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Abstract
Previous genome-wide linkage and association studies have identified an osteoporosis-associated locus at 1p36 that harbors 
SNPs rs34920465 and rs6426749. The 1p36 locus also comprises the WNT4 gene with known role in bone metabolism and 
functionally unknown ZBTB40/lncRNA ZBTB40-IT1 genes. How these might interact to contribute to osteoporosis suscepti-
bility is not known. In this study, we show that lncRNA ZBTB40-IT1 is able to suppress osteogenesis and promote osteoclas-
togenesis by regulating the expression of WNT4, RUNX2, OSX, ALP, COL1A1, OPG and RANKL in U-2OS and hFOB1.19 
cell lines, whereas ZBTB40 plays an opposite role in bone metabolism. Treatment with parathyroid hormone significantly 
downregulates the expression of ZBTB40-IT1 in U-2OS cell lines. ZBTB40 can suppress ZBTB40-IT1 expression but has no 
response to parathyroid hormone treatment. Dual-luciferase assay and biotin pull-down assay demonstrate that osteoporosis 
GWAS lead SNPs rs34920465-G and rs6426749-C alleles can respectively bind transcription factors JUN::FOS and CREB1, 
and upregulate ZBTB40 and ZBTB40-IT1 expression. Our study discovers the critical role of ZBTB40 and lncRNA ZBTB40-
IT1 in bone metabolism, and provides a mechanistic basis for osteoporosis GWAS lead SNPs rs34920465 and rs6426749.

Introduction

Osteoporosis is a common complex disease defined by 
bone mineral density (BMD) that is highly heritable with 
the heritability estimates of 0.5–0.85 (Ralston et al. 2010). 
The discovery of genetic variation loci and elucidation of 
their biological functions for BMD variations are impor-
tant in understanding the etiology of osteoporosis and in 
developing new approaches for osteoporosis screening, 
prevention and treatment. Multiple genome-wide linkage 
scans have shown that 1p36 is one of the strongest linkage 
genomic regions to BMD across populations (Devoto et al. 
1998, 2001; Streeten et al. 2006). 1p36.12 was identified by 
an initial large-scale BMD genome-wide association study 
(GWAS) (Styrkarsdottir et al. 2008) and further replicated by 

multiple GWAS meta-analyses (Estrada et al. 2012; Kemp 
et al. 2014; Rivadeneira et al. 2009; Styrkarsdottir et al. 
2009; Zhang et al. 2014; Zheng et al. 2015). The reported 
SNPs included intron SNPs rs2708632, rs75077113, 
rs6701290, rs3765350, rs2235529, rs4589135 and intergenic 
SNPs rs3920498, rs12755933, rs34920465, rs6696981 and 
rs6426749. A three-stage GWAS meta-analysis in 27,061 
study subjects confirmed that SNP rs34920465 was strongly 
associated with BMDs at the lumbar spine, hip and femoral 
neck (P = 2.67 × 10−13) (Zhang et al. 2014). SNP rs6426749 
not only showed significant associations with femur neck, 
lumbar spine and hip BMD in the Europeans and East-
Asians (P = 7.6 × 10−10) (Kim et al. 2016; Park et al. 2014; 
Rivadeneira et al. 2009; Styrkarsdottir et al. 2010), but also 
presented significant association for BMD global Wald test 
(Warrington et al. 2015). Most of these GWAS-SNPs have 
not been functionally characterized in vitro or in vivo yet. A 
recent study showed that rs6426749 can bind transcription 
factor TFAP2A and act as a distal allele-specific enhancer 
modulating the expression of LINC00339 via long-range 
chromatin loop formation (Chen et al. 2018).

WNT4, ZBTB40 and ZBTB40-IT1 genes are located in the 
1p36 locus. WNT4 could promote osteoblast differentiation 
of mesenchymal stem cells (MSCs) (Chang et al. 2007) and 
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attenuate bone loss in osteoporosis and skeletal aging mouse 
models by inhibiting nuclear factor-κB via noncanonical 
WNT signaling (Yu et al. 2014). LncRNA ZBTB40-IT1 is 
generated by alternative splicing of an intron of ZBTB40. 
The functional roles of ZBTB40 and ZBTB40-IT1 in bone 
metabolism are unknown. Notablely, a recent study found 
that CDC42 and LINC00339 are the target genes of the 
rs6426749 in the 1p36 locus (Chen et al. 2018). CDC42 
is a key regulator of cytoskeletal components and a crucial 
component of the pivotal MAPK pathway of bone metabo-
lism (Greenblatt et al. 2013), and has the important roles in 
bone modeling and remodeling (Ito et al. 2010). Deletion 
of Cdc42 in mice decreased bone formation (Wuerfel et al. 
2012), and showed severe skeletal abnormalities (Aizawa 
et al. 2012), LINC00339 with unknown function in bone 
metabolism could negatively regulate the expression of 
CDC42 (Powell et al. 2016; Chen et al. 2018).

LncRNAs are noncoding transcripts with more than 
200 nucleotides in length. Growing evidences show that 
lncRNAs are important regulators of osteoporosis patho-
physiology processes. For example, LncRNA MEG3 was 
up-regulated in bone marrow MSCs from postmenopausal 
osteoporosis, and could repress osteogenic differentiation 
by targeting miR-133a-3p (Wang et al. 2017a, b). H19 func-
tioned as a competing endogenous RNA, which promoted 
osteoblast differentiation via the activation of Wnt signal-
ing (Huang et al. 2015; Liang et al. 2016). Upregulation of 
HIF1α-AS1 can promote osteoblastic differentiation of bone 
marrow MSCs by blocking the expression of HOXD10 (Xu 
et al. 2015). Whether lncRNA ZBTB40-IT1 at 1p36 plays a 
vital role in osteoporosis is unclear.

