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SUMMARY
The precise roles of chromatin organization at osteoporosis risk loci remain largely elusive. Here, we com-
bined chromatin interaction conformation (Hi-C) profiling and self-transcribing active regulatory region
sequencing (STARR-seq) to qualify enhancer activities of prioritized osteoporosis-associated single-nucle-
otide polymorphisms (SNPs). We identified 319 SNPs with biased allelic enhancer activity effect (baaSNPs)
that linked to hundreds of candidate target genes through chromatin interactions across 146 loci. Functional
characterizations revealed active epigenetic enrichment for baaSNPs and prevailing osteoporosis-relevant
regulatory roles for their chromatin interaction genes. Further motif enrichment and network mapping prior-
itized several putative, key transcription factors (TFs) controlling osteoporosis binding to baaSNPs. Specif-
ically, we selected one top-ranked TF and deciphered that an intronic baaSNP (rs11202530) could allele-pref-
erentially bind to YY2 to augment PAPSS2 expression through chromatin interactions and promote
osteoblast differentiation. Our results underline the roles of TF-mediated enhancer-promoter contacts for
osteoporosis, whichmay help to better understand the intricatemolecular regulatorymechanisms underlying
osteoporosis risk loci.
INTRODUCTION

Osteoporosis is a common age-related skeletal disease charac-

terized by low bone mineral density (BMD) with increased

fragility and fracture risk.1 Genome-wide association studies

(GWASs) have identified over 500 loci associated with fracture2,3

or BMD at different body positions.3–6 However, most osteopo-

rosis-associated single-nucleotide polymorphisms (SNPs)

reside in noncoding regions, complicating the pinpointing of

causal functional SNPs and exact effector genes. Increasing ev-

idences have disclosed that disease-risk variants commonly

occurred at enhancer elements to alter gene transcription via

spatial enhancer-promoter interaction, and destabilized gene

expression could contribute to development and progression

of diseases.7–10 For example, we previously verified that an oste-

oporosis risk SNP at 1p36.12 could act as an allele-specific

enhancer to modulate LINC00339 expression via long-range

loop formation and further influence bone metabolisms through
This is an open access article under the CC BY-N
inverse regulation of LINC00339 and CDC42.11 Therefore, sys-

tematic qualification of disease-risk SNPs with enhancer activity

impact, as well as ascertainment of their target genes via

enhancer-promoter interactions, could strengthen our mecha-

nistic understanding into osteoporosis molecular pathogenesis.

Recent prosperous high-throughput chromatin interaction

conformation (Hi-C) assays in diverse disease-relevant cells

have provided comprehensive 3D chromatin maps connecting

distal genetic variants to their respective target genes,12–16

which have helped elucidate the long-range regulatory architec-

ture at many diseases risk loci, such as type 2 diabetes,12 neural

diseases,13 and prostate cancer.16 However, the precise roles of

3D chromatin organization at osteoporosis risk loci remain

largely elusive, perhaps due to the deficiency of chromatin

interaction mapping in primary bone-relevant cells. We previ-

ously performed high-resolution Hi-C (2-KB) and chromatin

immunoprecipitation sequencing (ChIP-seq) in human mesen-

chymal stem cells (hMSCs) and hMSC-induced osteoblasts
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and adipocytes, and we disclosed crucial roles of coordinated

change of epigenome and 3D chromatin organization in modu-

lating osteogenesis.17 The 3D chromatin maps in osteoblasts

inspire us to systematically assess roles of chromatin organiza-

tion at osteoporosis risk loci and to elucidate candidate func-

tional osteoporosis risk variants with distal regulatory effect on

target genes through long-range chromatin interactions.

Traditional experimental assays such as dual-luciferase re-

porter assay or CRISPR could unbiasedly measure enhancer ac-

tivity of individual candidate SNP fragments.11 However, they are

low throughput and inefficient to systematically uncover regula-

tory roles at numerous disease risk loci. Recent development of

high-throughput reporter assays represented by self-tran-

scribing active regulatory region sequencing (STARR-seq)18

have demonstrated to be effective in systematically measuring

enhancer activity of thousands of DNA sequences simulta-

neously. STARR-seq relies on the insertion of tested sequences

in the 30 untranslated region of reporter genes and assesses their

regulatory activity by directly quantifying their self-transcription

using high-through sequencing. We have recently employed an

adapted STARR-seq to assess biased enhancer activity of

5,987 noncoding SNP-associated insulin-resistance-relevant

phenotypes.19 Other studies employing STARR-seq have also

successfully elucidated regulatory disease risk variants with

enhancer activity effect on several other complex diseases,

such as prostate cancer,20 coronary artery disease,21 and atrial

fibrillation.22 Nevertheless, there is no systematic measurement

of enhancer regulatory activities for GWAS SNPs associated

with osteoporosis-relevant phenotypes.

Here, we adopted an integrative strategy combing Hi-C

profiling,17 high-throughput enhancer measurement,19 and multi-

layer analytical and experimental explorations to systematically

dissect enhancer-modulating regulatory SNPs conferring risk for

osteoporosis via enhancer-promoter interactions (Figure 1). We

firstly fine-mapped 5,642 candidate osteoporosis-associated

SNPs with significant chromatin interactions to nearby gene pro-

moters in osteoblasts. Secondly, by utilizing an adapted STARR-

seq19 in human osteoblast-like cell line U2OS, we identified 319

SNPs with allelic enhancer regulatory activities, which showed

active epigenetic enrichment in osteoblasts and prevailing genetic

regulatory roles for osteoporosis. Thirdly, we identified several

candidate regulatory transcription factors (TFs) for osteoporosis

etiologies and underscored YY2 as a putative key controlling one

through combing allelic motif enrichment and TF-gene regulatory

network analyses. Finally, through detailed experimental explora-

tions, we verified one putative YY2-condensed regulatory axis

conferring risk of rs11202530 to osteoporosis pathogenesis

through regulatingPAPSS2expression and osteoblast differentia-

tion orchestrated by YY2.

RESULTS

Osteoporosis-associated SNPs with significant
promoter chromatin interactions were enriched for
active regulatory elements
To explore potential roles of 3D chromatin interactions for oste-

oporosis-associated SNPs, we induced hMSCs to osteoblast

and adipogenic differentiation, and we generated paired signifi-
2 Cell Genomics 4, 100501, March 13, 2024
cant 3D chromatin interactions (false discovery rate [FDR] < 0.05)

and ChIP-seq peak regions (H3K4me1, H3K27ac) in differenti-

ated osteoblasts and adipocytes (Figure S1A; Table S1).17 Strat-

ified LD score regression (S-LDSC)23 analysis revealed signifi-

cant enrichment of heritability in significant 3D chromatin

interaction regions (FDR < 0.05) in hMSC differentiated osteo-

blasts across multiple osteoporosis-relevant traits, including

fracture2,3 and BMD at different body positions (quantitative

heel ultrasounds, total body, or total body less head, forearm,

and lumbar spine)3–6 (FDR < 0.05, enrichment ranged from

1.93 to 3.94, Figure S1B). We next prioritized 38,321 candidate

SNPs associated with fracture2,3 or BMD3–6 through combing

conditional GWAS association and fine-mapping analyses (Fig-

ure S1C; Tables S2 and S3, STAR Methods), and we found

that prioritized SNPs were primarily located within or near signif-

icant 3D chromatin interaction regions (FDR < 0.05) in osteoblast

cells (Figure S1D). Collectively, these analyses provided evi-

dence for putative critical biological roles for 3D chromatin orga-

nization in osteoblasts at osteoporosis risk loci.

To further explore epigenetic characterizations on 5,642 oste-

oporosis-associated SNPs with significant chromatin interaction

(FDR < 0.05) to nearby gene promoters in osteoblasts (Table S4),

we compared their overlap with different epigenetic marker

peaks in hMSC induced or primary osteoblasts (Table S1) against

other osteoporosis-associated SNPs without significant pro-

moter chromatin interactions.We found that promoter chromatin

interaction SNPs are significantly enriched (FDR < 0.05, odds ra-

tio [OR] > 1) for active chromatin segments (transcription or

enhancer indicative, e.g., 7_Enh), open chromatin region (assay

for transposase-accessible chromatin using sequencing

[ATAC-seq] or DNase I-hypersensitive site sequencing [DNase-

seq]), enhancer-indicative histone modifications (H3K27ac,

H3K4me1, H3K4me2, H3K4me3), and CTCF binding while being

significantly depleted (FDR < 0.05, OR < 1) for suppressive chro-

matin segment (e.g., 15_Quies) and H3K9me3 in osteoblasts

(Figures S1E and S1F, Fisher’s exact test), implying their prevail-

ing endogenous active regulatory activities.

STARR-seq-identified regulatory SNPs with biased
allelic enhancer activity effect
To systematically assess putative regulatory activities on 5,642

promoter chromatin interaction osteoporosis-associated SNPs

(Table S4), we utilized an adapted STARR-seq using hSTARR-

seq_ORI vector with ORI as core promoter based on synthesized

oligonucleotide sequences (Figure 2A, STAR Methods). We syn-

thesized 150-bp oligonucleotide sequences centered on refer-

ence and alternative allele of each of the 5,642 SNPs to assess

their enhancer activities according to our previous report19 (Fig-

ure 2A; Tables S5 and S6). The library containing all SNP oligo-

nucleotides was cloned into hSTARR-seq_ORI vector and trans-

fected into human osteoblast-like cell line U2OS, with plasmid

library (input) and transcribed products (output) measured by

sequencing (Figure 2A). Specifically, the unique random molec-

ular identifiers (UMIs) were added during reverse transcription or

DNA extension to diminish potential bias of PCR duplicates

(Figure 2A).

From these sequencing reads (UMIs), we observed signifi-

cantly high correlation of transcriptional activities among three



Figure 1. Schematic for the whole study design

Flowchart depicts high-throughput screening for osteoporosis-associated regulatory SNPs with biased allelic enhancer activity effect (baaSNPs), followed by

functional characterizations on identified baaSNPs and TF regulatory network analyses, as well as experimental decryption of YY2-condensed regulatory axis

conferring risk for osteoporosis. BF: Bayes factor, Hi-C: high-throughput chromatin interaction conformation, hMSC: human mesenchymal stem cell, STARR-

seq: self-transcribing active regulatory region sequencing, OR: odds ratio, TF: transcription factor.
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Figure 2. High-throughput identification of osteoporosis-associated regulatory SNPs with allelic-biased enhancer activity effect

(A) Schematization of high-throughput assessment of allelic enhancer activity effect on 5,642 promoter chromatin interaction osteoporosis-associated SNPs by

STARR-seq. TB(LH)BMD: total body or total body less head BMD, FABMD: forearm BMD, FNBMD: femoral neck BMD, LSBMD: lumbar spine BMD, eBMD:

quantitative heel ultrasound BMD.

(B) Paired Pearson correlation of logarithmic read count ratio of input/output between three biological replications (p < 2.2 3 10�16).

(C) Volcano plot displays regulatory activities for all SNP allele-containing fragments in STARR-seq assay. FC (fold change) represents expression change in

output compared with input. SNP fragments with significantly reinforced (log2FC > 0.585, FDR < 0.05) or repressed expression (log2FC < �0.585, FDR < 0.05)

analyzed by voom24 were determined as candidate enhancers (orange circle) or silencers (blue circle), respectively. The rest of the fragments were declared as

inactive fragments (gray circle).

(D) Circle diagrams depict significance level (–log10FDR) of allelic regulatory activity difference on SNPs showing enhancer activity on at least one allele (eSNP)

analyzed by MPRAnalyze.26

(E and F) Dual-luciferase reporter assay measuring relative activity on six randomly selected baaSNPs (E) or six randomly selected non-baaSNPs (but eSNPs)

(F) in U2OS cells. (*p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant, two-tailed paired Student’s t test). Data are presented asmean ± standard deviation. All red

bars represent the alleles that had relative higher activities in STARR-seq. SNPs with consistent measured activities in luciferase reporter assay were marked in

bold.
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replicates (paired Pearson R2 ranged from 0.894 to 0.904,

p < 2.20 3 10�6, Figure 2B). We compared output reads with

input reads by voom24 to evaluate regulatory activity on all

SNP-containing fragments, and we detected 2,006 SNPs

with potential enhancer activity effect (referred to as eSNPs)

for either reference or alternative allele-containing fragments

(log2FC > 0.585, FDR < 0.05, Figure 2C; Table S7). Similarly,

we detected 1,398 candidate silencer SNPs with potential

silencer activity effect (log2FC < �0.585, FDR < 0.05) and

referred to other SNPs except for either eSNPs or silencer

SNPs as inactive SNPs (n = 1,092, Figure 2C; Table S7). Epige-

netic comparison between silencer SNPs and inactive SNPs re-

vealed no enrichment for any active chromatin segments or his-

tone markers or typical repressed histone markers (such as

H3K9me3 or H3K27me3) in primary osteoblast cells (p > 0.05

by two-sided Fisher’s exact test). However, consistent with pre-

vious reports,25 we observed significant enrichment for open

chromatin regions in osteoblast cells on candidate silencer

SNPs (OR = 1.81, p = 2.25 3 10�4 by two-sided Fisher’s exact

test), supporting their potential endogenous silencer activities.

