMPure XP beads after enzymatic reactions.
Following the final XP beads purification, quargdtion and size distribution of the pre-capture PI@R
product was determined using the LabChip GX el@ttovesis system (PerkinElmer).

For the hybridization step, four or six pre-captlilbearies were pooled together (~250 ng/sampleafdr

plex and ~166 ng/sample for a 6-plex, totalingglper pool). These pooled libraries were then idybed

in solution to the HGSC VCRome 2.1 design (42MbmblieGen) according to the manufacturer’s protocol
NimbleGen SeqCap EZ Exome Library SR User's GMdes{on 2.2)with minor revisions. Human COT1
DNA and full-length Illlumina adaptor-specific blaok oligonucleotides were added into the hybridarat

to block repetitive genomic sequences and the adaptjuences. Post-capture LM-PCR amplificatioa wa
performed using the 2X SOLID Library High Fideliymplification Mix with 14 cycles of amplification.
After the final AMPure XP bead purification, quaptand size of the capture library was analyzedgisi

the Agilent Bioanalyzer 2100 DNA Chip 7500. Théaéncy of the capture was evaluated by performing
a gPCR-based quality check on the four standardMi@en internal controls. Successful enrichment of
the capture libraries was estimated to range fr@hta9 ofACt value over the non-enriched samples.

Library templates were prepared for sequencinggudimmina’s cBot cluster generation system with
TruSeq PE Cluster Generation Kits. Briefly, thiiseries were denatured with sodium hydroxide and
diluted to 6-9 pM in hybridization buffer in ord&r achieve a load density of ~800K clusters/miBach
library pool was loaded in a single lane of a Hiflew cell, and each lane was spiked with 1% phiX
control library for run quality control. The saragibraries then underwent bridge amplificatioridom
clonal clusters, followed by hybridization with teequencing primer. Sequencing runs were perfoimed
paired-end mode using the lllumina HiSeq 2000 ptatf Using the TruSeq SBS Kits, sequencing-by-
synthesis reactions were extended for 101 cycten #ach end, with an additional 7 cycles for thiein
read.

RS-

Genomic DNA of RS participants were prepared frdaot and fragmented into 200-400 bp fragments
using Covaris Adaptive Focused Acoustics (AFA) simggaccording to the manufacturerts instructions
(Covaris, Inc., Woburn, MA). lllumina TruSeq DNAMsary preparation (lllumina, Inc., San Diego, CA)
was performed on a Caliper Sciclone NGS workstaf@adiper Life Sciences, Hopkinton, MA), followed
by exome capture using the Nimblegen SeqCap EZiMRkche Nimblegen, Inc., Madison, WI). This
capture targets 44Mb of exonic regions coverin@26 coding genes, 329,028 exons and 710 miRNAs.
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Paired-end 2 x100 sequencing was performed onillaidiSeq2000 sequencer using lllumina TruSeq V3
chemistry.

Reads were mapped to the human genome hg19 wi\ibe algorithm and processed with the Genome
Analysis Toolkit (GATK) to recalibrate base qualitgores and perform local realignment around known
indels.

Variant calling and Quality Control

Target coverage or each sample was computed vatB&TK. Single nucleotide variants (SNVs) and
small insertions and deletions (indels) were cahlétl the Unified Genotyper module of the GATK and
filtered to remove SNVs with annotations indicatbféechnical artifacts (such as strand-bias, lovievd
call quality, or homopolymer runs). Samples withvée than 76% of targeted bases covered to 20x,awith
abnormally high number of non-reference allelebaierozygosity, or with an abnormally low
concordance with prior SNP array genotypes (basatie@distribution across all samples) were exaude
from analysis. Any sample genotype at a site witiemotype quality (GQ) < 20 in the sample was igdor
(e.g. set as missing). Variants were annotated théh/ariant Effect Predictdr.

ESP

The processes of library construction, exome captequencing, and mapping were performed as
previously described. Sequencing was performekeatniversity of Washington (UW) and the Broad
Institute of MIT/Harvard (Broad). Single Nucleotid@riants (SNVs) were called using the UMAKE
pipeline at University of Michigan, which allowed samples to be analyzed simultaneously, both for
variant calling and filtering. Briefly, we used BAfes summarizing Burrows-Wheeler Alignment (BWA)
alignments generated at the UW and the Broad as.3rthese BAM files summarized alignments
generated by BWA, refined by duplicate removalaliécation, and indel re-alignment. We excluded all
reads that were not confidently mapped (Phred-daalEpping quality < 20) from further analysis. To
avoid PCR artifacts, we clipped overlapping endgaited reads. We then computed genotype likelisood
for exome targeted regions and 50 flanking basesumting for per base alignment quality (BAQ) gsin
SAMtools? Variable sites and their allele frequencies wdemtified using a maximum-likelihood model,
implemented in glfMultipled® These analyses assumed a uniform prior probabilipolymorphism at
each site. The final call-set was performed on & &mples.

We used a support vector machine (SVM) classifiexeparate likely true positive and false-positive
variant sites, applying SNP quality metrics inchglillelic balance (the proportional representatibn
each allele in likely heterozygotes), base qudisyribution for sites supporting the reference altdrnate
alleles, and the distribution of supporting evidebetween strands and sequencing cycle, amongssoth
We used as the positive training set variants ifiedtby dbSNP or 1000 Genomes and we used variants
that failed multiple filters as the negative traigiset. We found this method to be effective ataeing
sequencing artifacts while preserving good-qualdta, as indicated by the transition-transversiistv

ratio for previously known and newly identified iant sites, the proportion of high frequency vatsan
overlapping with dbSNP, and the ratio of synonymimuson-synonymous variants, as well as attempts at
validation of a subset of sites. A total of 1,908l66NVs passed the SVM filter. Among these, geregyp
with a corresponding read depth less than 10 wereosnissing.