In this study, we explored the functional roles of ZBTB40 
and ZBTB40-IT1 in bone metabolism, and found that 
lncRNA ZBTB40-IT1 suppress osteogenesis and promote 
osteoclastogenesis by regulating the expression of WNT4, 
RUNX2, OSX, ALP, COL1A1, OPG and RANKL, whereas 
ZBTB40 has an opposite effect. We also demonstrated that 
osteoporosis GWAS lead SNPs rs34920465 and rs6426749 
at 1p36 can modulate ZBTB40-IT1 and ZBTB40 expression 
via differential binding of bone metabolism related tran-
scriptional factors JUN::FOS and CREB1, respectively.

Materials and methods

Cell lines, cell culture and PTH treatment

Two human osteosarcoma cell lines Saos-2 and U-2OS and a 
human embryonic kidney cell line HEK293T were obtained 
from the Cell Bank of Wuhan University (Wuhan, China). 
The human osteoblast cell line hFOB1.19 was purchased 
from the Cell Bank of Chinese Academy of Sciences (Shang-
hai, China). Saos-2 cells were cultured in MEM medium 

(HyClone, Waltham, MA, USA), U-2OS cells were grown in 
McCOY’S 5A medium (HyClone, Waltham, MA, USA) and 
293T cells were maintained in DMEM medium (HyClone, 
Waltham, MA, USA). Media were supplemented with 2 mM 
l-glutamine and 4 mM GlutaMAX™ (Gibco, Grand Island, 
NY, USA), 10% fetal calf serum (Si Jiqing Co., Hangzhou, 
China), 100 units/ml penicillin and 100 µg/ml streptomycin 
(Gibco, Grand Island, NY USA). These three cell lines were 
cultured in an atmosphere of 5% CO2 at 37 °C with 100% 
relative humidity. hFOB1.19 cells were cultured in DME/F-
12 (1:1) medium (HyClone, Waltham, MA, USA) containing 
10% fetal bovine serum (Gibco, Grand Island, NY USA), 
0.3 mg/ml G418 (Sangon Biotech, Shanghai, China), 100 
units/ml penicillin and 100 µg/ml streptomycin (Gibco, 
Grand Island, NY, USA), and maintained at the permissive 
temperature of 33.5 °C with 5% CO2 for a rapid cell division.

U-2OS cells were seeded onto a six-well plate. After 
90% confluence, the cells were treated with PTH (25 nM 
or 50 nM) for 8 h, 12 h, 16 h, 20 h, and vehicle as a control. 
Then cells were harvested for RNA extraction.

Reagents and antibodies

Human parathyroid hormone (1–34): Phoenixpeptide 
(Burlingame, USA, #055-08), Pierce BCA Protein Assay 
Kit (CWBiotech, Beijing, China), TRIzol Reagent (Life 
Technologies), Ultrapure RNA Kit (CWBiotech, Beijing, 
China), RIPA lysis buffer (CWBiotech, Beijing, China), Pro-
tease inhibitor cocktail (Sigma-Aldrich, Germany, #P8340), 
NeofectTM DNA transfection reagent (Neofect Biotech, 
Beijing, China), Lipofectamine® 3000 reagent (Invitrogen), 
Dual-Glo Assay system (Promega, USA, E1910). The pri-
mary antibodies were purchased from the following sources: 
anti-WNT4 (sc-13962, Santa Cruz), anti-RUNX2 (sc-12488, 
Santa Cruz), anti-OSX (sc-22538, Santa Cruz), anti-OPG 
(sc-11383, Santa Cruz), anti-RANKL (sc-9073, Santa Cruz), 
anti-CREB1 (sc-58, Santa Cruz; #9197, Cell Signaling 
Technology), anti-JUN (sc-1694, Santa Cruz; #9165, Cell 
Signaling Technology) and α-TUBULIN (sc-5546, Santa 
Cruz). Near-Infrared Fluorescent secondary antibodies (LI-
COR Biotechnology, Lincoln, NE, USA).

Genotyping of GWAS SNPs in four cell lines

PCR-seq method was used to obtain genotype of rs34920465 
and rs6426749 in U-2OS cells, Saos-2 cells, HEK293T 
cells and hFOB1.19 cells. A 500-bp sequence centered on 
rs34920465 or rs6426749 was PCR amplified from the four 
cells genomic DNA respectively using primers listed in 
Table S1. The SNPs rs34920465 and rs6426749 were sub-
sequently genotyped by sequencing the amplified DNAs.
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Plasmid constructs and site‑directed mutagenesis

To avoid false negative results,we choose a relatively long 
fragment surrounding the corresponding SNP to evalu-
ate the potential bidirectional regulatory function. DNA 

fragments containing rs6426749 (3.4-kb) and rs34920465 
(3.5-kb) were separately amplified by PCR using 293T cell 
genomic DNA as templates. The resulting PCR products 
were then digested and cloned into luciferase reporter vec-
tor pGL3 promoter (Promega, Madison, USA). Fragments 

Fig. 1   Effect of LncRNA ZBTB40-IT1 on expression of WNT4 and 
osteogenesis related genes. a Overexpression of ZBTB40-IT1 substan-
tially diminished WNT4 expression in U-2OS and hFOB1.19 cells. 
b The shRNA-mediated reduction of ZBTB40-IT1 (shRNA-1 and 
shRNA-2: two different shRNAs, blue and carmine) increased WNT4 
expression in U-2OS and hFOB1.19 cells. Relative expression of 
osteogenesis related gene RUNX2, OSX, COL1A1 and ALP after over-

expression (c) or shRNA-mediated knockdown (d) of ZBTB40-IT1 as 
measured by real-time qRT-PCR. e Immunoblot analysis of WNT4, 
RUNX2 and OSX with overexpression or shRNA-mediated knock-
down of ZBTB40-IT1 in U-2OS cells and gray-scale analyses of the 
protein bands. Error bars show the standard deviation for five techni-
cal replicates of a representative experiment. P values were calculated 
by a two-tailed Student’s t test. **P < 0.01, ***P < 0.001
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are designated as ‘forward’ or ‘inverted’ based on their ori-
entation with respect to the SNP locations in the reference 
genome. Site-directed mutagenesis was performed with the 
Site-Directed Mutagenesis Kit (BS9282, Sangon Biotech, 
China) according to the manufacturer’s instruction. All short 
hairpin RNA (shRNA) were synthesized and cloned into the 
pSuper.puro (Invitrogen, USA, VEC-PBS-0008) following 
the manufacturer’s protocol.

