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An Osteoporosis Risk SNP at 1p36.12 Acts as an
Allele-Specific Enhancer to Modulate
LINC00339 Expression via Long-Range Loop Formation

Xiao-Feng Chen,1,2 Dong-Li Zhu,1,2 Man Yang,1 Wei-Xin Hu,1 Yuan-Yuan Duan,1 Bing-Jie Lu,1

Yu Rong,1 Shan-Shan Dong,1 Ruo-Han Hao,1 Jia-Bin Chen,1 Yi-Xiao Chen,1 Shi Yao,1

Hlaing Nwe Thynn,1 Yan Guo,1,* and Tie-Lin Yang1,*

Genome-wide association studies (GWASs) have reproducibly associated variants within intergenic regions of 1p36.12 locus with oste-

oporosis, but the functional roles underlying these noncoding variants are unknown. Through an integrative functional genomic and

epigenomic analyses, we prioritized rs6426749 as a potential causal SNP for osteoporosis at 1p36.12. Dual-luciferase assay and CRISPR/

Cas9 experiments demonstrate that rs6426749 acts as a distal allele-specific enhancer regulating expression of a lncRNA (LINC00339)

(�360 kb) via long-range chromatin loop formation and that this loop is mediated by CTCF occupied near rs6426749 and

LINC00339 promoter region. Specifically, rs6426749-G allele can bind transcription factor TFAP2A, which efficiently elevates the

enhancer activity and increases LINC00339 expression. Downregulation of LINC00339 significantly increases the expression of

CDC42 in osteoblast cells, which is a pivotal regulator involved in bone metabolism. Our study provides mechanistic insight into

how a noncoding SNP affects osteoporosis by long-range interaction, a finding that could indicate promising therapeutic targets for

osteoporosis.
Introduction

Genome-wide association studies (GWASs) have success-

fully identified numerous genetic variants for human

complex diseases or traits. However, many of the identified

variants are located in the noncoding regions of human

genome.1 It is particularly challenging to identify the pre-

cise gene targets for these noncoding variants and eluci-

date their functional mechanisms involved in disease

pathophysiology. The traditional annotation of GWAS

hits usually focuses on the nearest or most biologically

plausible gene candidate, which may not be the true target

gene and therefore might result in expensive and time-

consuming efforts to explore the function of non-causal

genes. Strikingly, recent studies have found that some of

the noncoding GWAS SNPs are within potential regulatory

or functional elements to regulate expressions of distal

genes by long-range genome interactions.2,3 For example,

Gupta et al.3 prioritized a functional variant (rs9349379)

at 6p24 associated with five vascular diseases. They further

validated that rs9349379 specifically regulates expression

of EDN1 (MIM: 131240), a long-range target gene

(>600 kb) with known function on the vasculature.3 These

studies provide us promising insights into deciphering the

relationship between noncoding SNPs and diseases.

Addressing these knowledge gaps is critical to help trans-

late GWAS findings into clinically useful information.

Osteoporosis (MIM: 166710) is one of the most common

metabolic skeletal diseases characterized by low bonemass,

poor bone quality, and an increased predisposition to
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fracture.4 The clinical diagnosis and assessment of osteo-

porosis is mainly based on bone mineral density (BMD),5

which has a high heritability of 0.6–0.8.6 Previous GWASs

have successfully identified more than 60 genetic loci

for BMD and osteoporosis.7,8 Some of these loci are map-

ped to genes with important function on bone, such

as RANK-RANKL-OPG (RANK [MIM: 603499], RANKL

[MIM: 602642], OPG [MIM: 602643]),9,10 ESR1 (MIM:

133430),10 and LRP5 (MIM: 603506).11 However, some

loci are localized to genes not known to have a role in

bone biology. For example, 1p36.12 was identified by an

initial large-scale BMD GWAS10 and further replicated by

multiple GWAS meta-analyses.9,12–16 The reported SNPs

within 1p36.12 are located in the noncoding region, indi-

cating that they may reside within putative regulatory

elements. The closest gene is ZBTB40 (MIM: 612106),

which is more than 60 kb away and has unknown function

or connection with bone biology. Interestingly, the genes

upstream of ZBTB40—WNT4 (392 kb [MIM: 603490])

and CDC42 (399 kb [MIM: 116952])—both have potential

connection with bone or osteoporosis. WNT4 could atten-

uate bone loss in osteoporosis and skeletal aging mouse

models by inhibiting nuclear factor-kB (NF-kB) via nonca-

nonical Wnt signaling.17 CDC42 is an effector molecule

involved in bone metabolism and skeletal develop-

ment.18,19 Therefore, it is extremely interesting to find

out the true target gene and investigate how the suscepti-

bility SNPs at 1p36.12 affect disease risk.

In this study, we hypothesized that SNPs at 1p36.12

might act as distal regulatory element to influence the
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expression of target genes and modulate bone metabolism

via long-range interaction. To achieve this aim, we imple-

mented a series of computational analyses using data

from sources including Hi-C (high-throughput 3C),

expression quantitative trait locus (eQTL), and epigenomic

annotation, then followed by various functional valida-

tion experiments, with the flowchart shown in Figure 1.

We demonstrate that an intergenic SNP (rs6426749)

at 1p36.12 acts as strong long-range enhancer to

regulate expression of a long noncoding RNA

(lncRNA, LINC00339) through chromatin loop formation.

LINC00339 could interact with CDC42, which is an impor-

tant regulator involved in bone metabolism. Our findings

provide a mechanistic basis for how a noncoding SNP

affects osteoporosis by long-range interaction, which

would be a potential and promising therapeutic target for

osteoporosis.
Material and Methods

Study Subjects
The study was approved by the Institutional Review Board of

School of Life Science and Technology at Xi’an Jiaotong Univer-

sity. Signed informed consent documents were obtained from all

study participants before recruitment. We enrolled 1,300 unre-

lated Midwestern Chinese subjects of Han ethnicity from the

city of Xi’an and its neighboring areas. The inclusion and exclu-

sion criteria have been detailed in our previous publication.20

BMD (g/cm2) values at lumbar spine (LS) and femoral neck (FN)

were measured with dual energy X-ray absorptiometry (DXA)

using Hologic 4500Wmachine (Hologic) that was calibrated daily.

Genotyping and Association Analysis
Genomic DNAwas extracted from peripheral blood leukocytes us-

ing a commercial DNA isolation kit (Gentra systems) according to

the protocol of the kit. For eight BMD-associated SNPs at 1p36.12

collected from the National Human Genome Research Institute

(NHGRI) GWAS Catalog,21 we conducted SNP genotyping using

MALDI-TOF mass spectrometry on a MassARRAY system (Seque-

nom) with iPLEX assay. Genotype calling was performed in real

time with MassARRAY RT software v.3.0.0.4 and analyzed using

the MassARRAY Typer software v.3.4 (Sequenom). All eight SNPs

for the Chinese cohort were successfully genotyped.

Before association analyses, we adjusted raw BMD values using

significant covariates, including age, sex, height, and weight.