To further identify eSNPs with biased allelic enhancer activ-

ity effect (referred as baaSNPs), we compared their change of

allelic expression ratio between output and input library using

MPRAnalyze.26 We identified 319 candidate baaSNPs from

146 loci (FDR < 0.05, Figure 2D; Table S8). To validate the

allelic enhancer activity effect on the identified baaSNPs, we

randomly selected 6 baaSNPs and examined their allelic regu-

latory activity by dual-luciferase reporter assay in U2OS cells

(Table S6). The results revealed that 5 of 6 baaSNPs showed

significantly different regulatory activity with consistent direc-

tion of allelic activity change with STARR-seq (p < 0.05, Fig-

ure 2E; Table S6). For comparison, we also randomly chose

6 non-baaSNPs by STARR-seq and detected no significant

differential luciferase activities between reference and alterna-

tive allele for 5 of 6 selected SNPs in U2OS cells (Figure 2F).

Taken together, these results supported the credibility of

our STARR-seq assays in assessing regulatory activities of

baaSNPs.

Functional characterizations unraveled active
epigenetic enrichment on baaSNPs
To verify the enhancer regulatory activities on identified

baaSNPs, we firstly scrutinized their nearby epigenetic annota-

tions in osteoblast cells (Table S1). The majority of baaSNPs

are located on or near open chromatin region or enhancer-indic-

ative markers (H3K4m1, H3K27ac) in primary osteoblast cells

(71.2% within 1 kb and 85.0% within 2 kb of nearest peaks, Fig-

ure S2A), implying their pervasive endogenous enhancer activ-

ities. Further comparison of chromatin segment annotation be-

tween baaSNPs and inactive SNPs revealed significantly

enrichment for enhancers (7_Enh) while being depleted for

weak-repressed Polycomb (14_ReprPCWk) in osteoblast cells

on baaSNPs (p < 0.05 by Fisher’s exact test, Figure 3A). We

also detected significant enrichment for several active histone

markers (H3K36me3, H3K79me2)27,28 while being depletion for

typical suppressive histone marker (H3K27me3) in osteoblast

cells on baaSNPs against inactive SNPs (p < 0.05, Figure 3B).

Further S-LDSC23 analysis revealed significant enrichment of
heritability across multiple osteoporosis-relevant traits in

H3K36me3 and H3K79me2 peaks in osteoblast cells (p < 0.05,

enrichment ranged from 1.48 to 3.25, Figures 3C and 3D), sup-

porting potential biological roles for these two epigenetic

markers at osteoporosis risk loci.

We noted that there was comparable annotation of open chro-

matin regions or two typical enhancer-indicative epigenetic

marker (H3K4me1, H3K27ac) peaks between baaSNPs and

inactive SNPs (Figure 3B). However, comparison of allelic effect

of baaSNPs (represented by absolute log2FC) revealed signifi-

cantly higher regulatory effect on those baaSNPs annotated

within H3K27ac peaks (p = 0.04 by Wilcoxon rank-sum test, Fig-

ure S2B) compared with other non-annotated baaSNPs, as well

as distinctly higher regulatory effect on baaSNPs overlaying

open chromatin region or H3K4me1 peaks against non-anno-

tated baaSNPs, although not significant (Figure S2B). Moreover,

comparison of average reads signals surrounding all eSNPs re-

vealed significantly higher reads on baaSNPs for open chromatin

regions (p = 4.123 10�4 byWilcoxon rank-sum test, Figure S2C),

as well as discernibly higher reads for H3K4me1 or H3K27ac

compared with non-baaSNPs, although not significant (Fig-

ure S2C). Collectively, these analyses supported the crucial

enhancer regulatory effect on identified baaSNPs.

Multiomics analyses unveiled genetic regulatory roles
for osteoporosis on baaSNPs
To verify distal regulatory effect of baaSNPs on their chromatin

interaction genes (n = 477, Table S8), we firstly compared signif-

icant chromatin interactions between baaSNPs or non-baaSNPs

(but eSNPs) and gene promoters. We detected significantly

higher interaction intensities on baaSNPs (Wilcoxon rank-sum

test, p < 0.05, Figure 3E), implying their critical distal enhancer

regulatory roles. We further examined cis-expression quantita-

tive trait locus (cis-eQTL) association from GTEx (V8),29 and we

found thatmostbaaSNPs (65.83%)alsohadnominally significant

cis-eQTL association (p < 0.05) with at least one promoter chro-

matin interaction gene (254 total) in a consistent direction of allelic

activity effect with STARR-seq (Table S9). To further explore

potential causal genetic regulatory roles in osteoporosis on

chromatin interaction genes, we employed the fast enrichment

estimation aided colocalization analysis (fastENLOC)30 and

identified 89 potential causal osteoporosis-associated chro-

matin interaction genes (locus-level colocalization probability

[LCP] > 0.1) (Table S10). Complementary multi-tissue transcrip-

tome-wide association analysis (TWAS) using S-MulTiXcan31

further prioritized 202 potential osteoporosis-associated

chromatin interaction genes (Bonferroni corrected p < 0.05,

Table S11). Compared to all nearby genes (1,000 kb surround-

ing), chromatin interaction genes of baaSNPs were significantly

higher enriched for osteoporosis-associated genes predicted

by either fastENLOC (OR = 3.19, p = 1.13 3 10�16 by Fisher’s

exact test, Figure 3F) or S-MulTiXcan (OR = 5.37, p = 4.05 3

10�44 by Fisher’s exact test, Figure 3F), implying their potential

critical regulatory roles in osteoporosis pathogenesis.

To further interrogate putative biological roles in osteoporosis

pathogenesis on chromatin interaction genes of baaSNPs, we

performed Gene Ontology (GO) pathway enrichment analysis,

and we found that most of the top significantly enriched
Cell Genomics 4, 100501, March 13, 2024 5
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Figure 3. Functional characterizations on baaSNPs and their promoter chromatin interaction genes

(A and B) Comparison of percentage of baaSNPs against inactive SNPs overlying chromatin segments (HMM15) (A) or different histone peak regions (B) in

osteoblast cells. Odds ratios (ORs) with 95% confidence interval were shown with significant markers marked in bold (two-sided Fisher’s exact test).

(C and D) Estimates of heritability and standard errors by S-LDSC23 across multiple osteoporosis-relevant traits in peaks of two significantly higher enriched

markers (H3K36me3, H3K79me2) in osteoblast cells in (B). Enrichment results are separated by trait (**p < 0.01, ***p < 0.001, ns: not significant).

(E) Violin plot shows comparison of logarithmically significant Hi-C chromatin interaction reads linking gene promoter to baaSNPs against non-baaSNPs (Wil-

coxon rank-sum test).

(F) Comparison of percentage of candidate osteoporosis genetically regulatory genes supported by fastENLOC (LCP > 0.1)30 or S-MulTiXcan (Bonferroni cor-

rected p < 0.05)31 on promoter chromatin interaction genes or all nearby genes (1,000 kb surrounding) of baaSNPs. Data are presented as mean ± standard

deviation. ORs with 95% confidence interval were shown (one-sided Fisher’s exact test).

(G) Bar diagram depicts top 10 significantly enriched (FDR < 0.05) Gene Ontology (GO) biological processes on promoter chromatin interaction genes of

baaSNPs. Pathways related to skeletal development or osteoblast differentiation were marked in bold.
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biological pathways are related to skeletal development or oste-

oblast differentiation, such as skeletal system development,

ossification, and Wnt signaling pathway32 (FDR < 0.05, Fig-

ure 3G). Analogous osteoporosis-relevant pathway enrichment

was observedwhen the located/nearest genes of their chromatin

interaction baaSNPs were excluded (FDR < 0.05, Figure S3A).

We also scrutinized the mouse phenotypic annotation from the

International Mouse Phenotyping Consortium (IMPC, release

19)33 and detected 26 genes whose knockout in mouse

model could lead to abnormal skeletal development or bone
6 Cell Genomics 4, 100501, March 13, 2024
structure (Table S12). In summary, we found 237 putative osteo-

porosis-associated chromatin interaction genes (Figure S3B;

Table S12), which might provide many mechanistic hypotheses

conferring risk of baaSNPs to osteoporosis pathogenesis.

For example, our STARR-seq assay suggested biased higher

enhancer activity on non-risk allele of one baaSNP at 7p14.1

(rs1721391-G, p = 1.30 3 10�217, and beta = 0.073 on eBMD,

Table S8), which might enhance expression of one distal gene

(EPDR1) through chromatin interactions and promote osteoblast

differentiation34 (Figure S3C). Consistently, knockout of Epdr1 in
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Figure 4. Motif enrichment and regulatory network analyses prioritized YY2 as one putative controlling TF for osteoporosis

(A) Scatterplot depicts enrichment analyses of predicted allele-specific binding motifs on baaSNPs against inactive SNPs by one-sided Fisher’s exact test. The

green dotted line indicated criteria for retaining nominally significant TFs (p < 0.05, OR > 1). All TFs annotated within GO molecular functions related to tran-

scriptional activator/coactivator activity were marked in red. TFs with known roles in osteoblast differentiation or bone metabolism were marked in bold.

(B) Bar diagram depicts comparison of significantly enriched GO molecular function terms related to transcriptional activator/coactivator or transcriptional

repressor/corepressor on all enriched TFs in (A).

(C) Bar diagram depicts selected enriched GO biological processes related to skeletal system development (FDR < 0.05) on all enriched TFs in (A).

(D) Network diagram connecting baaSNPs to 33 significantly enriched TFs and their putative regulatory effecter genes. The sizes of TF nodes represent their

calculated combined weighting scores (STAR Methods). Network was visualized using Graphia53 with top 10 highest scored TFs marked.

(E) Extracted TF-gene interaction subnetwork of YY2 from (D). The colors of gene nodes represent different osteoporosis-relevant functional supports. One gene

(PAPSS2) with all three types of functional support was highlighted in red.
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mouse led to short tibia (Figure S3C). In another example, a non-

risk allele of one baaSNP at 2p16.3 (rs13035558-T, fine-mapping

Log10FC = 2.38, p = 7.80 3 10�8, and beta = 0.011 on eBMD,

Table S8) displayed biased higher enhancer activity, which

may augment expression of FBXO11 through chromatin interac-

tions and further promote osteoblast differentiation35 (Fig-

ure S3D). Consistently, knockout of Fbxo11 in mouse could

result in decreased BMD,abnormal bone mineralization, and

short tibia (Figure S3D).
Motif prediction and network mapping prioritized
candidate regulatory TFs for osteoporosis etiologies
To assess potential roles of TFs in mediating allelic enhancer

regulatory effect by baaSNPs, we predicted their allelic binding

motif using MEME Suite36 and performedmotif enrichment anal-

ysis. We detected 33 TFs with nominally significantly higher

enrichment for allelic binding to baaSNPs against inactive

SNPs (p < 0.05 by Fisher’s exact test, Figure 4A; Table S13).

Analysis of percentage of binding to higher active alleles of
Cell Genomics 4, 100501, March 13, 2024 7



A

B

C D

FE G

H I J

Figure 5. YY2 preferentially binds to rs11202530-G to strengthen its enhancer effect on PAPSS2 expression

(A) Bar shows comparison of allelic expression ratio of rs11202530 between STARR-seq output and input library samples evaluated by MPRAnalyze.26

(B) Graphic representation of rs11202530-G resides within YY2 DNA-binding motif predicted by FIMO from MEME Suite toolkit.36

(C) Comparison of significant Hi-C chromatin interactions linking rs11202530 to PAPSS2 promoter region in hMSCs or hMSC-differentiated osteoblasts or

adipose tissue (no significant interaction). Genomic region surrounding rs11202530 was zoomed in with track of ChIP-seq signals on YY2 in HEK293 cell from

ENCODE44 depicted below.