ERF

The exomes of 1,336 individual from the ERF popatatvere sequenced at the Center for Biomics of the
Cell Biology department of the Erasmus MC, The HMdtnds. The individuals were selected random with
the regards to ADHD scores. The sequencing wasieeid using the Agilent version V4 capture kit on a
lllumina Hiseq2000 sequencer using the TruSeq dar8iprotocol. The sequence reads were aligned to
the human genome build 19 (hg19) using BWA andNARWHAL pipeline!*'2The aligned reads were
processed further using the IndelRealigner, MarkiRates and TableRecalibration tools from the Gemom
Analysis Toolkit (GATK) and Picardhttp://picard.sourceforge.netenetic variants were called

using the Unified Genotyper tool of the GATK. Abdu#t million Single Nucleotide Variants (SNVs) were
called. After removing the low quality variants (BU < 150), variants with a call rate of < 95% and
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variants that were out of Hardy Weinberg EquilibmigHWE; p-value < 18) and monomorphic variants,
and removing individuals with a low call rate (<%8Pwe retrieved 540,633 SNVs and 1,301 individuals.

3. Whole Genome Genotyping

All genome-wide genotyping has been previously rega® except for MrOs and SOF. Genotyping of
MrOS and SOF was performed using the lllumina Hu@ranil_Quad_v1-0 B array at the Broad Institute,
Cambridge, MA. Genotypes were called using therliha’'s BeadStudio calling algorithm. The sample
quality control exclusion criteria were sample cate < 97%, excessive autosomal heterozygosis, fi

and second degree relatives, genotypic sex misngioly X and Y chromosome probe intensities and
gross chromosome abnormalities.

Imputation of Whole Genome Genotyped Cohorts

All samples were imputed using the same refereacelmnd pipeline. Before imputation, the phased
UK10K haplotypes (3,781 samples) were merged wib01Genome haplotypes (1,092 samples) using
IMPUTE2M. We excluded singletons in both reference panefisrb merging. To account for the fact that
each panel might contain sites that are not présehe other panel, we imputed the missing vasiditm
each study into the other study and then combinedwo reference panels as the union set of Sit&s.
total of 41,992,162 variants were finally preseritethe combined 9,746 haplotypes.

The GWAS data were pre-phased first without a ezfee panel, using best-guess haplotyp&sien

variants from the combined UK10K/1000Genomes refeegpanel were imputed into the best-guess
haplotypes of genome wide genotyped cohorts. IMPRJidports an information (info) metric as a
measurement of post-imputation quality. The infdrinaypically takes values between 0 and 1. A galu
near 1 indicates a SNV has been imputed with hegtamty, whereas a value of 0 means that there is
complete uncertainty about the genotypes. Thermgtric is used to filter poorly imputed SNVs. We
applied a cutoff of an info score of 0.4 to alllu@ed SNVs in the association analySgpplementary

Table 21 denotes cohort-level imputation statistics. Setragahe phasing and imputation steps in this way
is beneficial because most of the computationadiéuiof imputation comes from accounting for the
unknown phase of the GWAS samples.

4. Association Testing

Single Variant Methods

Single variant association testing was undertaledémguan additive model separately for each BMD. site
BMD was defined a forearm (distal 1/3 of radiugmbar spine (L1-4) and femoral neck, as measured by
DXA. Since different DXA machines have known sysatimdifferences in BMD measurements, BMD
was standardized within each cohort to have a moéaero and a standard deviation of one. This also
assists in interpretation of data since the efex of each allele can therefore be measuredidatd
deviations. BMD was adjusted for age, age-squamdand weight. In sex-specific analyses, the sew t
was removed.

The type of software employed for single variastitey for each cohort is shown Supplementary Table
2. Cohort-specific genomic inflation factors (lambyare also shown iBupplementary Table 2 (the
mean lambda was 1.044).

Single variant tests were undertaken for variaritls & MAF >0.5%, using an additive effect of the minor
allele at each variant in each cohort. For singlgant tests, statistical significance was declaféer

taking into account all of the independent testemgrvariants with MAE-0.05%, as we have described
recently!’ Briefly, to estimate the number of independent SNtvthe UK10K reference panel, we

obtained sequence data from chromosome 3 on 2, B¥ gghetic variants in 2,432 individuals from the
UK10K program. This comprised of 798,175 SNVs vitAF >0.005 and the estimated number of SNVs
at this threshold, genome-wide was 12,451,530. &elved these SNVs to 4,268,111 independent tgsts b
calculating the predicted effective number of inelegient tests and corrected= 0.05 by 4,268,111 to



203  yield a Bonferroni corrected genome-wide significémeshold of 1.2x 1Bfor single-variant tests at MAF
204  >0.5%.

205 Single Variant Meta-analysis

206  Meta-analysis of cohort-level SNV association stats was undertaken using fixed-effects meta-aaly

207  in GWAMA.8 Single variant Forest and Locuszoom plots are shioxtended Data Fig. 2 and 10. QQ

208 and Manhattan plots for single variant associatamesshown irfextended Data Figure 1b and 1c,

209 respectively. QQ and Manhattan plots for variamésent in both exome-based and genome-based cohorts
210 are presented iBxtended Data Figure 11a and b, respectively. Sex-stratified results for novehgme-

211  wide significant variants is provided Supplementary Table 22.

212 Rare Variant Analysis and Meta-analysis

213  To test whether variants with low MAF influenced BMve undertook a region-based collapsing method,
214  the sequence kernel association test (SKAT), tobéoeninformation across low-frequency (MAB%)

215 and rare (MAR<1%) or rare variants alone. Meta-analysis was coteduusing skatMet®, where each
216  cohort provided the necessary intermediate filkat(3ohort objects and snplinfo files). Analysishwit
217  skatMeta requires providing beforehand the genatgseinput to the skatCohort function. For exoeg-s
218 data, the analysis can accommodate genotype dateafin entire chromosome; however, for whole

219 genome sequence or imputed data the analysis wamssible due to memory constraints. As a result,
220 genotype data was divided into gene regions, defasethe maximal extent of all isoforms of a gevith
221  an additional 5kb on either end. This approachvigesl the flexibility to meta-analyze various sutngps
222  of SNVs across an entire gene, such as codingnitaria variants under varying evolutionary consirai
223

224  Each cohort performed the following:

225 1. Converted genotype data to binary IMPUTE?2 forosing QCTOOL.