Association analyses with BMD were conducted using linear

regression model implemented with PLINK22 assuming an addi-

tive inheritance model. For significant SNPs, we performed condi-

tional association analysis by fitting each SNP genotype as a

covariate and testing for secondary association on the remaining

ones. We also checked the association signals in the GEFOS

(Genetic Factors for Osteoporosis Consortium) dataset. GEFOS is

the largest GWAS meta-analysis on BMD so far, including 17

GWASs and 32,965 individuals of 9 European cohorts.16

LD and Haplotype Analysis
BMD-associated SNPs at 1p36.12 were collected from the NHGRI

GWAS Catalog21 (October 2016). Linkage disequilibrium (LD)

and haplotype analysis were conducted using Haploview v.4.223
The Ame
in different populations (European, East Asian, and African)

from the 1000 Genomes V3 genotype data.24

Hi-C and TAD Analysis
Hi-C data on IMR90 cells were collected from 4DGenome data-

base.25,26 Hi-C or capture Hi-C data on GM12878 and CD34 cells

were obtained from several studies.27,28 We also collected capture

Hi-C data on 17 human primary blood cell types from a recently

published large-scale genome-wide chromatin study.29 DNase

Hi-C data on human embryonic stem cells (H1-hESC) were

retrieved from GEO database (GSE56869).30 TAD data on IMR90

cells were acquired fromGEO database (GSE35156).31 The original

ChIA-PET data and newly improved ChIA-PET data on six cell

lines (K562, NB4, HCT-116, HeLa-S3, GM12878, and MCF-7)32

were retrieved from the UCSC ENCODE download portal and

GEO database (GSE72816), separately. All data used were summa-

rized in Table S2. Bedtools33 was used to extract our prioritized

SNPs and/or genes within the same pair of Hi-C interaction

regions. We only reported SNP-gene pairs within the same TAD

region.

cis-eQTL Analysis
We obtained matched SNP genotyping and RNA-seq data for 462

unrelated human lymphoblastoid cell lines (LCLs) samples from

ArrayExpress at EBML-EBI (ArrayExpress: E-GEUV-1). Since there

is no direct osteoporosis-related human tissues with large sample

size, we chose LCLs to explore the eQTL analysis. Previous studies

have shown that there is a large overlap in the transcriptomic

effects of genetic variation between human osteoblasts and

LCLs,34,35 and LCLs has been widely used as surrogate for eQTL

analysis in genetic studies on osteoporosis.36–39 cis-eQTL analysis

was conducted between each of BMD SNPs and expression of

nearby transcripts in a 1 Mb region using ANOVA test imple-

mented in R software. Eta-squared (h2) was calculated to measure

the effect size [h2 ¼ SSfactor/(SSfactor þ SSerror)].

AseQTL Analysis
Matched SNP genotyping and allele-specific expression (ASE) data

were collected from GTEx40 in dbGap (phs000424.v6.p1). We

conducted aseQTL analysis by testing for correlations between

heterozygosity of rs6426749 and allelic imbalance at LINC00339

or CDC42 expression using Wilcoxon rank sum test. As described

by Oldridge et al.,41 we defined allelic fractions as min (A, B) /

(A þ B), where A or B is different alleles of a synonymous exonic

SNP in the target gene.

Analysis of Shared Causal Genetic Variants
Two complementary methods were used to explore whether eQTL

signal and GWAS BMD association were driven by the same causal

variants. We downloaded recombination hotspot intervals as

defined by McVean et al.42 from HapMap web site and converted

it to hg19 genome assembly using liftOver software. We used the

regulatory trait concordance (RTC) test from Nica et al.43 to distin-

guish between shared causal effects and coincidental overlaps,

which is a rank-based score system testing for association between

cis-eQTL and GWAS effect. GWAS SNP with the lowest genome-

wide association (GWA) meta p value in GEFOS data with LS or

FN BMD within corresponding recombination hotspot intervals

was extracted to calculate RTC scores for the tested cis-eQTL SNP.

For the joint likelihood mapping (JLIM) analysis,44 we ran JLIM

(v.1.0.2) with default parameters.
rican Journal of Human Genetics 102, 776–793, May 3, 2018 777
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Figure 1. Flowchart for the Integrative Analyses Approach
Flowchart for the identification of functional BMD SNPs at 1p36.12 followed by experimental validation.
Functional Annotation
We annotated epigenetic regulatory features for SNPs and

genomic regions of interest using ChIP-seq data from ENCODE,

including CTCF insulator marks on six healthy cells (Osteoblast,

GM12878, HUVEC, HMEC, H1-hESC, IMR90) and enhancer

markers (H3k4me1, H3K4me3, H3K27ac, p300) on osteoblast

cells. All data were displayed using WashU EpiGenome Browser.

Motif Analysis
The effect of rs6426749 on transcription factor bindingmotifs was

analyzed using HaploReg v4.123 andMEME Suite toolkit45 with TF

motifs available from three public motif databases: JASPAR,

HOCOMOCO, and SwissRegulon.46–48 Motifs with at least three

hits by different databases were reported. ChIP-seq data were

retrieved from ENCODE and GEO database (GSE44257)49,50 to

validate the motif prediction.

Culture of Cell Lines
The hFOB 1.19 cells were obtained from the Institute of Biochem-

istry and Cell Biology of Shanghai (Shanghai, China) and cultured

in DMEM/F12 supplemented with 10% fetal bovine serum (FBS),

100 U/mL penicillin, and 0.1 mg/mL streptomycin in 5% CO2 at

37�C. The human embryonic kidney 293T cells (HEK293T) were

purchased from the American Type Culture Collection (ATCC)

and cultured in DMEM supplemented with 10% FBS, 100 U/mL
778 The American Journal of Human Genetics 102, 776–793, May 3,
penicillin, and 0.1 mg/mL streptomycin in 5% CO2 at 37�C. All
cell lines were free of mycoplasma.

Dual-Luciferase Reporter Assays and Site-Directed

Mutagenesis
For rs6426749, rs34963268, or rs6684375, we chose a 991-bp,

944-bp, or 995-bp fragment surrounding each SNP as the putative

enhancer element, separately. A 1,077-bp fragment upstream of

LINC00339 TSS was selected as the promoter for LINC00339.

Both enhancer and promoter fragments were PCR amplified

from human genomic DNA using the primers listed in Table S7.

In order to obtain either the major or minor allele at three

SNPs, site-directed mutagenesis was performed with the Quick

Change II Site-Directed Mutagenesis Kit (Agilent Technology)

according to the manufacturer’s instruction, with primers listed

in Table S7. All constructs were validated by sequencing and did

not contain any other sequence variations. Constructs were co-

transfected into hFOB 1.19 or HEK293T cells along with pRL-TK

vector containing Renilla luciferase (Promega) using X-treme

GENE HP DNA transfection reagent (Roche). After 48 hr of trans-

fection, the cells were harvested and assayed for luciferase activity

using the Dual-Luciferase Reporter Assay System (Promega), with

Renilla luciferase (Rluc) reporter gene as the internal reference.