(D) ChIP-qPCR results of YY2 binding at rs11202530 region in U2OS cells. Primers specifically targeting rs11202530 or RPL30 exon region (negative control [NC])

were used. The binding efficiency of YY2 is shown as fold enrichment over IgG.

(E) Allele-specific ChIP-qPCR indicated allele-specific binding of YY2 binding at rs11202530 in MG63. Primers specifically targeting rs11202530-A or G were

used.

(F) RT-qPCR assay revealed the effect of YY2 knockdown on PAPSS2 expression by two independent shRNAs in U2OS cells.

(G) Western blotting analysis showed the effect of YY2 knockdown on PAPSS2 expression in U2OS cells. GAPDH was used as loading control.

(H) Dual-luciferase reporter assay comparing regulatory activity on PAPSS2 promoter inserted by rs11202530-G or rs11202530-A co-transfected with two in-

dependent shRNAs of YY2 or shRNA-NC in U2OS cells.

(legend continued on next page)
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baaSNPs on enriched TFs revealed that most TFs (25/33)

showed preferential binding to more highly active alleles of

baaSNPs, implying their potential roles in reinforcing enhancer

activity (Figure 4A; Table S13). Consistently, functional annota-

tion from GO revealed that most TFs were involved in molecular

function terms related to transcriptional activator or coactivator

activity (23/33, FDR < 0.05, Figures 4A and 4B; Table S13). We

noted that many enriched TFs had known roles in osteoblast dif-

ferentiation or bone metabolism (Figure 4A; Table S13), such as

HOXC10,37 MEF2A,38 or YY2.39 Consistently, GO biological pro-

cess enrichment analysis revealed that enriched TFs were signif-

icantly enriched for several bone-relevant pathways including

skeletal system development and ossification (Figure 4C). To

further explore putative roles in osteoblast differentiation for

enriched TFs, we compared their expression change in differen-

tiated osteoblast for different time points (0.5–96 h) against non-

differentiated cells (Table S1),40 and we detected 10 TFs

(CPEB1, ETS1, FOXC2, FOXD2, HOXC10, MEF2A, NFE2L3,

SMAD4, SOX9, and YY1) with significantly changed expression

(FDR < 0.05, Table S14). Collectively, these analyses prioritized

several regulatory TFs on baaSNPs with putative roles in osteo-

porosis pathologies.

To further assess putative genetic regulatory roles of enriched

TFs for osteoporosis and to prioritize candidate key controlling

TFs, we constructed a compounded directed regulatory network

connecting baaSNPs to enriched TFs and their corresponding

putative regulatory effecter genes (STAR Methods). For 162

baaSNPs with allele-specific motif prediction on 33 enriched

TFs, we defined their chromatin interaction genes as putative

regulatory genes targets. The network comprised 162 baaSNP

nodes, 33 transcription factor nodes, 271 target gene nodes,

and their 929 corresponding regulatory connections (324

baaSNP-TF binding and 605 TF-gene regulatory pairs, Fig-

ure 4D). To rank putative functionality of TFs in the network, we

calculated a combined weighting score for each TF through

incorporating biased enhancer effect of baaSNPs, allele-specific

motif prediction scores, and intensity of baaSNP-gene promoter

chromatin interactions for implicated baaSNP-TF-gene regula-

tory axes (STARMethods, Table S15). Notably, all top three high-

est scored TFs (ZFP42, YY2, YY1) belong to more than 3 adja-

cent zinc finger factor families (Table S13). The highest scored

TF, ZFP42 (score = 6.61, Table S15), was a known regulator of

human stem cell pluripotency.41 However, its role in osteopo-

rosis etiologies remains unknown. In contrast, the second top-

ranked TF, YY2 (score = 5.33, Table S15) had been validated

to play positive roles in promoting osteoblast differentiation by

upregulating transcription activity of Osx.39 The third top-scored

TF, YY1 (score = 5.01, Table S15), was a homolog of YY2 and

acts as a known critical structural regulator of active enhancer-

promoter loop formation.42

Subsequently, we selected YY2 to explore its potential genetic

regulatory roles in osteoporosis pathogenesis. The TF-gene sub-
(I) Chromosome conformation capture (3C) assay in U2OS cells. Normalized chro

(N7) and PAPSS2 promoter region (N4) or six other neighboring Hind III sites as

(J) 3C assay shows comparison of normalized interaction frequency differences b

shRNA-2) and control (shRNA-NC) U2OS cells. Data are presented as mean ± sta

significant, two-tailed paired Student’s t test.
network of YY2 encompassed 23 putative regulatory gene tar-

gets (Figure 4E). Functional analyses revealed that the majority

of them (60.87%, 14/23) were involved in osteoporosis-related

biological pathways or displayed skeletal phenotypic abnormal-

ities in gene knockout mouse models, or they showed putative

causal genetic regulatory effect for osteoporosis by colocaliza-

tion analyses, or TWAS suggested genetic association with oste-

oporosis (Figure 4E; Table S15), indicating the crucial regulatory

roles of YY2 for osteoporosis. In contrast, only 38.89% and

37.04% of regulatory genes on ZFP42 or YY1 showed at least

one of above osteoporosis-relevant functionality supports

(Table S15). To further verify putative enhancer regulatory roles

in osteoblasts for YY2, we predicted its whole-genome active

binding sites within footprinting regions in osteoblasts using

Wellington.43 Compared with randomly chosen regions, we de-

tected significant enrichment for several typical enhancer-indic-

ative histonemarkers (e.g., H3K4me3, H3K27ac, p < 0.001) while

being depleted for typical suppressive markers (H3K9me3,

H3K27me3, p > 0.05) in osteoblast cells on YY2 footprints

(STAR Methods, Figure S4A). We also observed significant

enrichment for significant chromatin interaction regions and

CTCF binding sites in osteoblasts on YY2 footprints (p < 0.001,

Figures S4A and S4B). Additional analyses for chromatin interac-

tion genes of predicted YY2 footprints revealed significant

enrichment for osteoblast differentiation-related biological path-

ways (cell-cell signaling by wnt, Wnt-signaling pathway)32

(p < 0.05, Figure S4C), implying putative roles of YY2 in osteo-

blast differentiation. Collectively, these analyses coupled risk

of baaSNPs to osteoporosis etiologies and prioritized several

candidate key regulatory TFs (particularly YY2) via orchestrating

the enhancer-promoter regulatory network in osteoblasts.

YY2 could preferentially bind to rs11202530-G to
augment PAPSS2 expression
Considering the highly ranked weighting score of YY2 within the

regulatory network as well as the probable functional relevance

to osteoporosis on PAPSS2 (colocalization, TWAS, and osteo-

porosis-related pathway, Figure 4E; Table S12), we selected

rs11202530-YY2-PAPSS2 regulatory axis (Table S15) for

detailed experimentally verification. The rs11202530 existed in

the PAPSS2 intronic region and showed strong linkage disequi-

librium (r2 > 0.98) with one conditionally independent eBMD as-

sociation signal (rs10887745).3 Rs11202530-G was associated

with increased eBMD (beta = 0.016, p = 1.20 3 10�17,

Table S3).3 Our STARR-seq assay suggested biased higher

enhancer effect on rs11202530-G compared with A allele (Fig-

ure 5A), which also showed G-allele-preferential binding to

YY2 according to the motif prediction by MEME Suite36

(Figure 5B). PAPSS2 promoter showed osteoblast-specific

chromatin interactions with rs11202530 compared with

hMSC differentiated adipocytes (Figure 5C), implying potential

regulatory roles of YY2 in mediating osteoblast-specific
matin interaction frequencies between rs11202530 region as the anchor point

negative controls (N1, N2, N3, N5, N6, and N8).

etween rs11202530 region and PAPSS2 promoter region in YY2-inhibited (YY2-

ndard deviation in (D)–(F) and (H)–(J), *p < 0.05, **p < 0.01, ***p < 0.001, ns: not
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rs11202530-PAPSS2 chromatin interactions. We also scruti-

nized publicly available ChIP-seq on YY2 fromENCODEportal,44

and we observed strong ChIP-seq signals surrounding

rs11202530 in HEK293 cells (Figure 5C). To experimentally verify

the allelic binding affinity of YY2 on rs11202530, we applied

ChIP-qPCR and allele-specific ChIP-qPCR in rs11202530-GG

U2OS and rs11202530-GAMG63 cells, respectively (genotyping

results showed in Figure S5A). The results indicated that YY2

could bind to rs11202530 region in U2OS cells (p < 0.001, Fig-

ure 5D). Particularly, YY2 prefer to bind to rs11202530-G allele

than A allele in MG63 cells (p < 0.01, Figure 5E). Subsequently,

to evaluate the role of YY2 in mediating PAPSS2 expression,

we inhibited YY2 by two independent short hairpin RNAs

(shRNAs) in U2OS cells. The results showed that the expression

of PAPSS2 significantly declined both in mRNA and protein

levels in YY2-knockdown U2OS cells (p < 0.01, Figures 5F and

5G). In addition, we transfected pGL3-PAPSS2 promoter or

rs11202530-G or A allele luciferase plasmid into control or

YY2-knockdown U2OS cells. The results displayed that

rs11202530-G allele of YY2-knockdown cells could significantly

reduce PAPSS2 expression compared with control cells, while A

allele had no obvious effect on PAPSS2 (p < 0.001, Figure 5H).

To further verify the long-range chromatin interactions con-

necting rs11202530 to PAPSS2 promoter, we performed chro-

mosome conformation capture (3C) assay in U2OS cells. We

found that rs11202530 possessed the strongest chromatin inter-

action with PAPSS2 promoter in comparison with other six

randomly selected genomic regions (normalized interaction fre-

quency = 3.36, STAR Methods, Figure 5I). We also performed

3C assay in YY2-inhibited and control U2OS cells to compare

their interaction frequencies differences and found that YY2

knockdown could significantly attenuate chromatin interactions

between rs11202530 and PAPSS2 promoter region (p < 0.001,

Figure 5J), indicating the putative roles of YY2 in strengthening

long-range chromatin interactions connecting rs11202530 to

the PAPSS2 promoter region. Collectively, these assays pro-

vided evidence for potential allele-preferable binding affinity of

YY2 to rs11202530-G to augment enhancer activity and to

strengthen PAPSS2 expression through long-range chromatin

interactions, which suggested potential genetic regulatory roles

of YY2 for osteoporosis.

rs11202530 could act as an allele-biased enhancer to
regulate PAPSS2 expression and to impact osteoblast
differentiation
We next performed experimental validation for allelic enhancer

regulatory effect of rs11202530 on PAPSS2 expression. We

observed osteoblast-specific H3K27ac signals compared with

hMSCs or hMSC-differentiated adipocytes near rs11202530 re-

gion (Figure 6A), indicating its osteoblast-specific enhancer ef-

fect. Cis-eQTL analysis from GTEx29 revealed significant genetic

association with PAPSS2 expression on rs11202530 in 18

different tissues (p < 0.05, Figure 6B), including 15 tissues in

consistent direction of allelic activity effect with STARR-seq (Fig-

ure 6B; Table S9). To validate allelic enhancer regulation effect of

rs11202530 on PAPSS2, we firstly performed dual-luciferase

reporter assay in U2OS cells. The results exhibited that

rs11202530 showed significantly reinforced enhancer activity
10 Cell Genomics 4, 100501, March 13, 2024
compared with PAPSS2 promoter plasmid, and rs11202530-G

displayed significant higher enhancer activity on PAPSS2 pro-

moter compared with the other allele (p < 0.01, Figure 6C). Since

rs11202530was homozygous GG in U2OS cells (Figure S5A), we

further deleted the genomic region harboring rs11202530 by

CRISPR-Cas9, and we found that PAPSS2 expression was

significantly diminished in rs11202530-deleted U2OS cells

(p < 0.001, Figure 6D). Deletion efficiency of two paired single-

guide RNAs (sgRNAs) was confirmed by PCR (Figures 6D and

S5B). These results demonstrated that rs11202530-G could

act as allelic-biased enhancer to strengthen PAPSS2 expression

in U2OS cells.