226 2. Using custom scripts, prepared input files fealgsis with skatCohort or skatFamCohort (for
227 family-based cohorts):

228 a. Fetch all SNVs per gene region, where a regarefined as the maximal extent of all gene
229 isoforms plus a predefined flanking region (i.ebbkDue to computational constraints, gene
230 regions greater than 150kb, are broken into meltijgn-overlapping smaller regions of at most
231 100kb and at least 50kb.

232 b. For each gene region, prepare files to suppatyais with skatCohort and downstream meta-
233 analysis (SNPInfo files, and SNP statistics).

234 3. Using custom scripts, execute skatCohort oFsk@tCohort per gene-region.

235

236  Cohort-level skatCohort objects were meta-analymedg skatMeta by use of a custom R script. Within
237  each gene region, windows of 30 SNVs (overlappynd@® SNVs) were analyzed using skatMeta with
238 default parameters, except for the use of the $¥at® method and the “liu” p-value method. QQ and
239 Manhattan plots of all skatMeta results are shawExtended Data Fig. 7a and 7b, respectively. These
240 results demonstrate that there were few signatdgzarted from the line of expectation under thié All
241  significant findings from skatMeta were driven hggle variants whose significance was also seam fro
242  single variant testing. For exampletended Data Fig. 8a and 8c shows that the skatMeta genome-wide
243  significant signals aCPED1were driven by single SNVs, which were presergaweral cohorts. These
244  SNVs also achieved genome-wide significance inlsimgriant testing. We also identified a region in
245 DOCK8andHEXBthat achieved genome-wide significance, but anosmly one cohort and we feel
246  requires further replicatiorS(pplementary Table 17 & Extended Data Fig. 8b).

247 Genome-wide suggestive and significant loci from region-based association tests

248  Supplementary Table 17 lists all genome-wide significant (P < 1x2.0%) and suggestive loci (P < 12
249  10°9) for region-based association tests.

250 Conditional Analyses for Single Variant Associations

251  Conditional analysis was conducted using GCTAV.®93This method uses an approximate conditional
252  analysis approach from summary-level statisticeftbe meta-analysis and LD corrections between SNVs
253  estimated from a reference sample. We used UK1@Kituals as the reference sample to calculate the
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LD information of SNVs. The associated regions Kiag within 400kb of the top SNVs were extracted
and the conditional analyses were conducted witiese regions. A stepwise model selection procedure
was performed to select independently associatedsStith a threshold of R 5 x 10°. Then we
conditioned on these independently associated Sbl¥sek secondary signals. Qualtile-quantile dmts
these results are presentedEtended Data Figure 1. Conditional analyses of individuals variants
presented isupplementary Table 6 was conducted using GCTA v 0.93.9 using defaulapaters.

Relationship between MAF and Effect Size

For each BMD phenotype, genome-wide significant SNIR< 1.2 x 10°) were collected and pruned for
linkage disequilibrium by first placing variantsdn4 discrete MAF bins: [0.005 - 0.01], [0.01 - B],.0J0.05
- 0.1], and [0.1 - 0.5]. For each MAF bin, we usieel SNP Annotation and Proxy Search (SNAR)
calculate the pair-wise correlatiorf)( We retained independent SNVs with the largdsicefize by
removing all the other SNVs in LDA> 0.2).

Power for single point tests was calculated ustagdard approaches. LEtbe the sample sizp,be the
minor allele frequencyp represent the standardized effect of a SNV on atimeous phenotype
(standardized so th@tis the effect per standard deviation of the phgme)t and leR? represent the
square of the correlation between a true genotppeaagenotype measured with error. The non-cétytral
parameter of the chi-squared distribution for ggl&rSNV has been shown to NEP = 2(N — 1)p(1 —
p)B*R? 22 We calculated power from a non-central chi-sgdadistribution for the genome-wide
significance threshold of 1.2x£@ndr? = 1.17 This was computed for each BMD phenotype and acfos
MAF bins (0.005-0.01, 0.01-0.05, 0.05-0.1, and @.8)-

Fracture Meta-analysis

Fracture was defined as a bone fracture resultorg frauma of any type since even high trauma drast
are strongly associated with risk of osteoporatictures. Fractures included were those occuairagy
site, except fingers, toes and skull, after ageBth incident and prevalent fractures were inctude
Fractures were verified by either radiographictiogsor clinical reporting.

All 1,482 genome-wide significant SNVs associatethviemoral neck, lumbar spine and forearm BMD
were tested for their association with risk of ftae in a sample size of 10,459 cases and 27,58tot®
(38,040 total), of which 76.2% of the samples ayetthe BMD discovery sampleSupplementary Table
23).

To obtain association statistics, in each partitigestudy, a logistic regression model (GEE mddel
family-based studies) adjusted for age ?agex, height, weight, estrogen/menopause statoisiémw only),
ancestral genetic background (PCs) and cohortfspeoivariates (such as clinical centers) was a&gpli
The summary effect estimates for fracture risk veenaputed using fixed-effects inverse variance meta
analysis unless heterogeneity was detected (asedeliy ¥ >50%), where random effects models were
also used. To correct for multiple testing, weraated the effective number of independent SNVs by
principal component analyses in the UK10K sequandistaset and found that 74 principle components
explain 97% of the variance in the number of SNa&dd. We then used a Bonferroni correction to
estimate the type 1 error. The multiple testing<ected significant p-value threshold is P < 0.0@§67
(0.05/74).

No novel regions achieved genome-wide significad@eounting for multiple testing for all BMD
genome-wide significant SNVs rs4727923 remainedinalfy significant (P = 6.73x1f) Supplementary
Table 4) which marks th&VNT16locus, variants at which we have previously désttias genome-wide
significant for fracturé® rs61960954 near tRENFSF11locus, was also significant (P = 3.3 x40
Supplementary Table 4).