The cDNA of CREB1 was amplified by PCR and inserted 
into p3 × FLAG-CMV-10 (Sigma, St Louis, MO). JUN and 
FOS cDNAs were cloned into pIRES2-EGFP (Clontech, 
Palo Alto, CA). DNA segments containing ZBTB40-IT1 
genome sequence (3.5-kb) was amplified by PCR using 
U-2OS cell genomic DNA as templates and inserted into 
pCMV-MIR vector (OriGene, Rockville, USA). All cloned 

Fig. 2   Effect of LncRNA ZBTB40-IT1 on expression of ZBTB40 
and osteoclastogenesis related genes. Relative expression of OPG 
and RANKL in U-2OS and hFOB1.19 cells after ZBTB40-IT1 over-
expression (a) or shRNA-mediated knockdown (b) as measured by 
real-time qRT-PCR. c Immunoblot analysis of OPG and RANKL 
with overexpression or shRNA-mediated knockdown of ZBTB40-IT1 

in U-2OS cells and gray-scale analyses of the protein bands. Expres-
sion of ZBTB40 in U-2OS and hFOB1.19 cells after overexpression 
(d) or shRNA-mediated knockdown (e) of ZBTB40-IT1 as measured 
by real-time qRT-PCR. Error bars show the standard deviation for 
five technical replicates of a representative experiment. P values were 
calculated by a two-tailed Student’s t test. **P < 0.01, ***P < 0.001
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sequences were verified by sequencing. All primers used 
were listed in Supplementary Table S1.

Transfection and luciferase reporter assay

U-2OS, Saos-2 and hFOB1.19 cells were transfected using 
Lipofectamine™ 3000 reagent (Invitrogen, Carlsbad, Cali-
fornia, USA) according to the manufacturer’s instructions. 
With regard to HEK293T cells, the transfections were 
conducted with Neofect™ DNA transfection reagent. The 
pRL-SV40 vector which is equipped with the Renilla lucif-
erase gene was used as an internal control. After 48 h of 
transfection, the cells were lysed and luminescence (relative 
light units) was measured using the Dual-Glo Assay system 
(Promega, USA, E1910) according to the manufacturer’s 
instructions. n = 6 and is representative for three or more 
independently performed experiments.

RNA extraction, reverse transcription and real‑time 
quantitative PCR

Total RNAs were extracted from the cell lines using TRIzol 
reagent and the Ultrapure RNA Kit. RNA concentrations 
were determined by a Nanodrop 1000 (Thermo Scientific, 
Wilmington, USA). For real-time quantitative reverse tran-
scription (qRT-PCR), first-strand cDNA was synthesized 
using Superscript III First strand synthesis kit (Life Tech-
nologies). Real-time qRT-PCR was conducted in the CFX96 
Touch™ Real-Time PCR Detection System (Bio-Rad, USA) 
with the SYBR Green Mix. Results were analyzed using the 
comparative Ct method normalizing to a control sample and 
human 18S rRNA was used as an internal control. The prim-
ers used are listed in Supplemental Table S1.

Western blot analysis

Cells were washed with PBS (pH 7.4) and then lysed in 
RIPA lysis buffer with freshly added protease inhibitor 

Fig. 3   Response of ZBTB40-IT1 
to PTH treatment in osteoblast-
like cell lines. a, b ZBTB40-IT1 
downregulation induced by 
25 nM or 50 nM PTH (1–34) 
stimulation for 8 h, 12 h, 16 h 
and 20 h in U-2OS cells. c, d 
WNT4 upregulation induced by 
25 nM or 50 nM PTH (1–34) 
stimulation for 8 h, 12 h, 16 h 
and 20 h in U-2OS cells. E-F. 
Expression of ZBTB40 induced 
by 25 nM or 50 nM PTH (1–34) 
stimulation for 8 h, 12 h, 16 h 
and 20 h in U-2OS cells. Error 
bars show the standard devia-
tion for five technical replicates 
of a representative experiment. 
P values were calculated by 
a two-tailed Student’s t test. 
**P < 0.01, ***P < 0.001
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cocktail for 90 min on ice. After centrifugation at 16,000g at 
4 °C for 30 min, the supernatants were collected and the pro-
tein concentration was determined by Pierce BCA Protein 
Assay Kit. Proteins were separated by SDS-PAGE and then 
transferred to PVDF membranes. After blocking, the mem-
branes were incubated with primary antibodies overnight 
at 4 °C and then with Near-Infrared Fluorescent second-
ary antibodies at room temperature for 4 h. After washing, 

membranes were scanned on the Odyssey Imaging System 
and images were analyzed using Image J.