Furthermore, we isolated human primary osteoblasts from

cancellous bone tissue of human lumbar vertebra (STAR

Methods) and deleted the region harboring rs11202530

byCRISPR-Cas9 (heterozygosisGAon rs11202530, FigureS5A).

The PAPSS2 expression was significantly decreased in

rs11202530-deleted human primary osteoblasts (p < 0.001, Fig-

ure 6D). Deletion efficiency of two paired sgRNAs was confirmed

by PCR (Figures 6D and S5B). To further explore the potential

regulatory effect of rs11202530 in osteoblast differentiation, we

measured change of osteoblast differentiation marker gene

expression in rs11202530-region-deleted human primary osteo-

blasts. We found that several marker genes, including ALP,

OCN, OSX, RUNX2, and COL1A1 were significantly diminished

in rs11202530-region-deleted human primary osteoblasts

(p < 0.05, Figure 6E). We also detected significantly diminished

expression of several osteoblast differentiation marker genes

(ALP, OCN, OSX, and RUNX2) in rs11202530-region-deleted

U2OS cells (p < 0.05, Figure S5C). Further alkaline phosphatase

(ALP) staining exhibited that deletion of the region harboring

rs11202530 could decrease potentiality for osteoblast differenti-

ation in human primary osteoblasts (Figure 6F). Collectively,

these experimental results supported the putative genetic regu-

latory roles of rs11202530 in osteogenesis.

YY2 may play roles in promoting human osteoblast
differentiation through positive regulation of PAPSS2
The above experimental results suggested one YY2-condensed

regulatory axis conferring osteoporosis risk. We next generated

ovariectomy (OVX)-induced osteoporosis mice and control mice

with parietal ovarian fat tissue removed, and we detected signif-

icantly lower expression of both Yy2 and Papss2 in osteoporosis

mice compared with normal ones (p < 0.05, Figure 7A), suggest-

ing their putative protective roles in osteoporosis. To further

verify candidate roles of YY2 in osteoblast differentiation, we iso-

lated human primary osteoblasts from cancellous bone tissue of

human lumbar vertebra and induced differentiation at different

time points (STAR Methods). Differentiation of primary osteo-

blasts was confirmed by ALP staining (p < 0.05, Figure 7B). We

observed significantly reinforced YY2 expression in osteoblasts

after differentiation for 7 or 14 days (p < 0.05, Figure 7B). We

further overexpressed YY2 in primary osteoblasts and detected

significantly increased expression of PAPSS2 and several oste-

oblast differentiation marker genes (ALP, OCN, RUNX2, and

COL1A1) (p < 0.05, Figure 7C). In contrast, inhibition of YY2 by

two independent shRNAs in primary osteoblasts caused signifi-

cantly decreased expression of PAPSS2 and several osteoblast
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Figure 6. Rs11202530 acts as an allele-biased enhancer to regulate PAPSS2 expression and osteoblast differentiation

(A) Comparison of H3K27ac histone modification in hMSCs or hMSC-differentiated osteoblasts or adipose tissue surrounding rs11202530.

(B) Bar diagrams display all significant cis-QTL associations (p < 0.05 by linear model controlling for covariates) between genotypes of rs11202530 and PAPSS2

expression from GTEx (V8),29 and effect sizes are indicated by shade of colors.

(C) Dual-luciferase reporter assay shows allelic-biased enhancer activity effect on rs11202530 comparedwith pGL3-PAPSS2-promoter in U2OS cells. Luciferase

signal was computed as the ratio of firefly luciferase activity to Renilla signal, and relative activity was normalized by pGL3-PAPSS2-promoter.

(D) RT-qPCR shows effect of deletion of the genomic region surrounding rs11202530 by CRISPR-Cas9 on PAPSS2 expression at mRNA level in U2OS or human

primary osteoblasts isolated from healthy cancellous bone tissue (STAR Methods). The upper cartoon shows relative position of targeting sites for different pairs

of sgRNAs. The bottom gel showed the deletion efficiency of two paired sgRNAs by amplifying a flanking region of 1740 bp (rs11202530) and validated the

truncated short regions by PCR.

(E) RT-qPCR displays effect of deletion of the genomic region surrounding rs11202530 by CRISPR-Cas9-decreased expression of osteoblast differentiation

marker gene expression (ALP, OCN, OSX, RUNX2, and COL1A1) at mRNA level in human primary osteoblasts.

(F) Alkaline phosphatase (ALP) staining revealed the effect of deletion of the region surrounding rs11202530 by CRISPR-Cas9 on ALP activity in human primary

osteoblasts. The ALP staining results were analyzed using ImageJ software. Data are presented as mean ± standard deviation in (C)‒(E), *p < 0.05, **p < 0.01,

***p < 0.001, ns: not significant, two-tailed paired Student’s t test.
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differentiation marker genes (ALP, OCN, RUNX2, and COL1A1)

(p < 0.05, Figure 7D). Considering the positive regulatory effect

of YY2 on PAPSS2 (Figures 5, 7C, and 7D), we further explored

potential roles of PAPSS2 in osteoblast differentiation. Consis-

tently, we detected significant continuously increased PAPSS2

expression in osteoblasts after differentiation for 3, 7, or

14 days (p < 0.05, Figure 7B). Besides, overexpression or inhibi-

tion of PAPSS2 in primary osteoblasts caused significantly

enhanced or attenuated expression of several osteoblast differ-

entiation marker genes (ALP, OCN, RUNX2, and COL1A1)

(p < 0.05, Figures 7E and 7F). Collectively, these results

supported candidate roles in promoting human osteoblast differ-

entiation for YY2, which provided compelling experimental evi-

dence for one putative YY2-condensed regulatory axis confer-

ring risk of rs11202530 to osteoporosis pathogenesis through

modified PAPSS2 expression and osteoblast differentiation

orchestrated by YY2 (Figure 7G).

DISCUSSION

Recent studies have employed STARR-seq to elucidate

enhancer-modulating regulatory disease-associated GWAS

SNPs, such as insulin-resistance-relevant phenotypes,19 prostate

cancer,20 coronary artery disease,21 or atrial fibrillation.22 Howev-

er, there have been no systematic functional investigations for

roles of enhancer elements in orchestrating osteoporosis-associ-

ated SNPs. We recently disclosed crucial roles of 3D chromatin

organizations in controlling osteogenesis.17 Nevertheless,

whether enhancer-promoter chromatin interactions conferred

risk for osteoporosis remains largely elusive. Our preliminary an-

alyses revealed significant enrichment of heritability across multi-

ple osteoporosis-relevant traits2–6 in significant chromatin inter-

actions in hMSC-induced osteoblasts, implying putatively

biological roles of chromatin organizations at osteoporosis risk

loci. Consistent with previous functional investigations at several

osteoporosis risk loci,11,45–47 our STARR-seq assays further un-

derscored 319 putative functional baaSNPs with distal

enhancer-promoter regulatory effect at 146 osteoporosis risk

loci. Particularly, most chromatin interaction genes of baaSNPs

displayed known osteoporosis-relevant functions or putative

causal genetic associations with osteoporosis, supporting their

critical genetic regulatory roles for osteoporosis. These results

provided many promising mechanistic hypotheses conferring

risk of regulatory GWAS SNPs to osteoporosis pathogenesis via

enhancer-promoter interactions, which might accelerate future

post-GWAS experimental investigations at osteoporosis risk loci.
Figure 7. YY2 may play roles in promoting human osteoblast different

(A) RT-qPCR shows comparison of Yy2 and Papss2 expression between ovariecto

with parietal ovarian fat tissue removed (females, n = 3).

(B) RT-qPCR shows expression change of YY2 and PAPSS2 in isolated human pr

upper ALP staining displays ALP activity change in osteoblasts after differentiati

(C and D) RT-qPCR shows effect of YY2 overexpression (C) or knockdown (D) on

OCN, RUNX2, and COL1A1) at mRNA level in human primary osteoblasts.

(E and F) RT-qPCR shows effect of PAPSS2 overexpression (E) or knockdown (F

RUNX2, and COL1A1) at mRNA level by two independent shRNAs in human prim

(G) Speculative regulatory model connecting different genotypes of rs11202530 to

differentiation, and osteoporosis risk. Data are presented as mean ± standard dev

paired Student’s t test.
Our analyses suggested significant enrichment for several

active histone modifications on identified baaSNPs compared

with inactive SNPs, including H3K79me2 and H3K36me3.

H3K79me2 is associated with active transcription with known

roles for modulating enhancer activity to strengthen gene

expression through maintenance of enhancer-promoter interac-

tions.28,48 H3K36me3 is another active chromatin mark with

known roles in transcription elongation.27 H3K36me3 also play

roles in antagonizing silencers marked by H3K27me3 by inhibit-

ing PRC2 activity.49 We also found significant depleted enrich-

ment for H3K27me3, a typical silencer-indicativemaker, on iden-

tified baaSNPs. Interestingly, previous studies had observed

mutually exclusive distribution of H3K36me3 and H3K27me3.27

Consistently, we found that only 9/144 baaSNPs overlaying

with the H3K36me3 peak also located within H3K27me3 peaks,

implying potential antagonistic roles between H3K36me3 and

H3K27me3 surrounding baaSNPs. In contrast, 81.94% (118/

144) of baaSNPs overlaying the H3K36me3 peak also located

within peaks of H3K79me2, suggesting their putative coopera-

tive roles in reinforcing enhancer activity and maintenance of

enhancer-promoter interactions. Future functional investigations

are valued to explore whether H3K36me3 and H3K79me2 play

roles in orchestrating enhancer activity and chromatin organiza-

tion by antagonizing H3K27me3 in osteoblast cells.

Our study also prioritized several candidate controlling TFs

for osteoporosis, which exhibited significant enrichment for

predicted allele-specific binding on baaSNPs. Interestingly,

most enriched TFs (24/33) showed preferential binding to

higher enhancer activity alleles of baaSNPs, which was consis-

tent with their significant enrichment for GO molecular terms

related to transcriptional activator or coactivator activity and

implied their putative enhancer activator effect on baaSNPs.

The enriched TFs were also significantly enriched for several

bone-relevant pathways (such as skeletal system development

and ossification), which provided compelling evidence for their

putative regulatory roles on osteoporosis-associated SNPs.

Indeed, many of these enriched TFs have known roles in con-

trolling osteogenesis. For example, HOXC10 was proven to

regulate osteogenesis of mesenchymal stromal cells and to

attenuate bone formation in a mouse model.37 Another TF,

MEF2A, was shown to augment SOST expression in osteo-

cytes of adult bone by activating one distal bone enhancer

element.38 For other enriched TFs with uncharacterized roles

in osteogenesis, further experimental investigations are worth

exploring for their precise roles in controlling osteogenesis

and bone development.
iation through positive regulation of PAPSS2

my (OVX)-induced osteoporosis mice (females, n = 3) and control normal mice

imary osteoblasts after differentiation for 3, 7, or 14 days (STAR Methods). The

on for different days.

PAPSS2 or expression of several osteoblast differentiation marker genes (ALP,

) on expression of several osteoblast differentiation marker genes (ALP, OCN,

ary osteoblasts.

allele-preferable binding of YY2 andmodified PAPSS2 expression, osteoblast

iation in (A)–(F), *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant, two-tailed
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Our TF-gene regulatory network analyses underlined one pu-

tative controlling TF (YY2) for osteoporosis. A recent study has

validated that Yy2 could promote osteoblast differentiation by

upregulating transcriptional activity of Osterix in BMP4-induced

C2C12 cells.39 Consistently, we detected significantly lower

expression of Yy2 in osteoporosis mice and experimentally veri-

fied putative contributory roles of YY2 in promoting human oste-

oblast differentiation. The roles of YY2 in chromatin organization

are currently unknown. However, a homolog of YY2, YY1, has

been validated to act as a structural regulator of active

enhancer-promoter loop formation.42 Consistently, our 3C assay

revealed that knockdown of YY2 could significantly attenuate

chromatin interaction frequencies between rs11202530 and

PAPSS2 promoter, which suggested potential involvement of

YY2 in mediating long-range chromatin interactions at this locus.