Rare Variant Meta-Analysis

Supplementary Table 17 demonstrates that two regions (DOCK8.1.2761-2TRDBOCKS8.1.2421-2450)
spanningdOCK8on chromosome 9 were genome-wide significant éir thssociation with femoral neck
BMD (P = 1.9x1®and 2.8x16). This arose from the analysis of all SNVs witlhM<1%. These regions
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have low cumulative MAF (summed across the regadr}).0055 and 0.006, respectively. To assess
whether these regions-based signals were driveniyple rare variants, or just one single variav,
undertook drop-one analysis, which recomputeddbkedtatistic after sequentially removing one SKnhf
the collapsed regiorektended Data Fig. 8b). These analyses showed that signal at region
DOCKS8.1.2421-2450 was driven by two variants, whileCK8.1.2761-2790 was driven by one variant.
Neither of these regions contained single SNVsdlhteved genome-wide significance on their own.

Next, we tested which cohorts provided this asgioeissignal, by sequentially removing one cohor at
time from the test statistic and found that botfioas were driven only by signal from the Framingha
cohort. While promising, we feel these signals nieether follow-up and replication in other cohorts

Lastly, we tested whether DOCK8 was expressed inse@alvarial osteoblasts and found that its
expression increased importantly over developniexttehded Data Fig. 4a).

5. Replication Genotyping and Combined Meta-analysis

For lumbar spine and femoral neck BMD sites, 17 SWBre selected to genotype in additional 13
GENOMOS cohorts for replication analysis, the sibeccriteria of SNPs were listed Bupplementary
Table 24. Human samples from the 13 GENOMOS cohorts wenetyped on LGC Genomics by KASP
genotyping. KASP genotyping assays are based opetitime allele-specific PCR and enable bi-allelic
scoring of single nucleotide polymorphisms (SNRg) msertions and deletions (Indels) at specif. [p
Replication cohorts were selected only if they agmed greater than 1,000 individuals prior to ggpioiy
quality control, given then frequency of the vatgaim the replication panel. Assays are deemeeto b
working successfully if clusters are distinct aadl cates are consistently high. The data is autmaidy
quality control checked on a per SNP basis. No TarefControls (NTCs) are included on each plate to
enable the detection of contamination or non-sgearhplification. Two SNPs (rs13046645 and
chr3:50906922) were found to be monomorphic inahtest GENOMOS cohorts, thus, only 15 SNPs
were genotyped. For replication of rs148771817fdoearm BMD, genotyping was undertaken in a single
cohort, since this phenotype is rarely collectedapulation-based cohorts. Genotyping for this SR
similarly done at LGC Genomics using KASP genotgpimthe AOGC cohort, where the age distribution
was matched to the discovery cohorts (age cutoff8@f years was used). Genotyping quality metrics fo
all variants are provided iBupplementary Table 25.

The genotyping data of the 16 SNPs were formattedRLINK, the BMD phenotype were adjusted by sex,
age, agé weight and standardized to have a mean of zet@atandard deviation of one within each
cohort. The association analysis were performeBIHNK in each cohort, then combined analysis of3he
discovery GEFOS cohorts and 13 GENOMOS cohorte®fl6 SNPs were conducted with GWAMA.
Cohort-level association results are provide8upplementary Table 26. Meta-analysis results from
replication cohorts as well as combined discoveplication cohorts are provided Supplementary

Table 27.

Non-reference discordant rate (NRD) presented iim mext andSupplementary Table 5 was computed as
the proportion of non-reference genotypes founoetaliscordant between compared individuals as
compared total measured non-reference genotypégbrariant. For imputed variants, genotype
probabilities where converted to hard-calls usirggaotype probability of 0.9.

6. Functional Genomics

Functional Class Enrichment

To ascertain if functional classification using GER- scorésenriches for more significant GWAS
associations, we computed, for variants that flbty or above a series of GERP++ thresholds the
proportion that surpass FDR g-value of 0.05. RodeDR analysis, variants from meta-analysis (UK10

+ 1KG reference panel SNVs only) were annotatetl BERP++ scores and distance to the nearest gene.
Variants were then pruned for LD with PLINK using @ of < 0.2, window size of 100kb and step of 20
kb. For each SNV in this LD independent set, wected the single SNV in LD with the lowest p-value
thus yielding a final dataset of LD independent SN¥ith lowest p-values. For each GERP++ threshold
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considered (from O to 4, with step of 0.2), we itiartied SNVs into those above (cases) and below
(controls) the threshold. To adjust for bias (sasta correlation of GERP++ score to gene distance
MAF) we matched cases to controls using the R ppekdatchlt (coarsened exact matching algorithm).
Subsequent to matching, FDR analysis was conducteshch set of case and control variants, and
proportion of variants surpassing FDR g-value 660vas obtained.

For synonymous and deleterious variants, the abagegy was applied, except only coding variardeew
partitioned based on whether or not they were symaus or deleterious. Variant annotations were
computed using a local version of Variant Effeadictor! Deleterious variants were classified as having
the following sequence ontology terms (framesh#riant, inframe_deletion, inframe_insertion,
initiator_codon_variant, missense_variant, spliceegtor_variant, splice_donor_variant, stop_gaiaed,
stop_lost).

