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Abstract
Osteoporotic fractures cause major morbidity and mortality in the aging population. Genome-wide association studies (GWAS) have identified USF3 as the novel susceptibility gene of osteoporosis. However, the functional role in bone metabolism and the target gene of the bHLH transcription factor USF3 are unclear. Here we show that USF3 enhances osteoblast differentiation and suppresses osteoclastogenesis in cultured human osteoblast-like U-2OS cells. Mechanistic studies revealed that transcription factor USF3 antagonistically interacts with anti-osteogenic TWIST1/TCF12 heterodimer in the WNT16 and RUNX2 promoter, and counteracts CREB1 and JUN/FOS in the RANKL promoter. Importantly, the risk A allele of osteoporosis GWAS variant g.1744A>G (rs2908007A>G) abolishes USF3 binding in the WNT16 promoter, conferring allele-specific downregulation of the osteoclastogenesis suppressor WNT16. While the risk G allele of osteoporosis GWAS lead variant g.3260A>G (rs4531631A>G) facilitates binding of CREB1 and JUN/FOS in the RANKL promoter, resulting in enhanced transactivation of RANKL, the principal contributor to osteoclastogenesis. Our findings uncovered functional mechanisms of osteoporosis novel GWAS associated gene USF3 and lead SNPs rs2908007 and rs4531631 in the regulation of bone formation and resorption.  
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Introduction 
Osteoporosis (MIM# 166710) is a common complex skeletal disease characterized by lowered bone mineral density (BMD), reduced bone mass, increased bone fragility and high risk of fractures, conferring substantial morbidity, mortality, disability and inflicting a heavy economic and social burden (Richards et al., 2012). There is strong evidence for a genetic contribution to BMD variation and fracture risk, with heritability estimates of 60%-90% and 25%-48%, respectively (Huang et al., 2003). The identification of causative variants and novel susceptibility genes in osteoporosis has important implications not only for the recognition of individuals at high-risk, but also for identification of novel drug targets and development of more effective therapeutic strategies.  
Genome-wide association studies (GWAS) have identified a large number of single nucleotide polymorphisms (SNPs) and genes linked to osteoporosis-related phenotypes in the last decade (Richards et al., 2012; Richards et al., 2008; Styrkarsdottir et al., 2008; Rivadeneira et al., 2009; Estrada et al., 2012; Kemp et al., 2017). The SNP rs1026364 located in 3'UTR of USF3 (upstream transcription factor family member 3, previously known as KIAA2018, [MIM# 617568]) has been associated with femoral neck BMD (P=4.1x10-10) in genome-wide meta-analysis and replication studies (Styrkarsdottir et al., 2008; Paternoster et al., 2013; Warrington et al., 2015; Kim et al., 2016). Our recent study has shown that the risk c.3781A (rs1026364-A) allele could bind hsa-miR-345-5p and downregulate the expression of USF3, and that hsa-miR-345-5p is able to inhibit osteogenic differentiation (Wang et al., 2019). The human USF3 gene encodes a novel basic helix-loop-helix (bHLH) protein of 2245 amino acids. USF3 binds to DNA at a consensus hexanucleotide sequence known as the E-box CANNTG (where N can be any nucleotide) (Figure 1A). Currently, the functional role in bone metabolism and the target gene of the bHLH transcription factor USF3 are unclear. The SNP rs2908007 in the 7q31.31 locus, a leading genomic hotspot for osteoporosis associated phenotypes (Mitchell et al., 2016), has been strongly associated with BMD measured at various body sites including the whole body BMD, forearm BMD and heel BMD, bone thickness, and fracture risk as revealed by both genome-wide association meta-analyses and candidate gene association studies (Medina-Gomez et al., 2012; Zheng et al., 2012; Hendrickx et al., 2014; Moayyeri et al., 2014; Correa-Rodriguez et al., 2016; Mullin et al., 2017). The SNP rs2908007 is located in the proximal promoter region of WNT16 (MIM# 606267), a key regulator of osteogenesis and osteoclastogenesis (Moverare-Skrtic et al., 2014; Shen et al., 2018). Wnt16-deficient mice develop spontaneous fractures as a result of low cortical thickness and high cortical porosity. The osteoblast-derived WNT16 increases osteogenic differentiation and represses osteoclastogenesis directly by acting on osteoclast progenitors through noncanonical pathways and indirectly by increasing expression of OPG (MIM# 602643) in osteoblasts through both canonical and noncanonical pathways (Moverare-Skrtic et al., 2014; Shen et al., 2018). Our search in the JASPAR database indicated that rs2908007 is located within the core consensus sequence of an E-box element, with only the non-risk G allele predicted to contain a bHLH DNA recognition motif (Figure 1B). Multiple SNPs including rs4531631 in the RANKL (MIM# 602642) locus are tightly associated with BMD and fracture risk (Styrkarsdottir et al., 2008; Paternoster et al., 2010). RANKL is well-known as the master osteoclastogenic cytokine (Wada et al., 2006). The rs4531631 in the RANKL proximal promoter region lies within an overlapping core consensus binding site, and the risk G allele of rs4531631 creates a binding site for both CREB1 (MIM# 123810) and JUN (MIM# 165160) (Figure 1C) that are well-known crucial stimulators of osteoclast differentiation (Sato et al., 2006; Ikeda et al., 2015; Park et al., 2015; Park et al., 2017). RUNX2 (MIM# 600211), a master regulator of osteoblast differentiation, is essential for turning mesenchymal cells into osteoblasts (Ducy et al., 1997; Komori et al., 1997) and also contains an E-box element in its promoter. 
We previously conducted a series of computational analyses (especially for influence of SNPs on transcription factors and miRNA binding) for osteoporosis GWAS associated SNPs and genes (Qin et al., 2016), and illustrated the functional mechanisms of multiple GWAS lead SNPs associated with osteoporosis (Ye et al., 2018; Mei et al., 2019; Wang et al., 2019). Here we explored the functional role of the bHLH transcription factor USF3 in bone metabolisn by overexpression and knockdown of USF3 in the osteoblast-like U-2OS cells. Mechanistic studies demonstrated that USF3 preferentially bound to the non-risk G allele of BMD lead GWAS SNP rs2908007 residing in an osteoblast-specific E-box element within the proximal promoter of WNT16, conferring allele-specific upregulation of WNT16. USF3 also can interact with CRBE1 and JUN to abolish CRBE1/JUN/FOS trimeric complex mediated rs4531631 G-allele-specific transcriptional activation of RANKL. Moreover, USF3 antagonistically interacts with anti-osteogenic TWIST1/TCF12 heterodimer directly binding to E-boxes and regulates RUNX2 expression. Our findings shed new light on the pathophysiology and genetic basis of osteoporosis.
Material and Methods