Moreover, footprints analyses suggested significant enrichment

for both enhancer-like histone peaks, CTCF binding, and signif-

icant chromatin interactions on predicted active YY2 binding

sites, which implied a putative role of YY2 in orchestrating active

enhancer-promoter chromatin interactions analogous to YY1.42

Future comprehensive experimental investigations are worthy

for decrypting the precise roles of YY2 in orchestrating chro-

matin organizations in osteoblasts.

Our experimental findings also established an enhancer-pro-

moter regulatory relationship between YY2 and PAPSS2, which

was modified by allelic enhancer activity of one intronic baaSNP

(rs11202530) at 10q23.2. A previous study has suggested that

Papss2 could regulate osteoblast ALP activity and cell minerali-

zation in mouse osteoblastic MC3T3-E1 cells.50 However, roles

of PAPSS2 in human osteogenesis are currently unknown.

Mutation in PAPSS2 has been reported to cause diseases

affecting skeletogenesis, such as the spondyloepimetaphyseal

dysplasia.51 By using human primary osteoblast cells, we firstly

verified thatPAPSS2 expression was significantly increased dur-

ing osteoblast differentiation and knockdown of PAPSS2

expression, or rs11202530 enhancer fragment could suppress

expression of osteoblast differentiation marker genes, therefore

establishing a new YY2-condensed regulatory axis conferring

risk of an osteoporosis risk SNP to osteoporosis pathogenesis.

Future experimental investigations are needed to strength this

regulatory axis through verifying the skeletal phenotypic effect

of rs11202530 enhancer fragment in mouse model.

In summary, our systematical enhancer surveying and exper-

imental verifying divulged a new YY2-condensed regulatory axis

conferring risk for osteoporosis. We anticipate that our integra-

tive experimental and regulatory network analyses could be

applied to other complex diseases, which may help reduce

the gap between traditional genetic findings and mechanistic

understanding of disease etiologies and future clinical drug

development.

Limitations of the study
Despite the high efficiency in systematically qualifying enhancer

activities onwhole-genomic GWASSNPs, the STARR-seq assay

lacked in vivo contexts. Therefore, some chromatin-dependent

enhancers might be neglected. However, we filtered GWAS

SNPs with significant promoter chromatin interactions before

STARR-seq screening, which showed obvious significant
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enrichment for enhancer-like epigenetic elements in primary

osteoblast cells. Moreover, the high overlap and enrichment of

identified enhancer SNPs in active epigenetic features implied

their endogenous enhancer activities. We anticipated that future

tectological improvements in high-throughput in vivo genomic

allelic editing coupled with single-cell sequencing52 could

help confirm our results. Besides, future cis-eQTL mapping in

osteoporosis-related human tissues with large samples would

strengthen the enhancer-promoter regulation between baaSNPs

and their chromatin interaction genes. Finally, we convincingly

divulged a new YY2-condensed regulatory axis conferring risk

for osteoporosis. However, our chromatin regulatory network

analyses also disclosed putative involvement for osteoporosis

pathogenesis on several other TFs, which are worthy of future

detailed experimental investigations.
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Antibodies

anti-YY2 antibody Santa Cruz Biotechnology sc-374455; RRID:AB_10988247

anti-PAPSS2 antibody Santa Cruz Biotechnology sc-271429; RRID:AB_10648899

anti-GAPDH antibody HUABIO ET1601-4; RRID:AB_3069615

HRP-labeled Goat Anti-Mouse IgG(H + L) Epizyme Biomedical Technology LF101; RRID: Pending

HRP-labeled Goat Anti-Rabbit IgG(H + L) Epizyme Biomedical Technology LF102; RRID: Pending

Bacterial and virus strains

Ecoli. DH5a Competent cells TIANGEN Biotech CB101

Trans-T1 Competent cells Transgene CD501

hSTARR-seq_ORI vector Addgene 99296

pGL3-basic vector Promega E1751

pRL-TK Renilla vector Promega E2241

Biological samples

Human MSCs Shaanxi Provincial People’s

Hospital, China

N/A

Human primary osteoblasts Shaanxi Provincial People’s

Hospital, China

N/A

Chemicals, peptides, and recombinant proteins

HyClone DMEM with high glucose Cytiva SH30022.01

HyClone RPMI 1640 Cytiva SH30027.01

HyClone a-MEM Cytiva SH30265.01

Fetal Bovine Serum Biological Industries 04-222-1A

Penicillin-Streptomycin Solarbio P1400

Penicillin-Streptomycin-Gentamicin Solution Beyotime Biotechnology C0223

Collagenase type I Solarbio C8140

Ascorbic acid Beyotime Biotechnology ST1434

b-glycerol-phosphate Solarbio G8100

Puromycin Beyotime Biotechnology ST551

Polybrene Solarbio H8761

RIPA lysis buffer Epizyme Biomedical Technology PC101

Omni-EasyTM Protein Sample Loading Buffer Epizyme Biomedical Technology LT101S

PMSF (Phenylmethanesulfonyl fluoride) Beyotime Biotechnology ST506

Critical commercial assays

NEBNext� Q5 Hot Start HiFi PCR Master Mix New England Biolabs M0543S

Age I-HF New England Biolabs R3552S

Sal I-HF New England Biolabs R3138S

Hind III-HF New England Biolabs R3104S

NEBuilder� HiFi DNA Assembly Master Mix New England Biolabs E2621

HiSpeed� Plasmid Midi Kit QIAGEN 12643

Dr. GenTLETM Precipitation Carrier Takara 9094

Monarch� Total RNA Miniprep Kit New England Biolabs T2010

TURBO DNA-freeTM Kit Thermo Fisher Scientific AM1907

NEBNext� Poly(A) mRNA Magnetic Isolation Module New England Biolabs E7490S

Monarch� RNA Cleanup Kit New England Biolabs T2030S

ProtoScript� II First Strand cDNA Synthesis Kit New England Biolabs E6560S

(Continued on next page)
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AMPureXP Beads Beckerman A63880

QubitTM dsDNA HS Assay Kit Invitrogen Q32851

QubitTM RNA HS Assay Kit Invitrogen Q32852

ViaFectTM Transfection Reagent Promega E4981

Dual-LumiTM II Luciferase Reporter Gene Assay Kit Beyotime Biotechnology RG027

Simple ChIP Enzymatic Chromatin IP Kit Cell Signaling Technology 9003

Alkaline Phosphatase Color Development Kit Beyotime Biotechnology C3206

TIANamp Genomic DNA Kit TIANGEN Biotech DP304

RNAfast200 Kit Fastagen 220010

RNAiso Plus Takara 9109

PrimeScriptTM RT reagent Kit Takara RR037A

23Universal SYBR Green Fast qPCR Mix ABclonal RK21203

Omni-ECL Femto Light Chemiluminescence Kit Epizyme Biomedical Technology SQ201

Deposited data

Raw data This paper GEO: GSE231932

Osteoporosis-relevant GWAS summary data GEFOS Table S1

UK Biobank reference genotype panels Applied from UK Biobank

(Application number: 46387)

https://www.ukbiobank.ac.uk/

1000 Genomes genotype data for LD

analysis (phase 3)

1000 Genomes57 https://www.internationalgenome.org/

Hi-C, ATAC-seq and ChIP-seq data in

hMSC induced osteoblasts

Hao et al.17 GEO: GSE151319, GSE151315, and

GSE151311

GTEx genotype data Applied from dbGap (dbGap:

phs000424.v8.p2)

https://www.ncbi.nlm.nih.gov/gap/

GTEx eQTL association data GTEx portal (V8)29 GTEx Portal: https://www.gtexportal.org/home/

datasets

DNase-seq, ChIP-seq peak and chromatin

segment (HMM-15) in osteoblasts

ENCODE44 http://hgdownload.cse.ucsc.edu/

goldenPath/hg19/

YY2 ChIP-seq ENCODE44 ENCODE Project: https://www.encodeproject.org/

experiments/ENCSR692HSE/

Pre-computed GTEx-V8 multi-tissue

eQTL fine-mapping

GWAS-eQTL colocalization

analysis (fastENLOC)30
https://drive.google.com/open?id=

1rSaHenk8xOFtQo7VuDZevRkjUz6iwuj0

GWAS summary statistics imputation support data S-MulTiXcan31 Zenodo: https://zenodo.org/records/3657902

IMPC (release-17.0) for gene functional analyses N/A IMPC Portal: http://www.mousephenotype.org/

gene expression profile for gene expression

change analyses in differentiated osteoblasts

Zhang el al.40 GEO: GSE80614

Experimental models: Cell lines

U-2OS National Collection of

Authenticated Cell Cultures

TCHu88

MG-63 National Collection of

Authenticated Cell Cultures

TCHu124

HEK293T National Collection of

Authenticated Cell Cultures

GNHu17

Experimental models: Organisms/strains

Ovariectomy-induced osteoporosis mouse model This paper C57BL/6

Oligonucleotides

Oligonucleotides pool of CustomArray, see Table S5 GenScript N/A

Primers for STARR-seq plasmid library,

see Table S6

This paper N/A

(Continued on next page)
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Primers for STARR-seq sequencing libraries,

see Table S6

This paper N/A

Primers for dual luciferase reporter assays,

see Table S6

This paper N/A

shRNA targeting sequences: YY2 or PAPSS2,

see Table S6

This paper N/A

Primers for cDNA amplification of YY2 or

PAPSS2, see Table S6

This paper N/A

sgRNA targeting sequences: rs11202530,

see Table S6

This paper N/A

RT-qPCR primers for YY2 or PAPSS2

(human), see Table S6

This paper N/A

RT-qPCR primers for osteoblast marker

genes, see Table S6

This paper N/A

ChIP-qPCR primers for rs11202530,

see Table S6

This paper N/A

Primers for Chromosome conformation

Capture assay, see Table S6

This paper N/A

RT-qPCR primers for yy2 or papss2

(mouse), see Table S6

This paper N/A

Recombinant DNA

Laboratory-modified pGL3-promoter vector Duan et al.19 N/A

Laboratory-modified lentiCRISPR v2 vector Chen et al.11 N/A

pUC19-hU6-sgRNA vector Chen et al.11 N/A

Laboratory-modified lenti-CMV-MCS-

EF1a-PuroR vector

Duan et al.19 N/A

Laboratory-modified lenti-shRNA-miR30 vector Thynn et al.59 N/A

Software and algorithms

ImageJ software N/A https://ij.imjoy.io/

GCTA (1.92.1) Yang et al.54 https://yanglab.westlake.edu.cn/

software/gcta/#Overview

FINEMAP (1.3.1) Benner et al.55 http://christianbenner.com/

PLINK (1.90) Purcell et al.56 https://www.cog-genomics.org/

plink/1.9/

HOMER (v4.10.1) Heinz et al.58 http://homer.ucsd.edu/homer/

bedtools (v2.29.0) N/A https://bedtools.readthedocs.io/

en/latest/

S-LDSC (v1.0.1) Finucane et al.23 https://github.com/bulik/ldsc

R (v3.4.1) N/A https://www.r-project.org/

Python (v2.7.16) N/A https://www.python.org/download/

releases/2.7/

fastp (v0.20.1) Chen et al.60 https://github.com/OpenGene/fastp

Bowtie 2 (v2.4.1) Langmead et al.61 https://github.com/BenLangmead/

bowtie2

R limma package (v3.34.9) Ritchie et al.62 https://bioconductor.org/packages/

release/bioc/html/limma.html

MPRAnalyze (v1.16.0) Ashuach et al.26 https://bioconductor.org/packages/

release/bioc/html/MPRAnalyze.html

DeepTools (v3.3.0) Ramı́rez et al.63 https://github.com/deeptools/deepTools

pyDNase (v0.2.4) Piper et al.43 https://pythonhosted.org/pyDNase/

index.html

fastENLOC (v2.0) Pividori et al.30 https://github.com/xqwen/fastenloc

(Continued on next page)
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S-MulTiXcan Barbeira et al.31 Zenodo: https://zenodo.org/records/3657902

R clusterProfiler package (v3.6.0) Yu et al.65 https://bioconductor.org/packages/

release/bioc/html/clusterProfiler.html

MEME Suite toolkit (v5.4.1) Bailey et al.36 https://meme-suite.org/meme/

R lumi package (v.2.30.0) Du et al.69 https://www.bioconductor.org/

packages/release/bioc/html/

lumi.html

Graphia Freeman et al.53 https://graphia.app/

Integrative Genomics Viewer N/A https://igv.org/

Custom code This paper Github: https://github.com/xjtugenetics/2023_

Osteoporosis_STARRseq and Zenodo:

https://doi.org/10.5281/

zenodo.10472555

Other

Full-length cDNA of PAPSS2 NCBI GenBank: NM_004670.4

Full-length cDNA of YY2 NCBI GenBank: NM_206923.4
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to andwill be fulfilled by the lead contact, Tie-Lin Yang (yangtielin@

xjtu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
Raw STARR-seq sequencing data have been submitted to GEO and are publicly available as of the date of publication (GEO:

GSE231932). Hi-C, ATAC-seq and ChIP-seq data in hMSC induced osteoblast are available at GEO (GEO: GSE151319,

GSE151315, and GSE151311). Other applied or publicly available data used in this study are listed in the Key resources table and

Table S1. Detailed analysis results are listed in supplementary tables. The integrative analytical codes and pipelines are available

at Github: https://github.com/xjtugenetics/2023_Osteoporosis_STARRseq and archived under Zenodo: https://doi.org/10.5281/

zenodo.10472555. Any additional information required to reanalyse the data reported in this paper is available from the lead contact

upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

For primary cell culture studies, we isolated human primary osteoblasts from cancellous bone tissue of human lumbar vertebra of

patients undergoing surgery (vertebral compression fracture or lumbar disc herniation, three males and one female), and cultured

with MEM-a (HyClone, USA) at 37�C, 5% CO2 incubator. The donors were provided by Shaanxi Provincial People’s Hospital,

China. All protocol was approved by the ethics committee of the involved institutions with written informed consent provided

by participants.