Chromatin Accessibility: DNase | Hypersensitivity Site Correlations

For distal/promoter DHS correlation analyses, wikzatl DHS data from ENCODE for 305 cell lines
(Supplementary Table 28). The distal DHS regions were defined as a peglon from ENCODE DHS
data that overlapped the GWAS SNP. For rs1487718/INT16 locus), the peak region was obtained from
the “Digital DNase | Hypersensitivity Clusters i@ cell types from ENCODE” track from the UCSC
Genome Browser. For rs18830390RIN( locus), the peak region was obtained from the é@isiasts
DNase | HS Peaks from ENCODE/Duke” track from theSC Genome Browser. Promoter regions were
defined as 500 nucleotide flanking the TSS of gemittsin 500 Kb of the GWAS SNP being considered.
Within each of these promoter or distal DHS regjames obtained the DHS measurements for all
overlapping 100nt bins across the 305 cell lin@srrelation analyses between the distal and pramote
DHS 100 nucleotide bins was conducted using Pearsoglation in the R statistical software package.
For each distal nucleotide bin, the maximalk&across all bins per gene promoter region wasrted.
Results foEN1andWNT16loci are shown irfsupplementary Tables 7 & 11, andExtended Data Fig. 3.

ENCODE Analysis of EN1 variant rs188303909

A genome-wide significant SNV 7kb upstreamEi1 (rs188303909[T], MAF= 2.0%, effect size from
replication cohorts = +0.14 SDnR= 1.3 x 10°) overlaps a DNase | hypersensitive site (DHS) in
osteoblasts bound by CTCEXtended Data Fig. 3a) as well as histone marks. We found evidence of
moderate correlation in chromatin accessibilitynetn rs188303909 and the promoteEbdF1 across 305
cell typed* (maximumr? = 0.59, P= 1.5 x 1, Supplementary Table 7, Extended Data Fig. 3a),
suggesting that the DHS overlapping rs188303909 neguylate expression &NL1 Hi-C data in human
embryonic stem cells further supports an interactietween the rs188303909 DHS andENd promoter,
as both sites lie within the same topologicallyoassted domain (TAD3® Similarly, chromatin interaction
analysis by paired-end tag sequencing (ChIA-PET) oaMCF-78 cells also supports an interaction
between rs188303909 akdN1 (Figure1).

ENCODE Analysis of CPED1/WNT16 variant rs148771817

A genome-wide significant within an intron GPED1(rs148771817 [T], MAF= 0.9%, replication effect
size= +0.41 SD, R 1.1 x 13" overlaps a DNase | hypersensitive site (DHS)4rcéll types
(Extended Data Fig. 3b). We found evidence of moderate correlation iroatatin accessibility between
rs148771817 and the promoteMINT16across 305 cell typ&s(Supplementary Table 11, Extended
Data Fig. 3b), suggesting that the DHS overlapping rs14877184ay regulate expression 8{INT16 Hi-C
data in human embryonic stem cells supports andctien between the rs148771817 DHS and/MMT16
promoter, as both sites lie within the same topickdty associated domain (TABj.However, interaction
frequency to nearby regions is also elevafgpplementary Table 11).

7. Functional Experiments

Murine Osteoblast Gene Expression Profiling

Pre-osteoblast-like cells were obtained from neslretivaria collected from C57BL/6J mice expressing
cyan florescent protein (CFP) under the contrahefCol3.6 promoter (pOBCol3.6CFP), using standard
techniqueg? pOBCol3.6CFP mice used with permission for thiglgt These mice were made in an



408 identical fashion to the previously described pOB&GFPtpz transgenic miééThe cells were placed
409 into culture for 4 days in growth media (DMEM coniag 10% fetal bovine serum (FBS) and 1X

410 penicillin/streptomycin), removed from culture bypsin digestions and subjected FACS sorting based
411  the presence/absence of CFP expression to alloenfichment of osteoblast lineage cells. Cells

412  expressing CFP were returned to culture, plateddemnsity of 1x19cells per cry subjected to an

413  osteoblast differentiation cocktatfMEM containing 50ug/ml Ascorbic Acid, 4 mM3-glycerol phosphate,
414  10% FBS and 1X penicillin/streptomycin) and RNA veadlected at 2, 4, 6, 8, 10, 12, 14, 16 and 1&day
415  post differentiation. To examine gene expressionsecosteoblastogenesis, mMRNA profiles for eack tim
416  point were generated by Next Generation High thhpug RNA sequencing (RNAseq), using an lllumina
417  HiSeq 2000. Three technical replicates per sample sequenced. The alignments for abundance
418  estimation of transcripts was conducted using Bewgirsion 0.123 using the NCBIm37 transcriptome
419  as the reference for alignments. Among all the iptessalignments that had fewer than or equal teghr
420 mismatches against reference transcriptome, weandgpted those with the minimum number of

421  mismatches for each of 100bp read (using both*aal ‘--best’ options). Expression level per gemas
422  calculated using RSEM version 1.2.0 using the foihyg parameters: --fragment-length-mean 280 and --
423  fragment-length-sd 50 and expression level for eachple was normalized relative to the per sample
424  upper quartile®3This data has been submitted to the gene expressinibus (Accession Number:

425  GSE54461). Results from these experimentfmek8are shown irextended Data Fig. 4a.

426  Temporal Expression of Enlin Mouse Osteoblasts and Osteoclasts

427  Pre-osteoblast-like cells were obtained from nealralvaria collected from C57BL/6J mice using

428  standard techniques. The cells were placed intareufor 4 days in growth media (DMEM containing
429  10% fetal bovine serum (FBS) and 1X penicillin/ptaemycin) at a density of 2xt@ells per cri The

430 pre-osteoblast cells were subjected to an osteatiféerentiation cocktailfMEM containing 50ug/ml

431  Ascorbic Acid, 4 mMB-glycerol phosphate, 10% FBS and 1X penicillinfstoenycin) and RNA was

432  collected at 2 and 18 days post differentiatiomede cells were independent from the cells usethéor

433  RNA-seq experiments and were not subjected to FABo8e marrow derived osteoclast precursor cells
434  were isolated from the hind long bones (femur amd) of six week old C57BL/6J female mice. In shor
435  bone marrow was flushed from the long bones andawnestromal cells were plated at a density of £x10
436  cells per criin aMEM containing 10% FBS, macrophage colony-stimualkafiactor (251g/ml) and