Biotin pull‑down assay

Biotin pull-down assays were performed to detect proteins 
bound to rs6426749 and rs34920465 and the CREB1 or JUN 
protein present in the pull-down material were detected by 
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western blot analysis. Briefly, chemically synthesized oli-
gonucleotides encompassing rs6426749-C or rs6426749-
G, rs34920465-A or rs34920465-G (− 20 to + 21 nt) were 
biotinylated at the 5′-end of the strands and thiol-substituted 
phosphodiester bonds were used at the 3′-end of the strands 
to prevent enzymatic cleavage. The sequences are listed in 
Supplemental Table S1. These sense and anti-sense oligos 
were annealed and incubated with nuclear extracts from 
293T cells with rotation at 4 °C. 4 h after incubation, strepta-
vidin-coupled Sepharose beads (Cell Signaling Technology, 
#3419) were added to isolate the DNA–protein complex 
for another 4 h. The beads were washed three times with 
TGEDN buffer [120 mM Tris-HCl (pH 8.0), 1 mM EDTA, 
0.1 M NaCl, 1 mM DTT, 0.1% Triton X-100, 10% glycerol], 
and bound proteins were eluted with the same buffer supple-
mented with 0.5% SDS and 1 M NaCl. Eluted proteins were 
resolved by 10% SDS-PAGE, and proteins pulled down by 
rs6426749 and rs34920465 were analyzed by immunoblot-
ting with anti-CREB1 and anti-JUN antibody respectively.

Statistical analysis

Data are presented as mean ± SD. Statistical differ-
ences between two groups were determined by the two-
tailed Student’s t test. Statistical differences among 
groups were analyzed by one-way ANOVA followed by 

Student–Neuman–Keuls’ multiple comparisons test. All 
experiments were performed independently at least three 
times with similar results, and representative experiments 
are shown. P < 0.05 was considered statistically significant. 
NS > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

Results

LncRNA ZBTB40‑IT1 inhibites osteogenesis 
and promotes osteoclastogenesis

To explore the functional role of lncRNA ZBTB40-IT1 in 
bone metabolism, we performed overexpression and knock-
down of ZBTB40-IT1 in the osteoblast-like U-2OS and 
hFOB1.19 cells. Previous studies showed that WNT4 could 
promote osteoblast differentiation of MSCs (Chang et al. 
2007), and increased bone mass through decreased bone 
resorption and increased bone formation (Yu et al. 2014). 
We found that overexpression of ZBTB40-IT1 substantially 
repressed WNT4 expression at both mRNA and protein lev-
els (Fig. 1a, e), while knockdown of ZBTB40-IT1 showed 
an opposite effect (Fig. 1b, e). Moreover, overexpression of 
ZBTB40-IT1 inhibited osteogenesis, which was indicated by 
decreased mRNA level of osteogenic marker genes RUNX2, 
OSX, COL1A1 and ALP (Fig. 1c) and the protein levels of 
RUNX2 and OSX (Fig. 1e), while knockdown of ZBTB40-
IT1 increased the mRNA levels of WNT4, RUNX2, OSX, 
COL1A1 and ALP (Fig. 1d) and protein levels of WNT4, 
RUNX2 and OSX (Fig. 1e).

Osteoblasts are not only in charge of bone formation but 
also capable of regulating osteoclast development by secret-
ing RANKL and OPG. OPG is a soluble decoy receptor that 
can prevent osteoclastogenesis by binding to RANKL with 
high affinity, potently blocking RANKL through interact-
ing with the osteoclast receptor RANK (Wada et al. 2006). 
Overexpression of ZBTB40-IT1 in U-2OS and hFOB1.19 
cells resulted in a significant reduction of OPG expression 
and an increase of RANKL expression at both mRNA and 
protein levels (Fig. 2a, c). On the contrary, knockdown of 
ZBTB40-IT1 displayed opposite effects in osteogenic and 
osteoclastogenic processes (Fig. 2b, c). However, the expres-
sion of ZBTB40 did not alter in the presence or absence of 
lncRNA ZBTB40-IT1 (Fig. 2d, e). These results suggested 
that lncRNA ZBTB40-IT1 played dual roles in both bone 
formation and bone resorption.

LncRNA ZBTB40‑IT1 is responsive to PTH 
in osteoblast‑like cell lines

It is well-known that PTH is a potent stimulator of osteo-
blastic cell in vitro (Swarthout et al. 2001) and bone resorp-
tion and formation in vivo (Dempster et al. 2001; Neer et al. 

Fig. 4   ZBTB40 promotes osteogenesis and inhibits osteoclastogen-
esis and the expression of lncRNA ZBTB40-IT1. a Upregulation of 
ZBTB40 after transfecting ZBTB40 expression vector in U-2OS. b Rel-
ative expression of osteogenesis related gene RUNX2, OSX, COL1A1 
and ALP with ZBTB40 overexpression as measured by real-time qRT-
PCR. c Relative expression of osteoclastogenesis related gene OPG 
and RANKL with ZBTB40 overexpression as measured by real-time 
qRT-PCR. d, e Relative expression of WNT4 and ZBTB40-IT1 in 
U-2OS cells after overexpression of ZBTB40 as measured by real-time 
qRT-PCR. f, g Expression of ZBTB40 and ZBTB40-IT1 after shRNA-
mediated knockdown of ZBTB40 in U-2OS cells as measured by real-
time qRT-PCR. h Relative expression of osteogenesis related gene 
RUNX2, OSX, COL1A1 and ALP after shRNA-mediated knockdown 
of ZBTB40 as measured by real-time qRT-PCR. i Relative expression 
of osteoclastogenesis related gene OPG and RANKL after shRNA-
mediated knockdown of ZBTB40 as measured by real-time qRT-PCR. 
j Expression of WNT4 in U-2OS cells after shRNA-mediated knock-
down of ZBTB40 as measured by real-time qRT-PCR. k The effect 
of ZBTB40-IT1  overexpression  after ZBTB40 overexpression on the 
expression of WNT4 and osteogenesis related gene RUNX2, OSX, 
COL1A1 and ALP as measured by real-time qRT-PCR. l The effect 
of ZBTB40-IT1 overexpression after ZBTB40 overexpression on the 
expression of osteoclastogenesis related gene OPG and RANKL as 
measured by real-time qRT-PCR. m The effect of ZBTB40-IT1 knock-
down after ZBTB40 knockdown on the expression of WNT4 and oste-
ogenesis related gene RUNX2, OSX, COL1A1 and ALP as measured 
by real-time qRT-PCR. n The effect of ZBTB40-IT1 knockdown after 
ZBTB40 knockdown on the expression of osteoclastogenesis related 
gene OPG and RANKL as measured by real-time qRT-PCR. Error bars 
show the standard deviation for five technical replicates of a represent-
ative experiment. P values were calculated by a two-tailed Student’s t 
test. NS: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001