For in vivo mouse studies, we purchased 2-month C57BL/6 female healthy mice from the Laboratory Animal Center of Air Force

Medical University (Xi’an, Shanxi, China). The mice were housed at permanent temperature (25�C) and alternating light-dark (12 h/12

h) cycle under Specific Pathogen Free (SPF) condition, with ad libitum food andwater provided. All mouse experiments were in accor-

dance with the Guide for the Care and Use of Laboratory Animals and approved by the Laboratory Animal Ethics & Welfare Commit-

tee of Xi’an Jiaotong University.

For other in vitro cell culture studies, the human embryonic kidney 293T cells (HEK293T) and human bone osteosarcoma epithelial

cells (U2OS andMG63) were purchased from the National Collection of Authenticated Cell Cultures (Shanghai, China). HEK293T and

MG63were cultured in DMEM (Cytiva, USA), U2OSwas cultured in RPMI-1640 (Cytiva, USA) with 10% fetal bovine serum (Biological

Industries, Israel), 100U/mL penicillin and 0.1 mg/mL streptomycin (Solarbio, USA). All cells were culture at 37�C, 5% CO2 incubator

and authenticated with STR profiling.
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METHOD DETAILS

GWAS fine-mapping for refining osteoporosis-associated SNPs
GWAS summary statistics across multiple osteoporosis-relevant traits, including fracture, total body or total body less head bone

mineral density (TB[LH]BMD), forearm bone mineral density (FABMD), femoral neck bone mineral density (FNBMD), lumbar spine

bone mineral density (LSBMD) and quantitative heel ultrasounds bone mineral density (eBMD) were collected from the Genetic Fac-

tors for Osteoporosis Consortium (GEFOS) portal (http://www.gefos.org/) (Table S1). We downloaded UK Biobank genotype data

(Application number: 46387) and randomly selected 50,000 White British non-relative samples and removed SNPs with

MAF<0.001 or information score (imputation) < 0.3 as reference panels. Conditional GWAS association followed by fine-mapping

analysis were conducted as reported by Morris et al..3 All conditionally independently associated SNPs (indSNP, adjusted

p < 53 10�8) and fine-mapped potential causal SNPs at base-10 logarithm of Bayes Factor (Log10BF)R 2 on eBMD were collected

from original report byMorris et al.3 For other traits, we firstly performed a stepwisemodel selection procedure to identify indSNPs on

each GWAS summary data using GCTA –cojo-slct –cojo-p 5e�8 (v1.92.1).54 We then implemented FINEMAP55 (v1.3.1) to identify

potential causal SNPs at 500-KB region surrounding each indSNP, which was evaluated by Log10BF (Bayes Factor) with higher value

corresponding higher probability of being causal. Linkage disequilibrium (LD) analysis for all identified inSNPs were implemented us-

ing PLINK (v.1.90)56 in European samples from 1000 Genomes phase 3,57 with maximum distance for r2 calculation set as 1000-kb.

All inSNPs and LD expanded (r2 > 0.8) SNPs as well as fine-mapped potential causal SNPs (Log10BF R 2) were merged as

candidate osteoporosis-associated SNPs. In summary, we identified 1,241 indSNPs and 15,765 candidate causal associated

SNPs (log10BF R 2, Table S2), as well as another 27,918 LD expanded osteoporosis-associated SNPs (r2 > 0.8, Table S3).

Hi-C interaction analysis
We previously induced osteoblast and adipogenic differentiation from human mesenchymal stem cells (hMSC) and performed 2-kb

resolution Hi-C experiments in hMSC and hMSC differentiated osteoblast or adipocyte.17 Hi-C data processing have been described

before.17 We called significant chromatin interactions at 2-kb resolution (FDR<0.05) using HOMER’s Hi-C analysis tool analyzeHiC

(v4.10.1, -res 2000 -superRes 10000 -maxDist 2000000).58 All osteoporosis-associated SNPs with significant chromatin interactions

in osteoblast to any nearby (1000-KB) gene promoter region (1-KB surrounding gene transcription start site [TSS]) analyzed by bed-

tools (v2.29.0) were prioritized as functional SNPs candidates.

Partitioned heritability enrichment analysis
We used Stratified LD Score Regression (S-LDSC, v.1.0.1)23 to examine whether heritability of osteoporosis-associated SNPs was

enriched in significant Hi-C chromatin interaction regions (FDR<0.05) in osteoblast17 or two selected epigeneticmarkers (H3K36me3,

H3K79me2). ChIP-seq peak data of epigenetic markers in primary osteoblasts were collected from ENCODE portal44 (Table S1).

GWAS summary statistics across multiple osteoporosis-relevant traits (fracture, TB[LH]BMD, FABMD, FNBMD, LSBMD and

eBMD) were used for heritability enrichment analysis. Heritability enrichment is defined as the proportion of heritability assigned

to one annotation divided by the proportion of SNPs in that same annotation. For S-LDSC analysis, annot file across 22 chromo-

somes including all above cell-specific annotation was prepared based on recommended baselineLD v2.2 model using custom py-

thon script for annotation-specific LD scores computing. The precomputed genotype, frequency andweight files onHapMap 3 SNPs

from 1000 Genomes Europeans were downloaded at https://storage.googleapis.com/broad-alkesgroup-public/LDSCORE/.

Epigenetic enrichment analysis on promoter chromatin interacted SNPs
We collected multiple ChIP-seq (histone modifications and CTCF), chromatin segment (HMM15), ATAC-seq and DNase-seq peak

data in hMSC induced or primary osteoblast cells from our previous report (GEO: GSE151311, GSE151315)17 and ENCODE portal44

(Table S1). For selected SNPs, overlapping with above annotation were analyzed by bedtools (v2.29.0). We performed enrichment

analysis by comparing overlap with each epigenetic annotation type between prioritized promoter chromatin interacted osteopo-

rosis-associated SNPs against all other non-interacted osteoporosis-associated SNPs using two-sided Fisher’s exact test, and

defined any epigenetic features significantly enriched at FDR<0.05.

Human primary osteoblasts isolation, culture, and differentiation
Human primary osteoblasts were isolated from cancellous bone tissue of human lumbar vertebra of patients undergoing surgery

(vertebral compression fracture or lumbar disc herniation). The donor was provided by Shaanxi Provincial People’s Hospital, China.

In our study, the sample acquired was performed under the ethical approval and patient informed consent. Briefly, the sample of

cancellous bone tissue was washed twice with Wash buffer (PBS +1% penicillin/streptomycin/gentamicin) by vigorously shaking.

Next, the sample was transferred to the new tube, and added 4mL trypsin for 30min in a shaker at 37�C. Subsequently, the cancellous
bone tissue was treated with collagenase type I (Solarbio, USA) for 2 h in a shaker at 37�C after washing twice with Wash buffer.

Finally, the sample was placed in culture flasks with a-MEM (Cytiva, USA) supplemented with 10% fetal bovine serum, 1%

Penicillin-Streptomycin-Gentamicin Solution (Beyotime, China), and incubated at 37�C and 5%CO2. We changed the medium twice

every week until cells reached confluence. For osteoblast differentiation, primary osteoblasts were induced with osteoblast medium

containing 50 mg/mL ascorbic acid (Beyotime, Cat#ST1434, China) and 10 mM b-glycerol-phosphate (Solarbio, Cat#G8100, USA).
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The protocol was approved by the ethics committee of the involved institutions with written informed consent provided by

participants.

Cell line culture
Human embryonic kidney 293T cells (HEK293T) and human bone osteosarcoma epithelial cells (U2OS) were purchased from Na-

tional Collection of Authenticated Cell Cultures (Shanghai, China). HEK293T and U2OS were cultured in DMEM (Cytiva, USA) or

RPMI (Cytiva, USA) with 10% fetal bovine serum (Biological Industries, Israel), 100U/mL penicillin and 0.1 mg/mL streptomycin (So-

larbio, USA), respectively. All cells were culture at 37�C, 5% CO2 incubator.

STARR-seq plasmid library
For each SNP, we designed two 120-bp sequences centered on the reference or alternative allele. In addition, a 15-bp adapter

sequence was added on the 50 and 30 region of 120-bp sequence, respectively. A total of 11,284 oligonucleotides (5,642 SNPs in-

teracted to nearby gene promoters) of 150-bp length (Table S5) were synthesized in CustomArray (GenScript, USA). The synthesized

oligonucleotides were amplified using adapter primer (Table S6) (NEB, M0543S, USA) and purified using AMPure XP beads (Beck-

man, A63880, USA). Products were inserted into linearized hSTARR-seq_ORI vector (Plasmid#99296, Addgene, USA) with Age I-HF

(NEB, Cat#R3552S, USA) and Sal I-HF (NEB, Cat#R3138S, USA) by DNA Assembly (NEB, Cat#E2621, USA). The ligation products

were precipitated (Takara, Cat#9094, Japan) and transformed into Trans1-T1 Competent cell. Finally, the plasmid library was ex-

tracted for cell transfection (QIAGEN, Cat#12643, USA).

Plasmid library transfection
We transfected 12 mg plasmid library into 3.6 3 106 U2OS cells using ViaFect transfection reagent (Promega, Cat#E4981, USA) ac-

cording to the manufacturer’s recommendations. Three biological replicates were performed.

STARR-seq sequencing library
Before cell transfection, plasmid library was used for input sequencing library construction. The 100ng plasmid library was applied for

one-step PCR using RT-UMI primer (Table S6) (98�C for 30s, 63�C for 30s and 72�C for 2min). Purified products were used for the first

round of amplification using Vector-forward and Read1-reverse primers (Table S6). The second round of PCR was performed using

sample barcode primers (Table S6) and products were purified for paired-end Illumina sequencing (Novaseq 6000 platform).

After 24 h transfection, total RNA was firstly extracted (NEB, Cat#T2010, USA) and treated with DNase I (Thermo Fisher, AM1907,

USA). Next, poly(A) RNA was isolated and precipitated for reverse transcription (NEB, Cat#E7490S, Cat#T2030S, USA). Subse-

quently, first strand cDNA synthesis was performed using RT-UMI (Table S6) (NEB, Cat#E6560S, USA). Next, cDNA was treated

with RNase A (Takara, Cat#2158, Japan) and purified with AMPure XP beads. Next, cDNA was amplified using junction primer18

and Read1-reverse (Table S6). The second round of PCR was applied using barcode primers (Table S6) and purified with AMPure

XP beads. Three biological replicates were performed for input and output sequencing libraries. Sequencing libraries were generated

(NEB, Cat#E7645S, USA) and paired-end sequenced on Illumina Novaseq 6000 platform (PE150).