437  RANKL (100ng/ml). Media was changed at day three post platimdjRNA was collected three days
438  after that (day six post plating). Each lane fonggexpression represents data from one mousedor th
439  osteoclasts cultures and from one well of cellsiierosteoblast cultures. For both the ostecchasd the
440  osteoblast samples, total RNA was isolated usingQlr (Life Technologies, USA), as described by the
441  manufacturer, and RNA was treated with DNase tcorenany contaminating DNA. For each sample, 500
442  ng of RNA were then converted to cDNA using standanatocols, with random decamers used as primers
443  for the reaction. Expression Bh1, Bglap (osteocalcin) and@nfrsf11a(RANK) was assessed by PCR. For
444  each PCR reaction,|? of cDNA was added to 4@l of master mix containing pl of 10X PCR Buffer

445  (Clontech), 0.4mM dNTP’s, @M of each of a forward and a reverse primen) &f Taq (Clontech) with a
446  balance of ddkD. The PCR was completed using the following cyrlionditions: 1 minute (min) hold at
447  94°C and 30 cycles of 94°C for 30 sec and 68°@ foin, followed by a hold at 68°C for 3 min. The

448  following primers were usedenlforward: TCA AGA CTG ACT CAC AGC AAC (EhlreverseTTG

449 TCC TGA ACC GTG GTG GTA GABglapforward:CCA TCT TTC TGC TCA CTC TGC ;TBylap

450 reverseCTT CAA GCC ATA CTG GTC TGA TAGTafrsfllaforward:CCA TCA TCT TCG GCG TTT
451  ACT ACA GandTnfrsfllareverse GGA TTA GGA GCA GTG AAC CAG TCBCR products were

452  visualized by separating them on a standard 2%oagagel stained with Ethidium Bromide.

453  Quantitative Expression of Enl
454  iCycler iQ thermal cycler

455  For osteoblast marker gene expression, total mRM&s purified from osteoblast culturé®eal time PCR
456  was performed in triplicate using the iCycler i@timal cycler and detection system (Applied Biosyste
457  Carlsbad, CA) following the manufacturer’s protacdtxpression of the tested gene was normalized
458  relative to levels of GAPDH. Primers used are: mAbRvard: CAC AAT ATC AAG GAT ATC GAC
459 GTG A, mALP reverse: ACATCA GTT CTG TTC TTC GGRT A, mOSX forward: ATG GCG TCC
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TCT CTG CTT GA mOSX reverse: GAA GGG TGG GTA GTCRATG, mBglap forward: GGG CAA
TAA GGT AGT GAA CAG mBglap reverse: GCA GCA CAG GTCTA AAT AGT, mRunx2 forward:
TAC AAA CCA TAC CCAGTC CCT GTT T, mRunx2 reverseGT GCT CTA ACC ACA GTC CAT
GCA, mCollal: forward ACT GTC CCA ACC CCC AAA G, @tal reverse: ACG TAT TCT TCC
GGG CAG AA. For results sdextended Data Fig. 4d. Expression within danlis likely due to detection
of the non-functionaEn1°" allele.

StepOnePlus Real Time PCR system

Total RNA from whole vertebral bone extract wasgared using TRIZOLreagent (Sigma) followed by
RNeasy Mini Kit (Qiagen). The RNA was reverse taited into cDNA using cDNAKkit (Appled
Biosystems) and real-time PCR analysis was perfdraséng custom designed real-time PCR assays and
the StepOnePlus Real Time PCR system (Applied Biesys). Primers used are: forward ACT CAT GGG
TTC GGC TAA CG, reverse GAC GGT CCG AAT AGC GTGand probe CGG TGG TCA AGA CTG
ACT CA. 18S ribosomal RNA (4310893E Applied Biogysis) was included as an internal standard. For
results se&xtended Data Fig. 4e. Expression within deinlis likely due to detection of the non-functional
Enicreallele.

Murine bone histology

Mouse bone tissue preparatichwo-month oldEn12°?* mice* were euthanized by GQuffocation and

the vertebrae from T13 to S1 were collected as@evblock on ice-cold phosphate-buffered salineSpPB
Soft tissue was gently removed with blunt scissm a size-11 surgical blade, until the intervagkb

discs were visible. The vertebral blocks were tfiveed by immersion in 0.25% glutaraldehyde in PBS f
90 minutes at room temperature (RT). After sevaaghes with PBS, the vertebrae were decalcified for
days with EDTA 0.5M pH 7.4 at 4°C (2 changes pap dimllowed by further washes with PBS. The tissue
was then cryoprotected by incubation with a soluti® 30% sucrose in PBS overnight at 4°C, and then
embedded in OCT compound (Tissue-Tek) using drcald isopentane (Sigma).

Histochemical method4:0-micron sections were collected with a Leica Gtgbon SuperFrost slides
(Fisher) and allowed to dry overnight. Sectionsensored at —80°C until use. For enzymatic detaaifo
B-galactosidase activity, slides were allowed ta@hegom temperature (RT) in a closed box, and O@% w
washed away for 15 minutes with warm PBS (37°Q)pfeed with several extra PBS washes. The sections
were post-fixed 5 minutes with 4% paraformaldeh§fleA, Electron Microscopy Sciences) in PBS at RT.
After PBS washes, the sections were incubated arGtes with X-gal buffer (2mM MgGJ 0.02% NP40
and 0.05% deoxycholate in PBS 0.1M pH 7.4) and thamnight at 37°C in X-gal reaction buffer (20
mg/ml X-gal, 5mM KFe(CN)} and 5mM kFe(CN} in X-gal wash buffer). After PBS rinses, the secs
were postfixed 10 minutes in 4% PFA and PBS-riregin. At this point, if only X-gal staining was
required, the sections were then counterstaindua Mikclear Fast Red 0.005% for 15 minutes, serially
dehydrated, incubated 3x1 min with xylene, and c®lipped using DPX mountant (Fisher). If Alkaline
Phosphatase (AP) activity was also required, thémes were incubated 2x5 minutes with AP buffer
(100mM NacCl, 50mM MgGCl 0.1% Tween-20 in Tris-HCI 0.1M pH 8.2) and APidty was revealed by
incubation with Fast Red (2 h at 37°C) followingmagacturer instructions (Roche). After PBS rinses,
gelatin/Tris mounting medium was used to covertigslides.