Results were obtained from three independent experiments and

each experiment was done in triplicate.
2018



Enhancer Deletion and Repression
To delete enhancer fragment containing rs6426749 (749 bp) in

hFOB 1.19 cells, the pCas9-dual sgRNA vector containing two

sgRNAs was transfected into target cells by using Lipofectamine

2000 transfection reagent (Invitrogen). After selection with puro-

mycin (1 mg/mL) for 1 week, the remaining cells were isolated

as clones and verified by PCR sequencing. To repress enhancer

activity surrounding rs6426749 in hFOB 1.19 cells, the pdCas9-

KRAB vector and hU6 sgRNA vector containing distal sgRNA

(sgRNA-1: 315 bp upstream rs6426749) or proximal sgRNA

(sgRNA-2: 46 bp upstream rs6426749; sgRNA-3: 67 bp downstream

rs6426749) were cotransfected into target cells by using Lipofect-

amine 2000 transfection reagent (Invitrogen). All sgRNA primers

are listed in Table S7.

Genotyping of rs6426749
PCR-RFLP method was used to obtain genotype of rs6426749 in

hFOB 1.19 cells and HEK293T cells. A 991-bp sequence centered

on rs6426749 was first PCR amplified from human genomic

DNA using primers the same with Luciferase Reporter assays

(Table S7). The amplified DNAs were digested using the restriction

enzyme (Sac I), which were subsequently subjected to the electro-

phoresis assay.

Chromatin Immunoprecipitation (ChIP) Assay
ChIP assays were performed in HEK293T cells with the Simple-

ChIP Enzymatic Chromatin IP Kit (Cell Signaling Technology)

according to the manufacturer’s instruction. In brief, approxi-

mately 3 3 107 cells were cross-linked with 1% formaldehyde for

10 min. After quenching with glycine solution, cells were rinsed,

pelleted in cold PBS, and then resuspended and pelleted

twice with buffer A and B, respectively. Micrococcal Nuclease

(2,000 gel units/mL) was then added for nucleus digesting. After

stopping digesting by EDTA, the nuclei fractions were pelleted

by centrifugation, with sediment resuspended in ChIP buffer us-

ing protease inhibitor cocktail. The lysate was sonicated with

the VirTis Virsonic 100 Ultrasonic Homogenizer/Sonicator for

3 pulses, after clarifying lysates by centrifugation, and the super-

natant was collected. The supernatant containing sheared chro-

matin was immunoprecipitated with TFAP2a antibody (ab52222,

Abcam) or normal immunoglobulin G (IgG) as a negative control

and preclearedwith agarose beads. DNA protein complexwas then

precipitated with agarose beads, eluted from the beads, and

reversely cross-linked by 5M NaCl and Proteinase K. The DNA

fragments enriched in ChIP assays were purified for downstream

RT-qPCR analysis, with primers listed in Table S7.

siRNA and shRNA Knockdown
siRNA knockdown experiments for CTCF (MIM: 604167) and

TFAP2A (MIM: 107580) were conducted in hFOB 1.19 cells, sepa-

rately. The siRNAs targeting CTCF or TFAP2Awith related negative

controls were synthesized by GenePharma. All siRNA sequences

are listed in Table S7. Transfection of siRNAs was carried out

in triplicate using the X-tremeGENE siRNA Transfection Reagent

(Roche) according to the manufacturer’s instructions. For

LINC00339 knockdown, we constructed the miR30-based short

hairpin RNA (shRNA) expression vectors by using two oligonucle-

otides targeting LINC00339. These two oligonucleotides were

connected with miR30 backbone and inserted into XhoI and

EcoRI site of pcDNA3.1- plasmid (Invitrogen), with shRNA

and negative control (NC) sequences shown as follows: shRNA-1:
The Ame
50-TGAGATCACTACCCAATGA-30, shRNA-2: 50-GACCTGATATC

CACACAAA-30, NC: 50-GTTCTCCGAACGTGTCACGT-30. Trans-

fection was performed in triplicate according to the manufac-

turer’s instructions. Briefly, hFOB 1.19 cells were seeded into

6-well plates and cultured to reach the confluence of 80%. Each

well was transfected with 3 mg DNA using ViaFect Transfection

Reagent (Promega). Cells were collected after 72 hr for further

experiments.

Total RNA Isolation and Quantitative Real-Time PCR
Total RNA was isolated from cells using TRIzol reagent (Invitro-

gen), and complementary DNA (cDNA) was synthesized using

the Super Scripts II First-Strand cDNA synthesis kit (Invitrogen).

RT-qPCR was performed by BIO-RAD CFX Connect Real-

Time System, with primers listed in Table S7. Glyceraldehyde

3-phosphate dehydrogenase (GAPDH) was used as an internal

control.

Mendelian Randomization Analysis
Two complementary Mendelian randomization (MR) methods

were used to explore the causal relationship between LINC00339

expression and BMD. The GWAS data on BMD were downloaded

from a recent published large-scale GWAS.51 The eQTL association

data on whole blood were extracted from the GTEx database.40We

first performed a summary-data-based Mendelian Randomization

(SMR) analysis52 (v.0.66) with default parameters which assigned

the top cis-eQTL as instrumental variable. To exclude potential

biased causal effect estimates deriving from invalid instrument

variables, we also performed amulti-instrument basedMR analysis

using R package MendelianRandomization,53 including inverse-

variance weighted method and median-based method for causal

test. The cis-eQTLs (p < 0.01) were first pruned for independence

(r2 < 0.2) by PLINK,22 and the remaining cis-eQTLs were used as

instrumental variables.
Results

Validation of GWAS SNPs in BMD Locus 1p36.12 in

Chinese Population

1p36.12 was identified by an initial large-scale BMD

GWAS10 and replicated by multiple GWAS meta-ana-

lyses.9,10,12–16 According to the GWAS Catalog,21 there

are eight SNPs at 1p36.12 reported by seven different

GWASs.9,10,12–16 Since most of GWAS samples are of

European descent, we further examined associations of

these eight SNPs with BMD in a Chinese cohort of 1,300

subjects. The basic characteristics of our sample are sum-

marized in Table S1. The detailed association results are

summarized in Table 1. These eight SNPs are all located

in noncoding regions, which can be classified into three

spatial clusters, including intron region of WNT4

(rs3765350, rs2235529), intergenic region near WNT4

(rs7521902 and rs3920498, more than 46 kb), and inter-

genic region near ZBTB40 (rs7524102, rs34920465,

rs6696981, and rs6426749, more than 67 kb) (Figure 2A).