Dual luciferase reporter assays
Luciferase constructs were generated by cloning 120-bp candidate fragments centered on different allele of six randomly selected

baaSNPs and six non-baaSNPs (but eSNPs) into the laboratory-modified pGL3-promoter vector,19 separately (Table S6). In addi-

tion, the 120-bp putative enhancer fragments centered on different allele of rs11202530, the 1434-bp PAPSS2 promoter (1275-bp

upstream to 158-bp downstream of TSS) were amplified from healthy human genomic DNA (Table S6). The putative enhancer and

promoter fragments were cloned into pGL3-basic vector (Promega, USA). Using transfection reagent (Promega, Cat#E4981, USA),

the constructs were co-transfected with renilla plasmid to enable normalization of luciferase signal. Three biological replicates

were performed. After 48 h transfection, luciferase and renilla activity were measured (Beyotime, Cat# RG027, China). Luciferase

signals was computed as the ratio of firefly luciferase activity to Renilla signals and relative activity was normalized by pGL3-

promoter.

Genotyping of SNPs
The genomic DNA was extracted from U2OS, MG63 or human primary osteoblasts. We amplified the DNA fragment surrounding

rs11202530 (Table S6) and purified the DNA for Sanger sequencing.

ChIP-qPCR
We performed chromatin immunoprecipitation assay (ChIP) of YY2 with Simple ChIP Enzymatic Chromatin IP Kit (CST, Cat#9003,

USA) in U2OS (homozygous GG of rs11202530) and MG63 (heterozygous AG of rs11202530) according to the manufacturer’s pro-

tocol, which was described in detail as previously.59 The cross-linked chromatin was immunoprecipitated with YY2 antibody (Santa

Cruz Biotechnology, sc-374455, USA) or normal immunoglobulin G (IgG) as a negative control. Following quantification was under-

taken by qPCR (U2OS) or allele-specific qPCR (MG63) with primers listed in Table S6. The allele-specific ChIP-qPCR in MG63 was

performed using primers specifically targeting rs11202530-G or rs11202530-A to compare TF allelic binding affinity. For
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normalization, the control primers were supplied in the kit, which are specific for the human RPL30 gene. Data analysis was per-

formed according to our previous study.59

Short hairpin RNA knockdown
Two independent shRNA sequences were designed targeting PAPSS2 or YY2, respectively (Table S6). The oligonucleotides target-

ing PAPSS2 or YY2were inserted into linearized Laboratory-modified lenti-shRNA-miR30 backbone. The shRNA plasmid (shRNA-1,

shRNA-2 or shRNA-NC) and two helper plasmids (pCMV-VSV-G and psPAX2) were co-transfected into HEK293T. The lentiviral su-

pernatant was collected for human primary osteoblasts or U2OS infection. Total RNA and protein were extracted for RT-qPCR and

Western blot, respectively (Table S6).

Co-transfection of YY2 shRNA and rs11202530 luciferase reporter plasmids
YY2 shRNAplasmids (YY2-shRNA1, YY2-shRNA2, shRNA-NCplasmid) were independently co-transfectedwith the expression plas-

mids including rs11202530-G allele or rs11202530-A allele with PAPSS2 promoter used in the luciferase reporter assay by transfec-

tion reagent (Promega, Cat#E4981, USA). Three biological replicates were performed. The measurement of luciferase activity is the

same as described in dual-luciferase reporter assay section.

Chromosome conformation capture assay
Chromosome conformation capture (3C) assay was performed in U2OS according to our previous study.59 Briefly, the Hind III (NEB,

R3104S, USA) was chosen for 3C because they are near the tested SNP (rs11202530) and target gene (PAPSS2) promoter region,

allowing fragments containing these regions to be evaluated separately. To correct for potential different primer efficiencies for 3C

assay, we constructed a control library that contains rs11202530 regions (N7), PAPSS2 promoter regions (N3) and six randomly

selected neighboring Hind III site regions (N1, N2, N4, N5, N6 and N8). We amplified these eight genomic fragments (N1�N8) using

PCR from U2OS genomic DNA with primers listed in Table S6. The equimolar amounts of purified PCR products for each fragment

were mixed and digested using Hind III. The random ligations were therefore allowed to generate a pool of interaction products for

control library, which was further purified by phenol-chloroform extraction and ethanol acetate precipitation. We estimated the per-

centage of interaction frequency for both libraries (3C and control library) by dividing the amount of distal PCR products between

rs11202530 and seven distal target sites (N1, N2, N4, N5, N6 and N8) by the amount of local PCR products for rs11202530-enhancer

spanning fragment (N7). The 3C interaction frequency was then normalized by dividing the percentage of interaction frequency in 3C

library by the percentage of interaction frequency in control library. We also performed comparative 3C assays in YY2 inhabited

(by shRNA) and control (by shRNA-NC) U2OS. Relative normalized 3C interaction frequency in two groups of cells were compared

using paired Student’s T-test.

CRISPR-Cas9 deletion of SNP-harboring regions
Dual-sgRNA CRISPR-Cas9 was implemented to delete the region surrounding SNP- rs11202530 harboring region, respectively.

Briefly, we designed sgRNAs surrounding each SNP using CHOPCHOP (http://chopchop.cbu.uib.no) and CRISPOR (http://

crispor.tefor.net) (Table S6). The dual-sgRNA was cloned into pUC19-hU6-sgRNA vector and then ligated into Laboratory-modified

lentiCRISPR v2 plasmid. The target plasmid with two helper plasmids (pCMV-VSV-G and psPAX2) were co-transfected into

HEK293T. The lentiviral supernatant was collected for target cell infection (U2OS or human primary osteoblasts). Puromycin

(2 mg/mL) was used to select sgRNA-positive cells. Genomic DNA were extracted and a flanking region of 1740-bp (rs11202530)

was amplified by PCR to verify deletion efficiency with primers listed in Table S6. Total RNA was extracted for RT-qPCR.

Alkaline phosphatase (ALP) staining
The human primary osteoblasts were washed with PBS three times for 5 min, fixed with 4% paraformaldehyde solution for 20 min,

andwashedwith ddH2O twice for 5min. The ALP staining (Beyotime, Cat#C3206, China) was added and incubated at 37�Covernight

in the dark. The cells were rinsedwith ddH2O three times for 5min and observed under an invertedmicroscope and photographed for

analysis. ALP staining area ratio of different experimental groups was analyzed using ImageJ software (https://ij.imjoy.io/).

Lentivirus overexpression
Full-length cDNA ofYY2 (GenBank: NM_206923.4) orPAPSS2 (GenBank: NM_004670.4) was amplified and inserted into Laboratory-

modified lenti-CMV-MCS-EF1a-PuroR vector. Empty vector was used as negative control. The YY2-overexpression and PAPSS2-

overexpression plasmids and two helper plasmids (pCMV-VSV-G and psPAX2, Addgene, USA) were co-transfected into HEK293T.

We collected the lentiviral supernatant from HEK293T and infected human primary osteoblasts. Total RNA was extracted for quan-

titative real-time PCR (RT-qPCR) (Table S6).

Osteoporosis mouse model
We purchased 2-month C57BL/6 female healthy mice from the Laboratory Animal Center of Air Force Medical University (Xi’an,

Shanxi, China). All mice were housed in the School of Life Sciences and Technology of Xi’an Jiaotong University at permanent tem-

perature (25�C) and alternating light-dark (12h/12h) cycle under Specific Pathogen Free (SPF) condition, with ad libitum food and
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water provided. We then selected three healthy mice after routine feeding for one week for surgery of removing ovaries and ligating

the fallopian tubes to generate osteoporosis mice model. The control mice group (n = 3) was operated in the same way, but only the

parietal ovarian fat was removed after opening the abdominal cavity. Four months later, mice right tibia was isolated and stored in

RNAiso Plus (Takara, Cat#9109, Japan) for RNA extraction. The ovariectomized mouse model for osteoporosis was validated by

decreased BMD and deteriorated microarchitecture measured by micro-CT scanning.

DNA and RNA isolation
Genomic DNA was extracted from target cells (TIANGEN Biotech, Cat#DP304, China) according to the manufacturer’s protocol. For

human primary cells and cell lines, total RNAwas isolated using RNAfast200 Kit (Fastagen, Cat#220010, China). For mice tissue, total

RNA was extracted using RNAiso Plus (Takara, Cat#9109, Japan). Briefly, mouse osseous tissue was homogenized by Tissue Ho-

mogenizer (Servicebio, China) with 600mL RNAiso Plus. Then the homogenate was transferred to a 1.5mL tube with additional 400mL

RNAiso Plus. After 5 min incubation at room temperature, they were centrifuged at 12,0003g, 4�C for 5 min. The supernatants were

then mixed with 0.2mL of chloroform and centrifuged at 12,0003g, 4�C for 15min. Isopropanol was used to precipitate RNA and

washed with 75% ethanol afterward. Finally, ethanol was discarded and the precipitate was dissolved by RNase free water. Total

RNA was stored at �80�C.

Reverse transcription and quantitative PCR
Total RNA was reverse-transcribed to cDNA with PrimeScript RT reagent Kit (Takara, Cat#RR037A, Japan). Real time quantitative

PCR was performed using 23 Universal SYBR Green Fast qPCR Mix (ABclonal, Cat#RK21203, China) by CFX Connect Real-

Time PCR Detection System (Bio-Rad, USA). The GAPDH (human) or b-actin (mouse) was used as an endogenous control to

normalize the differences between samples (Table S6).

Western blotting analysis
Cells were lysed with RIPA lysis buffer (Epizyme Biomedical Technology, Cat# PC101, Cat#LT101S, China), each protein sample was

subjected to SDS/PAGE and transferred onto PVDF membranes. After sealed with 5% nonfat milk for 2 h, PVDF membranes were

incubated with corresponding primary antibodies at 4�C overnight. Primary antibodies included anti-YY2, anti-PAPSS2 (Santa Cruz

Biotechnology, sc-374455, sc-271429, USA), and anti-GAPDH (HUABIO, ET1601-4, USA). Then corresponding HRP-conjugated

secondary antibodies (Epizyme Biomedical Technology, Cat#LF101, Cat#LF102, China) were subsequently incubated for 1 h at

room temperature. The results were visualized using Omni-ECL Femto Light Chemiluminescence Kit (Epizyme Biomedical Technol-

ogy, Cat#SQ201, China) in MiniChemi610 (Beijing Sage, China).

STARR-seq data analysis
From FASTQ files of input or output library sequencing, we firstly separated each replicated sample paired reads according to 8-bp

barcode sequences with no more than two mismatches/deletions of nucleotides permitted (barcode sequences in Table S6). Per-

centage of 100% barcode matched reads ranged from 96.93% to 98.82% in all separated samples. Trimmed reads with low quality

reads (Q-score<30) were then filtered using fastp 0.20.1 with -q 30 -u 50.60 Next, custom python scripts was used to trim and extract

120-bp SNP-containing sequences. Before sequences trimming, a 13-bp random unique molecular identifiers (UMI) sequences with

no more than two deletions of nucleotides permitted were extracted to remove PCR duplications. Final merged reads were then

aligned to our selected SNP sequences library using Bowtie 2.4.1 with default parameters.61 All 100% matched reads were filtered

for counting unique UMI of each SNP reference/alternative allele. Any SNP allele with no expressions in any one sample or with

pooled input/output expression counts less than 10 were excluded for downstream analysis.

SNP fragment enhancer activity analyses were implemented as described by D. Tippens et al.24 Briefly, raw reads were processed

using voom from R limma package (v3.34.9).62 All replicated input or output samples were treated as different experimental condi-

tions. Output SNP fragments were divided into three categories (candidate enhancer, silencer and inactive fragments). Candidate

enhancers were defined as showing significantly higher expression in output compared with input at FDR adjusted p < 0.05 and

at least 1.5-fold increased activities (log2FC > 0.585). In contrast, candidate silencers were determined as showing significantly lower

expression in output compared with input (FDR<0.05, log2FC < �0.585). All other fragments showing comparable expression be-

tween output and input were considered as inactive ones.

For SNPs showing significant enhancer activity effect on at least one allele-containing fragment (eSNP), we further employed

MPRAnalyze (v1.16.0)26 for allelic reads comparison between two alleles to identify SNPs with biased allelic enhancer activity effect

(baaSNP). We calculated p-value using likelihood ratio test with MPRAnalyze26 and determined eSNPs with FDR<0.05 as potential

baaSNPs.