◂
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2001). PTH peptides have been clinically used as osteoan-
abolic therapies for osteoporosis and fracture prevention. 
Thus, we investigated the effect of PTH treatment on the 
expression of lncRNA ZBTB40-IT1. The expression level 
of ZBTB40-IT1 in U-2OS cells was determined by real-
time qRT-PCR. After the treatment with 25 nM and 50 nM 
PTH (1–34), the expression of lncRNA ZBTB40-IT1 was 

significantly reduced at 8 h, gradually recovered at 12 h, 
16 h, and notably decreased again at 20 h, displaying a 
strong response to PTH at 8 h and 20 h (Fig. 3a, b). We also 
found that PTH treatment elevated the expression of WNT4 
at 8 h, 12 h and 20 h (Fig. 3c, d), consistent with previ-
ous studies (Bergenstock et al. 2007, 2008). However, PTH 
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treatment did not influence the expression of the ZBTB40 
gene (Fig. 3e, f).

ZBTB40 promotes osteogenesis and inhibits 
osteoclastogenesis and the expression of lncRNA 
ZBTB40‑IT1

To explore the functional role of the ZBTB40 gene in 
bone metabolism, overexpression and knockdown of 
ZBTB40 were performed in U-2OS cells. Overexpression 
of ZBTB40 (Fig. 4a) elevated the mRNA levels of RUNX2, 
OSX, COL1A1, ALP, and OPG (Fig. 4b, c), WNT4 (Fig. 4d), 
and reduced levels of lncRNA ZBTB40-IT1 (Fig. 4e) and 
RANKL (Fig. 4c), while knockdown of ZBTB40 (Fig. 4f) 
elevated the expression levels of ZBTB40-IT1 (Fig. 4g) and 
RANKL (Fig. 4i), and reduced mRNA levels of RUNX2, 
OSX, COL1A1, ALP, OPG, and WNT4 (Fig. 4h–j). These 

results suggested that ZBTB40 can promote osteogenesis 
and inhibit osteoclastogenesis and the expression of lncRNA 
ZBTB40-IT1. Interestingly, overexpression of ZBTB40-IT1 
had no effect on the downstream effect of ZBTB40 on marker 
genes except for RANKL (Fig. 4b, c, k, l), and knockdown 
of ZBTB40-IT1 had no effect on the downstream effect of 
ZBTB40 on marker genes except for COL1A1 (Fig. 4h, i, 
m, n), indicating that the regulatory role of ZBTB40 may 
be independent of ZBTB40-IT1, and that further functional 
assays are needed to elucidate the precise molecular mecha-
nisms underlying these two genes.

The rs34920465 regulates the expression 
of endogenous lncRNA ZBTB40‑IT1 and ZBTB40 
genes by differential binding of JUN::FOS

Data from the dbSNP database showed that the G allele of 
rs34920465 is the ancestral and global minor allele with a 
frequency of 0.2746. An investigation in the JASPAR data-
base indicated that the rs34920465 is located within the core 
consensus binding site of the transcription factor JUN::FOS 
and the G allele is predicted to bind JUN::FOS (Fig. 5a). To 
evaluate whether rs34920465 has significant intrinsic tran-
scriptional regulatory functions, we performed an in vitro 
luciferase-based reporter assay. The 3.5-kb DNA fragments 
with rs34920465 G/A alleles in the middle region showed 
differential allelic enhancer activity in both U-2OS and 
HEK293T cell lines. Compared with the major rs34920465-
A allele, the minor rs34920465-G allele showed a 1.46-fold 
and a 1.33-fold increase of transcriptional activity in U-2OS 
and HEK293T cells, respectively (Fig. 5b).

To determine whether the differential allelic enhancer 
activities were actually mediated by JUN::FOS (Fig. 5c), 
we assessed the impacts of JUN::FOS knockdown achieved 
by JUN shRNA and JUN and FOS overexpression on tran-
scriptional activities of rs34920465 alleles. In the presence 
of JUN shRNA, the rs34920465-G showed a 30% signifi-
cant decrease in luciferase activity in U-2OS cells, while 
the rs34920465-A did not respond (Fig. 5d). In contrast, 
cotransfection with the JUN and FOS overexpression vectors 