Four SNPs near ZBTB40 were successfully validated for

association with both lumbar spine (LS) and femoral

neck (FN) BMD (p < 0.05, b > 0, Table 1). However, no

significant signals were detected for the other four SNPs
rican Journal of Human Genetics 102, 776–793, May 3, 2018 779



Table 1. Association Results of Eight BMD SNPs at 1p36.12

Closest Gene/
Candidate SNP Positiona A1/A2b

Chinese Cohort GEFOS

ReferencescMAF P-LS b-LS P-FN b-FN MAF P-LS b-LS P-FN b-FN

WNT4 intron rs3765350 22447316 G/A 0.280 0.546 �0.003 0.651 0.003 0.273 0.098 �0.018 0.004 �0.027 Kemp et al.15

rs2235529 22450487 T/C 0.488 0.375 0.001 0.464 0.004 0.179 0.024 �0.028 0.003 �0.032 Kemp et al.15

WNT4 proximal rs7521902 22490724 A/C 0.486 0.142 0.004 0.734 0.006 0.253 0.002 �0.034 6.60E�05 �0.037 Estrada et al.13

rs3920498 22492887 C/G 0.450 0.475 �0.002 0.740 �0.003 0.217 2.91E�06 �0.054 1.07E�05 �0.043 Kemp et al.15

ZBTB40 proximal rs7524102* 22698447 G/A 0.214 0.004* 0.015 0.013* 0.015 0.198 2.41E�14* 0.090 7.36E�17* 0.084 Styrkarsdottir et al.;9,10

Rivadeneira et al.;12 Estrada et al.;13

Zhang et al.;14 Zheng et al.16

rs34920465* 22700351 G/A 0.213 0.003* 0.015 0.014* 0.015 0.216 1.57E�09* 0.084 1.81E�12* 0.080 Zhang et al.;14 Zheng et al.16

rs6696981* 22702858 T/G 0.210 0.005* 0.015 0.019* 0.014 0.143 9.02E�09* 0.080 4.78E�08* 0.065 Styrkarsdottir et al.;9,10

Rivadeneira et al.;12 Estrada et al.;13

Zheng et al.16

rs6426749* 22711473 C/G 0.211 0.006* 0.015 0.021* 0.014 0.192 1.15E�13* 0.088 5.90E�16* 0.082 Rivadeneira et al.;12 Estrada et al.;13

Zhang et al.;14 Zheng et al.16

Significant SNPs and p values are indicated with an asterisk (*). Abbreviations: MAF, minor allele frequency; LS, lumbar spine BMD; FN, femoral neck BMD; Chinese cohort, 1,300 in-house Chinese cohort; GEFOS, Genetic
Factors for Osteoporosis Consortium.
aPosition is relative to the hg19 version of the human genome
bA1 is the minor allele according to 1000 Genomes
cRefs included the large-scale GWASs and meta-analysis for BMD and osteoporosis

7
8
0

T
h
e
A
m
e
rica

n
Jo
u
rn
a
l
o
f
H
u
m
a
n
G
e
n
e
tics

1
0
2
,
7
7
6
–
7
9
3
,
M
a
y
3
,
2
0
1
8



B

A

chr1 (hg19):

rs
37

65
35

0

rs
22

35
52

9

rs
75

21
90

2

rs
39

20
49

8

rs
75

24
10

2

rs
34

92
04

65

rs
66

96
98

1

rs
64

26
74

9

ZBTB40

22
8k

67
k 79

k6k

CDC42

W
NT4

LIN
C00

33
9

46
k

27
k

27
k

40
k

21
k

1 2 3 4 5 6 7 8

51

17

18

0

0

0

0

36

35

0

1

0

0

46

0

0

0

0

0

0

0

0

78

73

89

57

71

79

Block 1  (3 kb) Block 2  (13 kb)

D

GG CG CC
(n=301) (n=142) (n=19)

rs6426749

LI
N

C
00

33
9  

ex
pr

es
si

on
 (R

PK
M

)

0

5

15

10

E
160

140

120

100

80

60

GG CG CC
(n=301) (n=142) (n=19)

rs6426749

C
D

C
42

 e
xp

re
ss

io
n 

(R
PK

M
)

P = 5.61 × 10-5

P = 4.56 × 10-3

GG CG CC

W
N

T4
 e

xp
re

ss
io

n 
(R

P
K

M
)

(n=301) (n=142) (n=19)

-0.2

0.0

0.2

0.8

0.4

0.6

1.0
P = 0.45

rs6426749

Adrenal gland

0.0

0.1

0.2

0.3

0.4

0.5

GG+CC (65)
GC (25)

∗

rs
1 0

6 3
1 1

8  
R

N
A

 a
lle

lic
 e

xp
r e

ss
io

n
m

in
 (

G
,  A

/ G
 +

 A
)

Testis

0.0

0.2

0.4

0.6

GG+CC (42)
GC (18)

∗

rs
2 2

5 5
28

2 
R

N
A

 a
ll e

li c
 e

x p
re

ss
io

n
m

in
 (

G
, A

/G
 +

 A
)

Artery tibial

0.0

0.1

0.2

0.3

0.4

0.5

GG+CC (26)
GC (13)

∗

rs
10

63
11

8 
R

N
A

 a
lle

lic
 e

xp
re

ss
io

n
m

in
 (

G
, A

/G
 +

 A
)

Colon transverse

0.0

0.1

0.2

0.3

0.4

0.5

GG+CC (44)
GC (17)

∗

rs
1 1

80
13

82
 R

N
A

 a
lle

li c
 e

xp
r e

ss
io

n
m

in
 (

G
,  A

/ G
 +

 A
)

C

F

G

Figure 2. Integrating Analyses Indicate the Long-Range Interaction between rs6426749 and LINC00339
(A) LD blocks for eight BMD SNPs. The upper bar shows genomic positions for eight BMD SNPs in 1p36.12 and nearby genes, with
distance between genes and (or) SNPs displayed above (kb). The bottom inverted triangle shows the LD blocks for eight BMD SNPs at

(legend continued on next page)
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at 1p36.12. We also compared association signals with

GEFOS meta-analysis dataset.16 Consistently, only the

four SNPs near ZBTB40 achieved genome-wide signifi-

cance level (p < 5 3 10�8) (Table 1). We performed LD

and haplotype analyses. As shown in Figure 2A, two blocks

in high LD were identified. The four SNPs near ZBTB40

were in strong LD with each other (r2 > 0.7) and belonged

to one block. This block was highly conserved among

diverse populations (European, East Asian, and African

samples). Conditional analysis using any of these four

SNPs as covariate obliterated association signals for the re-

maining three SNPs (data not shown), suggesting strong

correlations of them.

Integrating Hi-C and eQTL Analyses to Identify

Regulatory SNPs at 1p36.12 and Their Target Genes

To identify the potential gene targets and evaluate func-

tional role of above noncoding BMD SNPs at 1p36.12,

we investigated the long-range chromatin interactions

surrounding them using various available Hi-C and

ChIA-PET datasets (Table S2).25–32 We identified seven

candidate target genes for six SNPs (Table S3). To validate

the predicted gene targets, we conducted cis-eQTL ana-

lyses using data from 462 unrelated human LCLs sam-

ples.54 Through combining Hi-C and cis-eQTL results,

we found that only rs6426749 fulfilled both criteria (Table

S3), which had long-range chromatin interactions with

LINC00339 promoter in IMR90 cells26 and H1-hESC

cells30 (Figure 2B), and this loop was located inside a

conserved TAD with a size of 600 kb in IMR90 cells

(Figure 2C). Moreover, rs6426749-G allele was signifi-

cantly associated with increased LINC00339 expression

(p ¼ 5.61 3 10�5, h2 ¼ 0.042) (Figure 2D and Table S4).