Epigenetic characterizations on baaSNPs and silencer SNPs
SNPs showing silencer activity effect on at least one allele while without enhancer activity effect on both two alleles were defined as

silencer SNPs. All other SNPs except for silencer SNPs or eSNPs were classified as inactive SNPs. We analyzed whether identified

baaSNPs are located or near DNase-seq peak or two typical enhancer-indicative markers (H3K4me1, H3K27ac) peaks in osteoblast

cells collected from ENCODE portal44 (Table S1) using bedtools (v2.29.0). To further explore epigenetic characterizations on
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identified or baaSNPs or silencer SNPs, we compared percentage of baaSNPs/silencer SNPs overlapping with different epigenetic

marker peaks or chromatin segment (HMM15) or DNase-seq peaks in osteoblast cells (Table S1) against inactive SNPs using Fisher’s

exact test. We also compared average signals on DNase-seq or two typical enhancer-indicative markers (H3K4me1, H3K27ac) sur-

rounding baaSNPs against non-baaSNPs (but eSNPs) using Wilcoxon rank-sum test. Normalized signal reads for selected epige-

netic markers were obtained from UCSC Genome Browsers (http://hgdownload.cse.ucsc.edu/goldenPath/hg19/encodeDCC/

wgEncodeBroadHistone/, Table S1). Comparison of average surrounding signals between baaSNPs and non-baaSNPs was visual-

ized using computeMatrix (reference-point –referencePoint center -b 20000 -a 20000 –binSize 10) and plotProfile from DeepTools

(v3.3.0).63 For DNase-seq and two enhancer-indicative (H3K4me1, H3K27ac) epigenetic markers, we also evaluated their relevance

to biased enhancer activity effect of baaSNPs by comparing their allelic activity effect (absolute value of log2FC) between annotated

against non-annotated baaSNPs per marker using Wilcoxon rank-sum test.

Cis-eQTL association analysis
Since there were no cis-eQTL data in direct osteoporosis-related human tissues with large sample available, we examined potential

genetic association between baaSNPs and nearby gene expression from GTEx V8 across 49 tissues,29 which had been widely used

for identifying potentially causal osteoporosis regulatory genes before.11,64 We applied GTEx genotype data across 8,383 samples

from dbGap (dbGap: phs000424.v8.p2), and downloaded precomputed lead SNPs of conditionally independent cis-eQTLs for each

gene and gene expression and covariates files in each tissue from GTEx portal (https://gtexportal.org/home/). To investigate addi-

tional cis-QTL association signals, we implemented plink2 (–glm) for conditional cis-QTL association analyses between baaSNPs and

nearby genes using linear model controlling for all covariates and all other conditionally independent cis-eQTL signals. For gene with

multiple conditionally independent cis-eQTL association, the most significant one was retained. Any genes with accordant direction

of cis-eQTL association and STARR-seq allelic enhancer activity on baaSNPs at nominal significance (p < 0.05) were extracted.

GWAS-eQTL colocalization analysis
To explore whether Hi-C interacted genes on baaSNPs shared the same causal variants between osteoporosis-relevant GWAS as-

sociation and cis-eQTL association, we employed fast enrichment estimation aided colocalization analysis (fastENLOC)30 by inte-

grating osteoporosis-relevant GWAS summary statistics (fracture, TB[LH]BMD: FABMD, FNBMD, LSBMD and eBMD) and GTEx

V8 cis-QTL association across 49 tissues.29 All data resources used are summarized in Table S1. We ran fastENLOC (v2.0) using

default parameters and used the recommended locus-level colocalization probability (LCP) > 0.130 to determine potential causal

gene-trait associations. We performed enrichment analysis by comparing percentage of potential osteoporosis causal genes

(LCP>0.1) between Hi-C chromatin interacted genes and all surrounding genes on baaSNPs (1000-KB) using Fisher’s exact test.

Transcriptome-wide association studies analysis
Transcriptome-wide association studies (TWAS) was conducted using the S-MulTiXcan software31 by integrating GWAS summary

statistics on multiple osteoporosis-relevant traits (fracture, TB[LH]BMD: FABMD, FNBMD, LSBMD and eBMD) and SNP-expression

correlation from GTEx (V8 version).29 S-MulTiXcan combines gene-disease association results across tissues from S-PrediXcan to

increase power. Preprocess of each GWAS data included harmonization and imputation as recommend by software manual. We ran

S-PrediXcan on all processedGWAS summary statistics using pre-computedMASHR-Mmodels across 49GTEx tissues.31 All impu-

tation support data and PrediXcan MASHR model were downloaded at Zenodo: https://zenodo.org/record/3657902/. We consid-

ered genes at Bonferroni-adjusted p < 0.05 as osteoporosis-relevant. Enrichment analysis was performed using Fisher’s exact

test by comparing percentage of osteoporosis-associated genes (Bonferroni-adjusted p < 0.05) between Hi-C chromatin interacted

genes and all surrounding genes on baaSNPs.

Pathway enrichment analysis
To gain an overview of biological pathways involved for chromatin interacted genes on baaSNPs, we used clusterProfiler R package

(v3.6.0) with default parameter65 to analyze their enrichment of GO biological process terms. We included GO terms with annotated

genesR5, and used an FDR of <0.05 to select significant enriched ones. We also manually selected all annotated GO biological pro-

cess terms related to skeletal development or osteoblast processes (e.g., Wnt signaling pathway) and extracted involved genes as

putative known osteoporosis-associated genes.

Screening genes with skeletal-related physiological effect
We queried skeletal relevant physiological effect of gene knock out in mouse model for chromatin interacted genes of baaSNPs

based on the International Mouse Phenotyping Consortium (IMPC) portal (http://www.mousephenotype.org/, release-17.0). Any

genes with abnormal skeletal development or bone structure effect in gene knockdown mouse model were retained as putative

known osteoporosis-associated genes.

Allele-specific motif prediction
To predict potential allelic occupying transcription factor binding motifs on baaSNPs or inactive SNPs, we extracted genomic se-

quences encompassing different allele of each SNP and employed FIMO fromMEME Suite toolkit (v5.4.1)36 with default parameters
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and TF motifs from multiple public motif databases, including JASPAR (2022 version),66 HOCOMOCO (v11),67 Transfac and

Jolma2013.68 Any motifs with allele-specific prediction at default p < 1 3 10�4 were retained.

TF enrichment analyses and functional assessment
For all predictedmotif TFs showing allele-specific binding to at least 5 baaSNPs, we firstly compared percentage of predicted binding

baaSNPs against inactive SNPs using Fisher’s exact test, and determined any TFs significantly higher enriched at p < 0.05 and

FC > 1. We also compared counts of binding baaSNPs on higher or lower enhancer activity allele for predicted TFs. The calculated

percentage of higher enhancer activity allele binding might act as an empirical indicator for TF function, with higher value implying

potential enhancer activation effect while lower value indicating potential enhancer repressor function. To confirm the enhancer acti-

vation or repressor function on enriched TFs, we performed functional enrichment analysis for Gene Ontology (GO) molecular func-

tion terms related to transcriptional activator/coactivator activity or transcriptional repressor/corepressor activity using clusterPro-

filer R package with default parameter.65 Similarly, we scrutinized enrichment for skeletal-relevant GO biological process terms on

enriched TF genes using clusterProfiler R package.65 To explore putative roles of enriched TFs in early-stage osteoblast differenti-

ation, we analyzed their expression change in osteoblast differentiated for different timepoint (0-3h [Phase I, differentiation initiation],

6-24h [Phase II, lineage-acquisition], 48-96h [Phase III, lineage-progression]) compared with non-differentiated cells based on gene

expression profile from GEO (GEO: GSE80614) (Table S1).40 Raw probe expression was converted and normalized using lumiEx-

presso function form R package lumi (v.2.30.0)69 with any probes detected at least once in all biological replicates (detection

p < 0.01) retained. We then implemented the moderated T-statistics with default parameters from R package limma (v.3.34.9) for

gene expression comparison. For genes corresponding to multiple probes, the highest expressed ones were retained. We declared

TF genes at FDR of <0.05 as significantly differentially expressed.

Genetic regulatory network analysis
To prioritize putative key controlling TFs for osteoporosis, we constructed a compounded directed regulatory network encompassing

baaSNP-TF and TF-gene interactions. Above identified TFs significantly enriched for baaSNPs (p < 0.05) were selected for network con-

struction. For any baaSNPs with allele-specific motif prediction on selected TF, we defined their promoter chromatin interacted genes

as putative regulatory genes on predicted TF.We speculated that candidate geneswere regulated by TFs thorough enhancer-promoter

chromatin interactions and the enhancers activities were dependent on different allele of binding baaSNPs. The network was visualized

by Graphia (https://graphia.app/).53 The weighting of TF-gene interaction was defined by the incorporation of three pieces of informa-

tion: the intensity of biased enhancer effect on baaSNPs with predicted TF binding measured by STARR-seq(log2FC), TF motif predic-

tion score on baaSNP fromMEME Suite,36 and intensity of significant Hi-C chromatin interactions between baaSNP with predicted TF

binding and candidate target gene (log2[interaction reads]). For baaSNP-gene pair with multiple Hi-C chromatin interactions, the stron-

gest one was selected for scoring. Each of these three pieces of information was ranked and then normalized, and their products are

multiplied to obtain the final weight for each TF-target gene connection as follows (Equation 1):

WTF �gene = rankbaaSNP starr� seq � rankbaaSNP�gene HiC � rankTF motif score (Equation 1)

whereWTF-gene denotesweighting for each TF-gene pair normalized via dividing it by total pair counts (0<WTF-gene%1). Subsequently,

for each TF, the cumulative weighting of all involved TF-gene pairs was calculated to derive its final functionality ranking score, which

was defined as follows (Equation 2):

ScoreTF =
Xn

j = 1

WðTF �geneÞj (Equation 2)

where WTF-gene denotes calculated weighting by Equation 1, and j denotes involved TF-gene pair (1 % j % n) for calculated TF

(assuming n total TF-gene pairs). For selected top ranked TF, we extracted its putative regulatory genes and analyzed their functional

relevance to osteoporosis, including whether they were involved in osteoporosis-relevant biological pathways, whether they showed

skeletal phenotypic abnormalities in gene knockout mouse models, or showed putative causal genetic regulatory effect for osteo-

porosis by colocalization analyses, or potential genetic association with osteoporosis by TWAS analyses. Normalized ChIP-seq sig-

nals on YY2 in HEK293 cell surrounding rs11202530 region was downloaded from ENCODE portal44 and visualized using Integrative

Genomics Viewer (https://igv.org/).

Comparative epigenetic and Hi-C interaction analyses for rs11202530
Wecompared significant chromatin interactions (FDR<0.05) between rs11202530 andPAPSS2 promoters (1-KB surrounding TSS) in

hMSC and hMSC differenced osteoblast or adipocyte.17 Normalized ChIP-seq signals on H3K27ac surrounding rs11202530 were

compared and visualized using Integrative Genomics Viewer (https://igv.org).

YY2 footprints prediction and functional enrichment analyses
To identify potential active YY2 binding sites, we called digital footprint-like genomic regions based on DNase-seq in human primary

osteoblast cells from ENCODE44 byWellington from pyDNase (v0.2.4),43 followed by YY2motif prediction by FIMO fromMEMESuite
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toolkit (v5.4.1)36 (Table S1). For Wellington analysis, default parameters were used with genomic regions at FDR adjusted p < 0.01

filtered as potential footprints. Predicted footprints regions were then extracted for potential YY2 motif prediction to refine potential

active YY2 binding sites. To explore whether predicted YY2 binding sites are significantly enriched in peak region of different epige-

netic markers (inlcuding CTCF binding site) in osteoblasts or significant Hi-C chromatin interaction regions in hMSC differentiated

osteoblast cells (Table S1), we randomly permuted genomic locations of predicted YY2 binding sites from DNase-seq peak regions

in osteblasts using bedtools shuffle (-chrom -excl <YY2motif> -noOverlapping) 1000 times.We then calculated counts of overlapped

random locations against true locations for each feature using bedtools (v2.29.0). Fold enrichment and standard deviation per feature

was calculated by dividing overlap of true locations by random locations, and empirical p value was calculated counting how many

times euqual or higher overlap in true YY2 motif locations was observbed compare to randomly permuted locations. For predicted

YY2 binding sites, we also extracted their chromatin interacted gene promoters using bedtools and performedGObiological process

enrichment analyses using clusterProfiler R package (v3.6.0).65
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