Fig. 5   Rs34920465 G/A alleles differentially bind to JUN::FOS. a 
Motif analysis predicted that JUN::FOS motif binds to the G allele 
of rs34920465. b Luciferase reporter assays using vectors containing 
the rs34920465 A/G allele in 293T and U-2OS cells. The pGL3-Pro-
moter plasmid (empty) was used as a baseline control. c Schematic 
view of the transcription factor and vectors used in luciferase assays. 
The yellow box, blue box and red box indicate the WNT4, ZBTB40 
and lncRNA ZBTB40-IT1 gene respectively; the thin black line indi-
cates the intergenic genomic region; the thick black arrows indicate 
transcription direction; orange oval indicates the transcription factor 
JUN::FOS; the hollow arrows represent the fragment direction in the 
constructs according to the genome. Luciferase reporter assays show-
ing the effect of shRNA-mediated JUN knockdown (d) or JUN::FOS 
overexpression (e) on luciferase activity of rs34920465 A/G alleles 
in U-2OS cells. JUN knockdown mediated by shRNA (f) down-
regulated ZBTB40-IT1 expression in Saos-2 cells (g) as measured 
by real-time qRT-PCR. JUN::FOS overexpression (h) up-regulated 
ZBTB40-IT1 expression (i) as measured by real-time qRT-PCR. 
Relative expression of ZBTB40 in the absence (j) or presence (k) 
of JUN::FOS as measured by real-time qRT-PCR. l HEK293T cell 
lysates were incubated with 5′ end biotin-labeled rs34920465 G/A 
alleles and negative control sequences (JUN::FOS binding element 
deletion) for biotin pull-down assay, followed by western blot anal-
ysis. Luciferase signal was normalized to Renilla signal. Error bars 
show the standard deviation for five technical replicates of a repre-
sentative experiment. P values were calculated by a two-tailed Stu-
dent’s t test. **P < 0.01, ***P < 0.001

◂

Table 1   Genotypes of cell lines 
at relevant SNPs

a Capital letter indicates the major allele and small letter indicates the minor allele
b Bold letter denotes the binding allele

SNP Gene region Binding factor Cell line Genotypea,b

rs34920465 WNT4/ZBTB40 upstream JUN::FOS U-2OS
Saos-2
293T
hFOB1.19

a/a
G/a
a/a
a/a

rs6426749 WNT4/ZBTB40 upstream CREB1 U-2OS
Saos-2
293T
hFOB1.19

g/C
C/C
g/g
g/g
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resulted in an increase of luciferase activity of rs34920465 
in a G allele-preferential manner in the U-2OS cell line 
(Fig. 5e).

To determine whether JUN::FOS affects endogenous 
ZBTB40-IT1 and ZBTB40 expression, we respectively trans-
fected JUN shRNA vector and JUN and FOS overexpres-
sion vector in the Saos-2 cells carrying rs34920465 G/A 
alleles (Table 1). The expression level of ZBTB40-IT1 was 
decreased in the absence of JUN (Fig. 5f, g), and increased 
in the presence of JUN and FOS (Fig.  5h, i). Notably, 
knockdown of JUN did not alter the expression of ZBTB40 
(Fig. 5j), while cotransfection with the JUN and FOS overex-
pression vectors elevated ZBTB40 expression level (Fig. 5k).

To assess whether rs34920465 G/A alleles differentially 
affect JUN::FOS-DNA binding in  vitro, biotin-labeled 
probes of about 42 bp surrounding the rs34920465-G/A 
were incubated with nuclear lysate from HEK293T and 
subjected to biotin pull-down assays. DNA-JUN::FOS 
complex was observed for the G allele containing probe but 
not for the A allele containing probe, suggesting differential 
JUN::FOS binding dependent on the specific rs34920465 G 
allele (Fig. 5l).

Fig. 6   Effect of JUN::FOS on 
the expression of endogenous 
ZBTB40-IT1, ZBTB40 and 
WNT4 genes in rs34920465 
G/A heterozygous Saos-2 cells. 
Luciferase reporter assays 
showing the effect of shRNA-
mediated JUN knockdown (a) 
or JUN::FOS overexpression 
(b) on luciferase activity of 
rs34920465 T/C (fragment 
inverted orientation) alleles in 
U-2OS cells. Relative expres-
sion of WNT4 in the absence (c) 
or presence (d) of JUN::FOS 
as measured by real-time qRT-
PCR. e Immunoblot analysis of 
JUN and WNT4 after shRNA-
mediated JUN knockdown or 
JUN::FOS overexpression in 
Saos-2 cells and gray-scale 
analyses of the protein bands. 
Error bars show the standard 
deviation for five technical rep-
licates of a representative exper-
iment. P values were calculated 
by a two-tailed Student’s t test. 
**P < 0.01, ***P < 0.001

Fig. 7   rs6426749 G/C alleles modulate CREB1 binding. a Motif 
analysis predicted that CREB1 likely binds to G allele of rs6426749. 
b Luciferase reporter assays using vectors containing the rs6426749 
G/C allele in 293T and U-2OS cells. The pGL3-Promoter plasmid 
(empty) was used as a baseline control. c Schematic view of the tran-
scription factor and vectors used in luciferase assays. The yellow 
box, blue box and red box indicate the WNT4, ZBTB40 and lncRNA 
ZBTB40-IT1 gene respectively; the thin black line indicates the inter-
genic genomic region; the thick black arrows indicate transcription 
direction; faint red oval indicates the transcription factor CREB1; 
the hollow arrows represent the fragment direction in the constructs 
according to the genome. Luciferase reporter assays showing the 
effect of shRNA-mediated knockdown (d) or overexpression (e) of 
CREB1 on luciferase activity of rs34920465 G/C alleles in U-2OS 
cells. f, g shRNA-mediated CREB1 knockdown reduced ZBTB40-
IT1 expression in U-2OS cells as measured by real-time qRT-PCR. 
h, i CREB1 overexpression increased ZBTB40-IT1 expression as 
measured by real-time qRT-PCR. Relative expression of ZBTB40 in 
the absence (j) or presence (k) of CREB1 as measured by real-time 
qRT-PCR. l HEK293T cell lysates were incubated with 5′ end bio-
tin-labeled rs6426749 G/C alleles and negative control sequences 
(CREB1 binding element deletion) for biotin pull-down assay, fol-
lowed by western blot analysis. Luciferase signal was normalized to 
Renilla signal. Error bars show the standard deviation for five techni-
cal replicates of a representative experiment. P values were calculated 
by a two-tailed Student’s t test. **P < 0.01, ***P < 0.001

▸
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SNP rs34920465 is located between ZBTB40 and WNT4, 
which are transcribed in opposite directions. 1p36 is an evo-
lutionarily conserved region (Zhang et al. 1999). Evidences 
showed that many conserved intergenic or upstream region 
of genes functioned as motifs or modules that possess bidi-
rectional transcription activity (Kurihara et al. 2014; Liu et al. 