Analysis of eQTL from GTEx project40 further validated

the association between rs6426749-G allele and increased

LINC00339 expression in LCLs (n ¼ 118, p ¼ 0.02,

Figure S1A). However, there was no chromatin interaction

between the other three SNPs in block 2 and LINC00339,

implying that rs6426749 might be an independent regula-

tory SNP for LINC00339 in this block. We noticed that

rs6426749-G allele was also associated with decreased

expression of CDC42 in 462 LCL samples (p ¼ 4.56 3

10�3, h2 ¼ 0.023, Figure 2E and Table S4),54 and no signif-

icant association between rs6426749 and WNT4 expres-

sion was found in either 462 LCL samples (p ¼ 0.45,
1p36.12, with each diamond representing the r2 measure of LD usin
greater values.
(B) Hi-C interactions between eQTLs and promoters of target genes,
Hi-C data on IMR90 cells from 4DGenome;25 blue: DNase Hi-C data o
labeled in red. Another two SNPs in strong LD with rs6426749 with
(C) The loop between rs6426749 and LINC00339 is located within a
(D–F) Boxplot for LINC00339 (D) or CDC42 (E) orWNT4 (F) expressio
taken from 462 LCLs samples.54 Sample counts are shown.
(G) Allele-specific expression (ASE) analysis between rs6426749 and
Four significant tissues (p < 0.05) are shown. The horizontal axis re
for rs6426749. The vertical axis represents the exonic SNP chose
bars, SD; *p < 0.05 as determined by Wilcoxon rank sum test.
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Figure 2E and Table S4)54 or GTEx LCL tissue (p ¼ 0.76,

Figure S1C).40 We also found some significant associations

between rs6426749 and CDC42 or WNT4 expression in

several other tissues from GTEx, which are shown in

Figure S1.

A different 3D chromatin interaction loop might indi-

cate independent regulatory circuitry affecting expression

of target genes.55 We found that compared with all other

SNPs within the same Hi-C interaction region, rs6426749

showed the strongest eQTL association with LINC00339

and that another two SNPs (rs6684375, rs34963268)

in high LD with rs6426749 (r2 > 0.8) had relative

weaker eQTL association with LINC00339 (p ¼ 4.25 3

10�4, h2 ¼ 0.033) (Table S4). However, no secondary

eQTL signals remained after adjusting residual effect of

rs6426749 (Figure S2B), indicating that rs6426749 was

the primary eQTL SNP within the Hi-C interaction region.

We further performed conditional eQTL analysis for

rs6426749 by adjusting the residual effect of each SNP

within 1M region surrounding LINC00339 (Figure S2A)

and found that significant eQTL signal for rs6426749 on

LINC00339 was retained (p < 0.05, Figure S2C). Together,

these data indicated the potential independent long-range

regulation on LINC00339 for rs6426749.

Validation of cis-eQTL Regulation on LINC00339

To further validate the cis-eQTL effect on LINC00339, we

conducted allele-specific expression (ASE) analysis56 for

rs6426749 on LINC00339 or CDC42 expression using

matched ASE data and genotype data from GTEx.40 Indi-

viduals with heterozygous genotype for aseQTL should

have more imbalanced ASE than those homozygous

ones. As expected, we observed significantly higher imbal-

anced LINC00339 expression in individuals heterozygous

for rs6426749 (GC) than individuals homozygous for

rs6426749 (GG þ CC) in four different tissues (p < 0.05,

Figure 2G), which provides strong independent validation

of the cis-eQTL regulation of rs6426749 on LINC00339.

However, no aseQTL effects on CDC42 were detected for

rs6426749, indicating that CDC42 might not be the direct

target. We also detected significant aseQTL effect on

LINC00339 instead of CDC42 for rs6684375 and

rs34963268 in six different tissues (p < 0.05, Figures S3A

and S3B), further supporting the long-range cis-regulation

on LINC00339.
g standard color scheme, where the darker shades of red represent

and different color of lines indicated different Hi-C dataset (pink:
n H1-hESC cells30). SNP rs6426749 overlapped with Hi-C regions is
in the same Hi-C interaction regions are labeled in orange.
600 kb topologically associated domain (TAD) in IMR90 cells.
n in samples with different genotypes of rs6426749 (GG, CG, CC)

LINC00339, using monoallelic gene expression data from GTEx.40

presents individuals with homozygous or homozygous genotypes
n as a measurement of allelic expression of LINC00339. Error
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Figure 3. The Region Containing rs6426749 Acts as Strong Allele-Specific Enhancer on the LINC00339 Promoter
(A) Epigenetic annotation for region surrounding rs6684375, rs34963268, and rs6426749 in osteoblast cells. The data are obtained from
ENCODE Project taken fromWashU EpiGenome Browser, including active histonemodification (H3k4me1, H3K4me3, H3k27ac) as well
as acetyltransferase (P300).

(legend continued on next page)
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Evidence of Shared Causal Variants for BMD Association

and LINC00339 Expression

It is important to distinguish whether the overlap between

GWAS signal and cis-eQTLs are coincidental or true shared

causal variants. Therefore, we applied two different

methods to identify whether associations with BMD and

gene expression were driven by the same causal variants.

The first is the regulatory trait concordance (RTC)

method.43 We detected high RTC scores for three eQTL

SNPs (rs6426749: RTC ¼ 0.97; rs6684375: RTC ¼ 0.98;

rs34963268, RTC ¼ 0.98) with LINC00339 expression,

indicating strong evidence of shared causal effects between

the eQTLs for LINC00339 and the BMD GWAS SNPs at

1p36.12. Another method is the joint likelihood mapping

(JLIM) analysis,44 which could assess whether association

signals between cis-eQTLs and BMD at 1p36.12 were due

to the same underlying effect.We detected significant asso-

ciations between eQTLs for LINC00339 and BMD at LS (p¼
0.04) or FN (p ¼ 0.04), further supporting the functional

relevance of eQTL regulation for LINC00339 with BMD.

Evaluation of Allele-Specific Enhancer Activity for

rs6426749

Noncoding regions of DNA may influence expression of

distant genes by acting as enhancers to physically interact

with target gene. Enhancers are identifiable by the pres-

ence of active epigenetic histone modifications, such as

H3K4me1, H3K4me3, and H3K27ac, as well as co-activator

and acetyltransferase (CBP/p300).57 Therefore, we used

publicly available ChIP-seq datasets from the ENCODE

Project58 to evaluate the potential regulatory function of

regions around rs6426749, rs6684375, and rs34963268.

We observed that the regions surrounding these three

SNPs overlapped with many enhancer marks, including

H3K4me1, H3K4me3, H3K27ac, and p300 in human oste-

oblast cells (Figure 3A).