Imaging: Z-stacked DIC images were captured of the LacZARdiouble-stained lumbar vertebrae from
2-month oldEn12cZ* reporter mice at 400x using a Nikon Eclipse NigEight microscope and NfS
software.

Mouse Micro-CT

Mice: The En1°®* andEn1"* mouse strairé33were maintained in a mixed background and genaotype
as described. MalEn1°®* mice were crossed witBn1'/io*females to generate experimental and control
animals.

Tissue collection, preparation and imagirigimbar vertebrae from levels L4 to L6 were collecieom 4-
month oldEn1°refo (self-deleted condition&nl mutants, sEini; n=5), and compared n1+fo
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littermates (control; n=6). All vertebrae were ¢led of soft tissue, fixed in 4% PFA (paraformaldzdiy
overnight, washed three time in 1XPBS for 30 miashe and stored in 70% ethanol at 4°C until scapnin
Before scanning, the bones were allowed to reasmtemperature. L5 vertebral body starting i90

from the growth plates were used for trabecularebmicro-computed tomography (microGiGT)

analysis on ScanqeCT 35 (Scanco Medical, Briittisellen, Switzerlanggtem. gum voxel size, 55KVp,
0.36 degrees rotation step (180 degrees angulgeyamd a 400ms exposure per view were used for the
scans, which were performed in 70% ethanol. Thea&oaCT software (HP, DECwindows Motif 1.6) was
used for 3D reconstruction and viewing of imagefeA3D reconstruction, volumes were segmentedgusin
a global threshold of .4g/c. Directly measuredéwolume fraction (BV/TV), thickness (Th.Th), numbe
(Tb.N) and separation (Tb.Sp), TMD and surfacediome ratio (BS/BV) were calculated for the
trabecular bone.

Extended Data Figure 6e presents the microCT parameters for datauipplementary Table 29.
Significance between control andesdl mutants was computed using an unpaired t-testtfiblkeness map
of the 3D image reconstructed microCT image ofitti& shows the spatial distribution of the mineral
density and is presentediixtended Data Figure 6a, with morphological characteristics presented in
Extended Data Figure 6b. Extended Data Figure 6¢c and 6d also presents mictoCT and morphological
characteristics for femur trabecula and corticalého

Dynamic and Cellular Histomorphometry

Mice for skeletal testing and laboratory blindinglhe same animals were used for histomorphometry as
MicroCT. Histomorphometry labs (Rower and AckerilavicroCT labs (Dahia and Joyner) were blinded
to the results of each other’s analyses.

Sample collectionPrior to sacrifice, mice received intraperitoniegdctions of 10 mg/kg calcein (Sigma
C-0875) and 30 mg/kg alizarin complexone (Sigma883 at 7 and 2 days, respectively, prior to smerif
The dynamic mineralization activity measurementsictv are dependent on being able to detect these dy
in the bone, suffered from a loss of 2 animalsaichegroup due to inadequate uptake of one of the tw
mineralization dyes. The right hind limb was digsddrom the hip, and skin and non-adherent musote
connective tissues were removed from the bone pwithcraping periosteal surfaces. The marrow space
was exposed by excising the proximal femur andabiiiial bone leaving with knee joint intact. In
addition, the vertebra bodies from L1 through L3ewvdissected free of adherent muscle. The samples
were placed in 10% formalin at@ and shipped to Rowe laboratory. Upon receipt stimples completed
a 3-day exposure to formalin and subsequently wiee in 30% sucrose at -80° C until all the sample
had been collected.

Tissue sectioningsamples were entered into a modification of theréscence-based computer-automated
dynamic and cellular bone histomorphometry as desdroy Hong et al* The workflow and staining
protocols are detailed at the bonebase.org, aodeBy outlined here. Three to four distal fenour
vertebral bodies are embedded in the sample mdhdtthé aid spacing device and held in place with
layering of the cyro-embedding medium (OCT, Thergiefttific). The ice blocks are positioned on
cryostat (LeicaCM3050 S)and oriented to cut the multiple bones in the splaee of section. Three 5 um
sections are collected at 100 um levels using &eside cryotape (Cryofilm type 11C(10), Section L.ab
Japan.) to capture and maintain the morphologh@ftection. The tape is bonded to a glass slide
(Cryojane, Leica Cat89475208 using UV fixation with the sample side exposé&thch slide contains two
tapes with all the sections from the Control deistisamples as well as spots of fluorescent beads (5-
10pm) for subsequent image registration. Threeslper the Control and Bd1 samples containing the 3
levels of section are processed in a single batcthé staining and imaging steps.

Section stainingln the first step, the samples are incubated fanin in a calcein blue solution to identify
the accumulated mineral with a fluorescent sigidle slide is cover-slipped with 30% glycerol and
imaged for accumulated mineral and the calceinadizdrin complexone (AC) mineralization lines. The
second step removes the coverslips and placeittes sh a tartrate acid (TRAP) incubation buffer,
followed by 5 minutes in the reaction buffer thahtains the fluorescent substrate EIf97. The acid
conditions remove all the mineralization signalsedum the first step. The slides washed in PBScaver-
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slipped with 30% glycerol. The TRAP positive ceallwd registration beads are captured in the second
scanning step. The third step removes covershipimrubates the sections in the alkaline phospbd#ai)
reaction buffer and followed by 10 minutes in tbaation buffer containing fast red substrate. FBS
washed slides are cover-slipped with 30% glycematiéwcontaining DAPI. The slides are imaged fer th
red AP signal, DAPI positive nuclei and registratleads. The final step removes the cover sligs an
stains the slides with toluidine blue to providsual tissue morphology and identify cartilage pogtgcan
of the articular cartilage and growth plate. Thees are cover-slipped again in 50% glycerol/waieal
imaged from chromogenic signals.