2016). To explore whether rs34920465 also has transcription 
enhancer activity for WNT4, a 3.5-kb inverted fragment with 
rs34920465 T/C alleles in the middle region was respectively 
inserted into luciferase reporter vector (Fig. 5c), and was co-
transfected with JUN shRNA or JUN and FOS overexpres-
sion vectors into U-2OS cells. Neither rs34920465-T nor 
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rs34920465-C showed differences in luciferase activity in the 
presence of JUN shRNA or JUN and FOS overexpression vec-
tor, suggesting that rs34920465 has no transcription enhancer 
activity for WNT4 (Fig. 6a, b). Interestingly, knockdown of 
JUN downregulated WNT4 expression at both mRNA and 
protein levels (Fig. 6c, e), while cotransfection with the JUN 
and FOS overexpression vectors upregulated WNT4 expres-
sion at both mRNA and protein levels (Fig. 6d, e).

The rs6426749 regulates the expression 
of endogenous lncRNA ZBTB40‑IT1 and ZBTB40 
genes by differential binding of CREB1

The risk C allele of rs6426749 is the ancestral and global 
minor allele with a frequency of 0.2147. Computational 
analysis based on the JASPAR database 2016 showed that 
the rs6426749 is located in the binding sequence and the 
G allele is predicted to bind CREB1 (Fig. 7a). To examine 
whether rs6426749 has significant intrinsic transcriptional 
regulatory functions, we cloned 3.4-kb rs6426749 locus with 
the G/C alleles, and inserted into a luciferase reporter vector, 
and carried out the luciferase-based reporter assay in U-2OS 
and HEK293T cell lines. The rs6426749-C allele showed 
significantly higher luciferase activity than the rs6426749-G 
allele in both U-2OS and HEK293T cell lines (Fig. 7b). The 
most prominent difference was observed in HEK293T cells 
with a 2.27-fold discrepancy.

To investigate whether the differential allelic transcrip-
tional activities were actually mediated by CREB1 (Fig. 7c), 
we next sought to determine the impacts of CREB1 knock-
down achieved by CREB1 shRNA and CREB1 overexpres-
sion on transcriptional activities of rs6426749 alleles. In the 
presence of CREB1 shRNA, the rs6426749-C exhibited a 
22.2% significantly decreased transcriptional activity in the 
U-2OS cell (Fig. 7d), whereas the rs6426749-G allele had 
no response (Fig. 7d). In contract, cotransfection with the 
CREB1 overexpression vector resulted in a dramatic increase 
of transcriptional activities of rs6426749 in a C allele-pref-
erential manner in U-2OS cells (Fig. 7e).

To further investigate the effects of CREB1 on endog-
enous ZBTB40-IT1 and ZBTB40 expression, we employed 
a RNA interference vector for CREB1 and constructed 
a CREB1 expressing plasmid based on the p3xFLAG-
CMV-10 vector. In heterozygous U-2OS cells carrying 
rs6426749 G/C (Table 1), CREB1 shRNA treatment sig-
nificantly reduced the ZBTB40-IT1 expression (Fig. 7f, g), 
while overexpression of CREB1 (Fig. 7h) led to increased 
ZBTB40-IT1 expression (Fig.  7i). Notably, knockdown 
of CREB1 decreased the expression of ZBTB40 (Fig. 7j), 
while ZBTB40 expression level was elevated in the present 
of CREB1 overexpression vector (Fig. 7k).

To assess whether rs6426749 G/C alleles differentially 
affect CREB1-DNA binding in vitro, biotin-labeled probes 

of about 42 bp surrounding the rs6426749-C/G alleles were 
incubated with nuclear lysate from HEK293T and subjected 
to biotin pull-down assays. DNA–CREB1 complex was 
observed for the C allele containing probe but not for the G 
allele containing probe, suggesting differential CREB1 bind-
ing dependent on the specific rs6426749 C allele (Fig. 7l).

Similar to rs34920465, to explore whether rs6426749 
also has transcription enhancer activity for the WNT4 gene, 
luciferase reporter vector equipped with rs6426749 G/C 
allele 3.4-kb inverted fragment (Fig. 7c) or not was co-
transfected with CREB1 shRNA or CREB1 overexpression 
vector into U-2OS cells, respectively. Luciferase activity 
of the rs6426749-C or rs6426749-G showed no differences 
in the presence of CREB1 shRNA or CREB1 overexpres-
sion vector (Fig. 8a, b), suggesting that rs6426749 has no 
transcription enhancer activity for WNT4. However, knock-
down of CREB1 reduced WNT4 expression at both mRNA 
and protein levels (Fig. 8c, e), while transfection with the 
CREB1 overexpression vector up-regulated WNT4 expres-
sion at both mRNA and protein levels (Fig. 8d, e).

Collectively, these results indicated that CREB1 played 
a positive modulatory role in the expression of endogenous 
ZBTB40-IT1 and ZBTB40 genes. Interestingly, although 
rs6426749 has no transcription enhancer activity for the 
WNT4 gene, WNT4 expression level was altered in the pres-
ence of CREB1 shRNA or CREB1 overexpression vector.