To further validate the allele-specific enhancer activity

for these three SNPs on target gene LINC00339, we cloned

rs6684375, rs34963268, and rs6426749 locus with the ma-

jor or minor allele of corresponding SNP, and inserted into

a luciferase reporter vector, upstream of the LINC00339

promoter, respectively. Upon transfection of these

constructs into hFOB 1.19 cells, the major or minor

allele of rs6426749 exhibited the greatest different

effect on LINC00339 promoter activity (Figure 3B). The
(B) The dual-luciferase assay for LINC00339 promoter (LINC00339-P)
the major or minor allele, or individual LINC00339-P was measured
was used as baseline control. Luciferase signal was normalized to Ren
mined by an unpaired, two-tailed Student’s t test.
(C) Comparison of LINC00339 and CDC42 expression between rs64
Cas9 and normal cells (WT).
(D) Comparison of LINC00339 and CDC42 expression between rs6
normal cells (NC, negative control). One distal sgRNA (sgRNA-1) an
(E) Effect of rs6426749-locus repression in hFOB 1.19 cells using dCas
(F) RT-qPCR for LINC00339, CDC42, and WNT4 expressions in hFO
rs6426749-locus using dCas9-KRAB (blue) as compared with LINC0
NS: not significant, **p < 0.01, ***p < 0.001 as determined by an un
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rs6426749-G allele had significant increase in luciferase

expression as compared with the rs6426749-C allele (p <

0.005, Fold ¼ 7.32) or the LINC00339 promoter-only

construct (p < 0.005, Fold ¼ 12.23) (Figure 3B). However,

there was no significant difference between the minor

allele of rs6426749 and the LINC00339 promoter con-

structs. The consistent results were obtained in HEK293T

cells (Figure 3B). In contrast, only modest increase in lucif-

erase expression was detected between the major and

minor allele of another two LD SNPs in hFOB 1.19 cells

(p < 0.001, Fold ¼ 1.91 for rs6684375; p < 0.01, Fold ¼
2.22 for rs34963268) or HEK293T cells (p < 0.01, Fold ¼
1.29 for rs6684375; p < 0.001, Fold ¼ 2.70 for

rs34963268) (Figure 3B). Together, our data demonstrated

that rs6426749 could act as strong allele-specific func-

tional enhancer for LINC00339.

Validation of Enhancer Activity for rs6426749 via

CRISPR/Cas9 and dCas9-KRAB

Genotyping of rs6426749 revealed that HEK293T cells are

heterozygous (G/C) and hFOB 1.19 cells are homozygous

(G/G). To directly validate the long-range regulation be-

tween rs6426749 and LINC00339, we deleted a 749-bp

enhancer region containing rs6426749 using CRISPR/

Cas9 in hFOB 1.19 cells. As shown in Figure 3C, signifi-

cantly decreased LINC00339 expression (p < 0.005) while

increased CDC42 expression (p < 0.01) were detected in

enhancer-deleted cells (KO) compared with the normal

cells (WT), indicating that LINC00339was the direct target

gene underlying distal enhancer-promoter regulation. To

further validate the central role of rs6426749 in controlling

enhancer activity, we designed two proximal sgRNAs

(sgRNA-2: 46 bp upstream or sgRNA-3: 67 bp downstream)

and one distal sgRNA (sgRNA-1: 315 bp upstream) target-

ing the rs6426749 locus using dCas9-KRAB in hFOB 1.19

cells, respectively. As shown in Figure 3D, we detected

significantly reduced LINC00339 expression (p < 0.01)

while elevated CDC42 expression (p < 0.01) on the prox-

imal sgRNAs. However, the expression of WNT4 was not

changed by using the proximal sgRNA-3 in hFOB 1.19 cells

(p > 0.05, Figure 3E), indicating that WNT4 might not be

the direct target of rs6426749. Moreover, we inhibited

LINC00339 expression using shRNA in hFOB 1.19 cells

and then inhibited the enhancer region containing

rs6426749 using dCas9-KRAB. As compared with the
containing rs6684375, rs34963268, or rs6426749 locus with either
in hFOB 1.19 cells or HEK293T cells. The individual LINC00339-P
illa signal. Error bars, SD. n R 3. **p < 0.01, ***p < 0.001 as deter-

26749 region deleted hFOB 1.19 cells (KO) mediated by CRISPR/

426749-locus repressed hFOB 1.19 cells using dCas9-KRAB and
d two proximal sgRNAs (sgRNA-2, sgRNA-3) were designed.
9-KRAB (sgRNA-3) on LINC00339, CDC42, andWNT4 expression.
B 1.19 cells after silencing of both LINC00339 using shRNA and
0339 silenced cells (orange), respectively. Error bars, SD. n R 3.
paired, two-tailed Student’s t test.
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LINC00339 knockdown cells, we detected significantly

decreased expression of LINC00339 (p < 0.01) while

no perturbation on either CDC42 or WNT4 expression

(p > 0.05, Figure 3F), suggesting that LINC00339 was the

direct target gene of rs6426749, instead of CDC42 or

WNT4.

Analysis of Transcription Factor Binding at rs6426749

Region

We investigated the functional mechanism for rs6426749

underlying the strongest enhancer activity. The allele-spe-

cific activity of enhancer might be due to the different

binding affinity of transcription factor (TF). We conducted

motif analysis using multiple databases and identified two

motifs, TFAP2A and TFAP2C of TFAP2 family, as candidate

factors specifically binding to rs6426749-G (Figures 4A and

S4A). RNA expression analysis revealed that TFAP2A is

expressed much higher than TFAP2C in hFOB 1.19 cells

(Figure S4B). ChIP-seq data from ENCODE49 and GEO50

identified that TFAP2A could bind to region surrounding

rs6426749 in HeLa-S3 cells and MCF7 cells (Figure 4B),

and the binding signal was much higher than the

background in both HeLa-S3 cells (Fold ¼ 2.9) and MCF7

cells (Fold ¼ 3.1) (Figure S5). To experimentally verify the

motif prediction, we performed ChIP-qPCR. Significant

enrichment of TFAP2A binding was observed on the

rs6426749 region compared with the negative control in

HEK293T cells (p < 0.001, Figure 4C). We suppressed

TFAP2A expression by siRNA in both HEK293T cells and

hFOB 1.19 cells, which resulted in significant reduction

of LINC00339 expression (p < 0.05, Figure 4D). We further

provided evidence of allele-specific binding affinity of

TFAP2A using cotransfection assays: the TFAP2A knock-

down diminished LINC00339 expression in rs6426749-G

allele, while it had no effect on rs6426749-C allele in

hFOB 1.19 cells (p < 0.001, Figure 4E). Taken together,

these data suggest that rs6426749 modulates TFAP2A

binding to regulate LINC00339 transcription.

CTCF Is Involved in Mediating Long-Range Chromatin

Interaction between rs6426749 and LINC00339

CCCTC-binding factor (CTCF) is the best characterized

insulator-binding protein, which is abundant in loop

anchors and essential for loop formation and mainte-

nance.27,32,59,60 Using the annotation data from ENCODE,

we found specific enrichment of CTCF binding at

LINC00339 promoter and rs6426749 nearby region

(Figure 5A), which suggested that CTCF might play a role

in mediating long-range loop interaction between

rs6426749 and LINC00339. In this case, downregulation

of CTCF could result in destruction of loop structure and

decrease in the expression of target gene. Therefore, to

validate the role of CTCF involved in the loop formation,

we suppressed the expression of CTCF by siRNA in

hFOB1.19 cells. As shown in Figure 5B, knockdown

of CTCF significantly decreased the expression of

LINC00339 (p < 0.05) while it increased the expression
The Ame
of both CDC42 (p < 0.01) and WNT4 (p < 0.05), which

means that CTCF is required for the loop formation to

facilitate the regulatory element approaching and acti-

vating the expression of LINC00339.