Section imaging The six slides, each containing 5-6 bone sestiare placed in 3 of the 4 positions of the
slide holder and loaded into the slide magazint®fAxioscan Z1 microscope. The software recognize
the bar code of the slide and identifies the irdlial sections on the slide to create an imagddileach
section. The operator refines the region of irie(ROI) to be scanned and initiates the scanning
procedure using preset exposure times and exgifatitission settings. The light source is the Cblb

and the image is captured with a high-resolutiomaobromic digital camera (Zeiss MRm Rev.3). The
DAPI, calcein blue and tetracycline sections weted with the 385nm LED, calcein with the 470nm
LED, and the AC and fast red with the 555nm LEDhe Emission filters used Chroma, #49000ET (LP 400,
Emission 460/50) for calcein blue and DAPI, ChratdQ003ET (LP 515, emission 535/30) for calcein, a
custom Chroma filter (LP 425, emission 555/30)t&iracycline and Chroma 49005ET (LP 570, emission
600/50) for AC and fast red. The toluidine blugistsection uses a tungsten light source and Hitd\¢h
F202 camera. Using a Plan-Apochromat 10x/0.45 \Wjeative, the entire ROI is captured at 100X using
an automated image stack compression algorithm.

Image Analysis The Axioscan generates proprietary multileveirse files that are exported as individual
gray scale jpeg files for each filter setting. Tites average approximately 65 megapixels per anag
which is about 10 pixels per |frand corresponds to the size of a DAPI positivdeus: A total of 9 gray
scale files and 1 color file are generated. A petpry algorithm was utilized to threshold eaalofiescent
signal and map it back to the mineralized boneitacture as defined by the calcein blue st4inThe
details of the analysis and the production of messand calculated data are detailed at bonebgse.or
Osteoblastic activity is assessed by a fluores&@nsgtain, which is strongly positive in active aditasts

but still detectable by resting (lining) cell okthone lineage. The histology measures the priopast
trabecular bone surface (BS) that is positive fBraktivity (AP/BS). To control for technical oroltngical
variation in staining activity, the distribution tifat signal between bone labeling surfaces (AP 3) &d
non-labeling surfaces (AP_NL_BS) is calculatednother measurement that is independent of the total
AP activity of a tissue, distributes the proport@nAP activity that is adjacent to mineralizingfaces
(%AP_L) or non-labeling surfaces (%AP_NL). Ostastic activity is based on a fluorescent TRAP stain
and expressed as the proportion of trabecular borface that is TRAP positive (TRAP_BS). The asialy
does not account for the size of the individualtsmd activity nor the number of nuclei per fluareat spot.
Only activity that resides adjacent to the trabacalrface and not within the marrow space is asses
The distribution of the TRAP activity to sites aft@e mineralization (TRAP_L_BS) or osteogenesis
(AP_TRAP_BS) versus inactive mineralization (TRAR. IBS) has proven to be a useful measurement to
discriminate areas of high bone turnover versulyesorption without an osteogenic response.

Identification of cells belonging to the Enl lineage

Breeding of mice and sample collectiofiwelve week oldEn1°¢+;R26-S-EYFP(En1 lineage tagged) and
En1*;R26-S-EYFP(control) mice were sacrificed, the vertebral ivde excised, placed in chilled 10%
formalin, packed in wet ice and sent to the Roweefta imaging.

Tissue process, sectioning and imagifidhe tissues and sectioning protocol was idehtica
histomorphology including the multiple rounds ofdiging and staining. The EYFP signal was captured
during the first imaging step using the Colibri4Z0nm LED and the Chroma 49003ET filter (LP 515,
Emission 535/30). The EYFP signal from R26-S-EYFPallele is very weak in skeletal tissues requiring
significant signal enhancemenExtended Data Figure 5)
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Human EN1 Expression Profiling

Human CD14 cells from healthy donors were incubated with 80m of human M-CSF (peprotech) for
one day to generate OCPs. Osteoclast precursoesimmibated with 20 ng/ml of M-CSF and 40 ng/ml of
human soluble RANKL for five additional daysarMEM supplemented with 10 % FBS. Cytokines were
replenished every 3 days. On day 6, cells weredséed. mRNA of human osteoclasts (n=5), human
macrophges (n=4), 293T cells (fibroblasts, n=4}) haman osteoblasts (a kind gift from Dr. Jae Hycuk
Shim, Weill Conell Medical College, n=3) was mea&slusing real-time PCR. EN1 mRNA levels were
normalized relative to GAPDH mRNA. Data are showmean + SEM. ***P < 0.001 by one-way
ANOVA. All statistical analyses were performed with GragthPrism 5.0 software one-way ANOVA for
multiple comparisons (more than two conditions)wgibsthoc Tukey tesip<0.05 was taken as
statistically significant. Results are presentefbibended Data Fig. 4c.

Mouse and Rat Homologous Regions

To test possible conservation between human BMDedsted loci and quantitative trait loci (QTLs)Ked

to bone related traits in experimental mapping {saimerats and mice, comparative genome data wezd.u
For each region of association to BMD in humanggegdlanking SNV markers showing the strongest
evidence of association were searched for homalotiee genome assemblies of the mouse
(NCBI37/mm9) and rat (RGSC3.4). For the rat QTle tlorresponding locus was tested for co-localinatio
within boundaries of QTLs for bone related phenet/fine mapped (circa 4Mb) from the heterogeneous
stock (HS)® For QTL in mice, the peak SNV location was coneeérto CentiMorgan (cM) distance, as per
the Cox-Sex-Average genetic nii&psing the freely available Mouse Map ConversionlTo
(http://cgd.jax.org/mousemapconverter/). All idéatl mouse QTLE mapped within a peak location 5

cM either side of the human peak SNV and are ljsatmhg with the strain pair(s) used to identifg th
original QTL. Results for these analyses are shiovBupplementary Table 9.
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