Discussion

LncRNAs play the important regulatory roles in disease 
development including osteoporosis. The FANTOM5 Project 
(Hon et al. 2017) demonstrated that almost 20,000 poten-
tial functional lncRNAs overlapped with trait- or eQTL-
associated SNPs. A few lncRNAs related to diseases have 
been identified and well-characterized, including PCAT19 
(Hua et al. 2018), PCAT1 (Guo et al. 2016), LINC00339 
(Chen et al. 2018; Powell et al. 2016), LINC00673 (Zheng 
et al. 2016), PTCSC2 (Wang et al. 2017a, b). LncRNA 
ZBTB40-IT1 is ubiquitously expressed in various tissues 
and its function in bone metabolism is unknown. Here we 
showed that ZBTB40-IT1 could suppress osteogenesis and 
promote osteoclastogenesis by downregulating the expres-
sion of WNT4, RUNX2, OSX, ALP, COL1A1, and reduc-
ing the RANKL/OPG ratio. PTH, the only FDA-approved 
anabolic agent for osteoporosis treatment, plays a vital role 
in bone resorption and bone formation via maintaining cal-
cium homeostasis and regulating bone metabolism. Here 
we discovered that PTH treatment significantly reduced 
the ZBTB40-IT1 expression and did not alter the ZBTB40 
expression, further supporting the role of lncRNA ZBTB40-
IT1 in osteoporosis.
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Multiple genome wide analysis discovered that intergenic 
SNPs rs34920465 and rs6426749 were associated with 
BMDs for the lumbar spine, hip and femoral neck (Park 
et al. 2014; Rivadeneira et al. 2009; Zhang et al. 2014). 
Here we demonstrated that JUN::FOS and CREB1 could 
respectively bind to rs34920465-G and rs6426749-C alleles 
to elevate the expression of ZBTB40 and lncRNA ZBTB40-
IT1. JUN::FOS and CREB1 are two crucial stimulators of 
RANKL-RANK signaling in osteoclast differentiation and 
maturation (Ikeda et al. 2004; Sato et al. 2006). A recent 
study showed that rs6426749 can bind transcription factor 
TFAP2A and act as a distal allele-specific enhancer modu-
lating the expression of LINC00339 via long-range chroma-
tin loop formation (Chen et al. 2018). Thus, osteoporosis 
risk SNP rs6426749 may be a pleiotropic locus that could 
bind multiple transcription factors and regulates the expres-
sion of multiple bone metabolism related genes including 
LINC00339, ZBTB40-IT1, CDC42 and ZBTB40, which all 
contribute to osteoporosis pathophysiology.

WNT4 is a prototypical ligand for the noncanonical WNT 
pathway, and could promote osteoblast differentiation of 

MSCs (Chang et al. 2007). Overexpression of WNT4 in oste-
oblasts resulted in increased bone mass due to a combination 
of decreased bone resorption and increased bone formation, 
and inhibited osteoclast differentiation via noncanonical 
WNT signaling (Chang et  al. 2007). WNT4 attenuated 
bone loss in osteoporosis and skeletal aging mouse models 
(Yu et al. 2014). Data from the GTEx (GTEx Consortium 
2015) showed that SNPs rs34920465 and rs6426749 were 
the eQTL of WNT4. The SNP-eQTL analyses found that 
rs6426749 [G] was correlated with reduced WNT4 expres-
sion in osteoblast (Estrada et al. 2012). However, we found 
that rs6426749 has no transcription enhancer activity for 
the WNT4 gene. Interestingly, the upregulation of ZBTB40-
IT1 can significantly decrease the expression of WNT4 in 
osteoblast-like cells. Therefore, it is likely that rs6426749 
was correlated with reduced WNT4 expression through the 
regulation of ZBTB40-IT1. Future investigations are war-
ranted to elucidate the precise molecular mechanisms.

There are certain limitations in this study. First, we 
illustrated the functionality of SNPs rs34920465 and 
rs6426749, ZBTB40 and lncRNA ZBTB40-IT1 in vitro 

Fig. 8   Effect of CREB1 on 
the expression of endogenous 
ZBTB40-IT1, ZBTB40 and 
WNT4 genes in rs6426749 G/C 
heterozygous U-2OS cells. 
Luciferase reporter assays 
showing the effect of shRNA-
mediated knockdown (a) or 
overexpression (b) of CREB1 on 
luciferase activity of rs6426749 
C/G (fragment inverted orienta-
tion) alleles in U-2OS cells. 
Relative expression of WNT4 
in the absence (c) or presence 
(d) of CREB1 as measured by 
real-time qRT-PCR. e Immu-
noblot analysis of CREB1 and 
WNT4 after shRNA-mediated 
CREB1 knockdown or CREB1 
overexpression in U-2OS cells 
and gray-scale analyses of the 
protein bands. Error bars show 
the standard deviation for five 
technical replicates of a repre-
sentative experiment. P values 
were calculated by a two-tailed 
Student’s t test. **P < 0.01, 
***P < 0.001
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and lacked the relevant experimental validation in vivo. 
Second, it is worth noting that our regulatory model 
could not exclude the contribution of other genetic vari-
ants and other binding sites of transcription factors, but 
instead highlights the results of the study at hand. Finally, 
our study highlights the regulatory effect of noncoding 
SNPs rs34920465 and rs6426749 on osteoporosis through 
lncRNA ZBTB40-IT1. Further functional studies are war-
ranted to investigate the detailed molecular mechanism of 
ZBTB40-IT1 action.

In summary, we demonstrated that lncRNA ZBTB40-
IT1 inhibits osteogenesis and promotes osteoclastogenesis 
by regulating the expression of a subset of bone metabo-
lism related genes, whereas the ZBTB40 gene has opposite 
functional roles. SNPs rs34920465 and rs6426749 regulated 
the expression of ZBTB40 and ZBTB40-IT1 via recruiting 
transcription factors JUN::FOS and CREB1 respectively in 
allele-specific manner. Our study provides a potential mech-
anistic basis for SNPs rs34920465 and rs6426749 with target 
genes ZBTB40 and ZBTB40-IT1 at 1p36 locus.
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