LINC00339 Influences Bone Metabolism by Modulating

Expression of CDC42

Next, we investigated the potential function for

LINC00339 expression involved in bone metabolism. We

estimated the coding probability of LINC00339 using the

Coding Potential Assessment Tool.61 The score was

0.0079 (with a score >1 indicating a potential coding

gene), supporting the non-protein-coding nature of

LINC00339. Using RNA expression data from GTEx Proj-

ect40 and FANTOM5 Project,62 we found that LINC00339

was ubiquitously expressed across all 54 various tissues

and all 69 primary cells in human comparable levels (Fig-

ures S6A and S6B). The FANTOM5 Project defined signifi-

cant trait-associated genes by systematically annotating

susceptibility variants surrounding 59,110 genes.62 We

found strong association for LINC00339 with bone resorp-

tion disease (p ¼ 3.0 3 10�12) and abnormality of bone

mineral density diseases (p ¼ 3.0 3 10�12), suggesting

the functional relevance of LINC00339 involved in bone

metabolism.

We have demonstrated the direct effect of rs6426749

on LINC00339. The above functional assays (including

CRISPR/Cas9, dCas9-KRAB, and CTCF knockdown) all

imply a negative correlation between LINC00339 and

CDC42 expressions (Figures 3C–3E and 5B). Given

that CDC42 has been reported to play an important

role in bone metabolism18 and knockout of Cdc42 in

mouse results in severe skeletal abnormalities,63,64

LINC003339 might have potential regulatory correlation

with CDC42. To verify this hypothesis, we conducted

co-expression analysis using expression data from GTEx

Project40 and found that LINC00339 was negatively

correlated with CDC42 in 12 tissues and positively

correlated with CDC42 in another 17 tissues (p < 0.05,

Table S5). It was notable that more than 70% of positive

tissues (12/17) were brain-related tissues, and LINC00339

was expressed relatively much weaker (mean RPKM < 5)

among more than 80% (14/17) of them. We inhibited

the expression of LINC00339 in hFOB 1.19 cells.

Similarly, knockdown of LINC00339 significantly

increased the expression of CDC42 (p < 0.005) while it

had no effect on WNT4 expression (Figure 5C), revealing

that CDC42 instead of WNT4 was negatively regulated

by LINC00339 (Figure 5C). We further analyzed the

chromatin interaction between LINC00339 and CDC42

using multiple Hi-C and ChIA-PET data (Table S2).

Strong long-range interaction was observed between

LINC00339 and CDC42 in six cells (K562, GM12878,

H1-hESC, IMR90, MCF7, and HeLa-S3; Figure 5D and

Table S6). Together, our results suggest that LINC00339

might influence bone metabolism by modulating expres-

sion of CDC42.
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Figure 4. Identification of Transcription Factors Required for the Activity of Enhancer Containing rs6426749
(A) Motif analysis indicated that TFAP2A motif exclusively binds to G allele of rs6426749.
(B) TFAP2A binding surrounding rs6426749 was observed in MCF7 cells (GEO: GSE44257)50 and HeLa-S3 cells (ENCODE Project, taken
from UCSC Genome browser).
(C) ChIP-qPCR of TFAP2A binding at rs6426749 region and negative control region in HEK293T cells. Primers targeting rs6426749 re-
gion (S1) or RPL30 exon (NC) are used. The binding of TFAP2A is shown as fold enrichment over IgG.
(D) The siRNA-mediated depletion of TFAP2A diminished LINC00339 expression. RT-qPCR for TFAP2A and LINC00339 expression in
hFOB 1.19 cells or HEK293T cells after knockdown of TFAP2A (siRNA-1 and siRNA-2: two different siRNAs, blue and green) compared
to NC siRNA-treated cells (NC: negative control, orange), respectively.
(E) The siRNA-mediated depletion of TFAP2A specifically diminished activity of enhancer containing rs6426749 on LINC003339
expression. The pGL3 basic vector containing rs6426749-G (C) allele locus and LINC00339 promoter (see also Figure 2B), as well as
the TFAP2A silencer (siRNA-2) or negative control was cotransfected into the hFOB 1.19 cells. Error bars, SD. n R 3. NS: not significant,
*p < 0.05, **p < 0.01, ***p < 0.001 as determined by an unpaired, two-tailed Student’s t test.
Causal Relationship between LINC00339 Expression and

BMD

We applied Mendelian randomization (MR) analysis to

characterize the causal association between LINC00339
786 The American Journal of Human Genetics 102, 776–793, May 3,
expression and BMD. The SMR analysis using the top

cis-eQTL on LINC00339 as instrumental variable

(rs2255282) detected significant association between

LINC00339 expression and BMD (PSMR ¼ 0.02). To exclude
2018
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(legend continued on next page)
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potential biased causal effect estimates deriving from

invalid instrument variables, we further performed a

multi-instrument-based MR analysis.53 A total of 44

purified cis-eQTL SNPs were selected as instrumental

variables with the detailed information summarized in Ta-

ble S8. We detected robust causal association between

LINC00339 expression and BMD based on either inverse

variance-weighted method (p ¼ 0.009) or median-based

method (p ¼ 0.0001). A scatterplot of genetic association

with LINC003339 against association with BMD are shown

in Figure S7. Collectively, these data consistently suggested

the causal relationship between LINC00339 expression

and BMD.
Discussion

Most of the BMD-associated SNPs identified by GWASs are

located in the non-coding regions of genome. The molec-

ular mechanisms underlying the causal actions and biolog-

ical effects of BMD-associated SNPs are largely unknown.

Our study provides extensive evidence that an intergenic

SNP (rs6426749) at 1p36.12 acts as a strong long-range

allele-specific enhancer to regulate the expression of

LINC00339. In particular, we demonstrate that the distal

enhancer interacts with LINC00339 via long-range chro-

matin loop, and CTCF plays a critical role in this loop

formation and maintenance. Moreover, the activity of

the enhancer containing rs6426749 is mediated by the

transcription factor TFAP2A. The rs6426749-G allele

robustly recruits TFAP2A, which efficiently elevates the

enhancer activity and increases the LINC00339 expression.

The target gene LINC00339 could negatively modulate the

expression ofCDC42, which is an important gene involved

in bone metabolism (Figure 6). Taken together, we eluci-

date a potential mechanistic basis for the genetic

association between rs6426749 and osteoporosis, which

highlights the regulatory effect of noncoding SNPs under-

lying the pathogenesis of diseases.

Our analysis reveals that a distal enhancer could regulate

the expression of LINC00339 via long-range chromatin

loop formation. A looped genomic architecture is mediated

by some DNA-binding proteins, which facilitate the

folding of the 3D genome and bring the distal regulatory

elements and promoters into proximity. CTCF is one of

the most widely characterized proteins in mediating

long-range loop formation.59,60,65,66 CTCF has been

shown to bind to distal enhancer and promoter regions

to activate enhancer-promoter interactions.27,32 Our study

also found robust CTCF binding near the boundaries of

Hi-C regions involving rs6426749 and LINC00339, sup-
(D) Hi-C annotation revealed interaction between LINC00339 and C
range interactions, and different colors indicated different Hi-C datas
Hi-C data on H1-hESC cells;30 purple: ChIA-PET data taken from EN
database on GM12878 cells32). Error bars, SD. n R 3. NS: not sign
unpaired, two-tailed Student’s t test.
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porting the potential role of CTCF involved in loop forma-

tion. It has been reported that depletion of CTCF could

cause global reduction of intradomain interactions.67

Consistent with this finding, knockdown of CTCF effi-

ciently repressed LINC00339 expression in our functional

assays, indicating that CTCF is required for the loop forma-

tion. Our finding is comparable to the report by Xiang

et al.,68 in which they found that CTCF was specifically en-

riched near MYC locus, and knockdown of CTCF reduced

chromatin interaction frequencies between the MYC

promoter and its enhancers as well as MYC expression.

Therefore, we speculate that loss of CTCF could disrupt

the loop structure and restrict the enhancer from

approaching the promoter, and therefore inhibit the

expression of target gene LINC00339.

Here we provide the key mechanistic insight that

rs6426749 acts as an allele-dependent enhancer to func-

tionally contribute to differences in allelic gene expression,

which demonstrates that genetic variation in regulatory

elements can have a strong influence on common human

phenotypic traits. It is generally believed that the enhancer

regulates target gene transcription via altering TFs occu-

pancy.69 Our results indicated that TFAP2A could particu-

larly bind to rs6426749-G allele to increase the expression

of LINC00339. TFAP2A is a transcriptional activator that

can bind to enhancer regions to elevate the enhancer activ-

ities.70,71 Our knockdown experiment found that downre-

gulation of TFAP2A efficiently repressed LINC00339

expression in osteoblast cells, which provides functional

evidence to support the role of transcriptional activation

for TFAP2A.

Our study implicates LINC00339 as the target for a non-

coding susceptibility SNP rs6426749 located at the well-

described BMD locus 1p36.12. The nearest gene of this

susceptibility SNP is ZBTB40, which has unknown func-

tion or connection with bone metabolism. Our results

reveal that the nearest gene may not be the true target

gene for the susceptibility SNPs identified by GWASs, espe-

cially for SNPs located in the intergenic region. The num-

ber of lncRNAs neighboring those noncoding SNPs far

exceeds that of protein-coding genes. The FANTOM5

Project62 recently elucidated nearly 20,000 potential func-

tional lncRNAs overlapping trait-associated variants or

eQTL SNPs, implying the importance of lncRNA in disease

development. Another recent study has identified a set of

lncRNAs regulated by noncoding SNPs in prostate cancer

(MIM: 176807),72 highlighting the importance of investi-

gating the functional link between the noncoding SNPs

and lncRNAs. LINC00339 is ubiquitously expressed in

various tissues and cells with hardly any coding potential.

Some variants in LINC00339 have been identified for
DC42. Different shade of colors represents the strength of long-
et (pink: Hi-C data on IMR90 cells from 4DGenome;25 blue: DNase
CODE on three cell lines [HeLa-S3, K562, and MCF-7]49 or CEO

ificant, *p < 0.05, **p < 0.01, ***p < 0.001 as determined by an
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Figure 6. Potential Regulatory Model between rs6426749, LINC00339, and CDC42
A schematic representation elucidating how genetic variant (rs6426749) affects disease predisposition (osteoporosis). In the top panel,
rs6426749-G allele robustly binds to TFAP2A, which elevates the activity of enhancer containing rs6426749 and increases LINC00339
expression. Overexpressed LINC00339 acts as a cis-regulatory element to suppressCDC42 expression, whose relative low expression level
is a risk factor to decrease BMD and increase osteoporosis incidence. In the bottom panel, in contrast, rs6426749-C allele is absent from
TFAP2A binding, which represses the enhancer activity, resulting in relatively lower LINC00339 expression, which further increases the
CDC42 expression. The relatively high expression level of CDC42 decreases the risk to osteoporosis incidence.
association with endometriosis (MIM: 131200) and

ovarian cancers (MIM: 167000).73,74 A recent study found

that the leading endometriosis risk SNPs within noncoding

region at 1p36.12 could act through inverse regulation of

CDC42 and LINC00339,75 supporting the functionality

of LINC00339 and potential negative regulation between

LINC00339 and CDC42, which is consistent with our

study. The function of LINC00339 in bone metabolism is

unknown. However, considering that lncRNA could regu-

late expression of target genes in cis,76 we found that

downregulation of LINC00339 can significantly increase

the expression of CDC42 in osteoblast cells. CDC42 (cell

division cycle 42) is a small Rho GTPase and key regulator

of cytoskeletal components. Moreover, CDC42 is a crucial

component of the MAPK (mitogen-activated protein

kinase) pathway, which is a pivotal mediator of bonemeta-

bolism and plays essential roles in osteoblast differentia-

tion and skeletal development.18 Previous studies have

revealed the important roles of CDC42 in bone modeling

and remodeling.77 We induced the human umbilical cord

mesenchymal stem cells (hUCMSCs) into osteoblast and

adipocyte cells, respectively. We found that the expression

level of CDC42 was significantly increased during osteo-

blast differentiation, but the expression level of WNT4

was negligible compared with CDC42 or LINC00339, sup-
The Ame
porting the important role of CDC42 in bone metabolism

(Figure S8). However, no BMD variants in CDC42 have

been reported, indicating that this genemight be regulated

by remote BMD susceptibility SNPs. Our study implicates

the functional connection between rs6426749 and

CDC42. Previous GWASs have identified rs6426749-G as

the risk allele for BMD. Our data posit that rs6426749-G

can enhance the expression of LINC00339 and therefore

suppress the expression of CDC42. Deletion of Cdc42 in

mice could lead to increased adipocyte differentiation

and decreased bone formation,19 as well as severe skeletal

abnormalities,63 which gives us a strong support that the

target gene CDC42 of rs6426749-G could affect the bone

formation and increase the risk of osteoporosis. Future

investigations are encouraged to elucidate the precise

molecular mechanisms.

Our study also has limitations. First, we leveraged eQTL

to prioritize functional GWAS variants. However, due to

the smaller sample size and disease or cell type relevance

of current eQTL data, there might exist unbalanced signals

between eQTLs and GWAS SNPs. We therefore reinforce

the need of functional assays to validate the findings

indicated by eQTL analysis. Second, it is worth noting

that our regulatory model could not exclude the contribu-

tion of other genetic variants, but instead highlights the
rican Journal of Human Genetics 102, 776–793, May 3, 2018 789



results of the study at hand, and might be useful in devel-

oping hypotheses for future experimentation. Finally, our

study highlights the regulatory effect of noncoding SNPs

on osteoporosis through LINC00339. Future functional

experiments are encouraged to investigate the detailedmo-

lecular mechanism between LINC00339 and osteoporosis.

In summary, through an integrative analysis combining

various computational analyses and functional assays, we

elucidate a potential mechanistic basis for a functional sus-

ceptibility SNP (rs6426749) with long-range target genes

(LINC00339, CDC42) at 1p36.12. We anticipate that

many other BMD-associated variants in noncoding regions

may have similar mechanisms. The integrative approach

described in this study can be further used to assign func-

tion to more noncoding SNPs in future studies, which is

the primary task in our post-GWAS period.
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