Cell culture

A human osteoblast cell line hFOB1.19, two human osteosarcoma cell lines Saos-2 and U-2OS, and a human embryonic kidney cell line HEK293T were cultured as previously reported (Ye et al., 2018). Cells were maintained in medium supplemented with 10% fetal bovine serum (Gibco), 100 units/ml penicillin, 100 μg/ml streptomycin (Gibco), 3μg/ml azithromycin (A602223, Sangon Biotech, China) and 30μg/ml enrofloxacin (A507089, Sangon Biotech, China). 

Plasmid constructs

Plasmid constructs were generated as described previously (Ye et al., 2018). DNA segments of rs2908007 (3.1-kb), rs4531631 (2.6-kb) and RUNX2 promoter (1033bp) were separately PCR amplified and cloned into luciferase reporter vector pGL3 promoter (Promega, Madison, USA). Site-directed mutagenesis was performed with the Site-directed Mutagenesis Kit (BS9282, Sangon Biotech, China) according to the manufacturer’s instruction. 

All short hairpin RNAs (shRNAs) were synthesized and cloned into the pSuper.puro (VEC-PBS-0008, Invitrogen). The coding sequences of JUN, FOS, TCF12 and USF3 were amplified by RT-PCR and inserted into pIRES2-EGFP (Clontech, Palo Alto, CA). The coding sequences of CREB1, TBX1 and TBX5 were cloned into p3×FLAG-CMV-10 (Sigma, St Louis, MO). The coding sequence of TWIST1 was inserted into the expression vector pNTAP-B (Stratagene, Amsterdam, Netherlands) similarly. All cloned sequences were verified by sequencing. All primers used were listed in Supp. Table S2. 

Transfection and dual luciferase reporter assay

hFOB1.19, U-2OS and Saos-2 cells were transfected using LipofectamineTM 3000 reagent (Invitrogen) according to the manufacturer’s instructions. For HEK293T cells, the transfection was conducted with NeofectTM DNA transfection reagent (Neofect biotech, Beijing, China). The pRL-SV40 vector carrying the Renilla luciferase gene was co-transfected as an internal control. Fourty-eight hours after transfection, cells were harvested and luciferase activities were measured using the Dual-Glo Assay system (E1910, Promega) following the manufacturer’s protocols. N=6 and is representative for three or more independently performed experiments.

Alizarin red S staining

To determine the degree of mineralization, U-2OS cultures were stained with Alizarin red S. Cells were plated in 6-well plates in complete medium. The medium was changed every 2 days up to 6 days. To demonstrate matrix mineralization level, cell cultures at day 6 were washed three times with PBS, fixed with 95% ethanol for 10 min, rehydrated with 1-2 ml of deionized water for 3-4 times, then stained with 1 ml Alizarin red S (pH 4.0) for 4 h at 37℃. After staining, cultures were washed four times with distilled water. To quantify matrix mineralization, the Alizarin red S-stained cultures were incubated with 100 mmol/L cetylpyridinium chloride for 1 h to solubilize and release calcium bound Alizarin red into the solution. The absorbance of the released Alizarin red S was measured at 562 nm using a microplate reader (Synergy-2, Bio-Tek). The data represent at least three experiments, and are shown as the mean ± SD, N=5.

Alkaline phosphatase activity assay 

ALP activity was determined using the Alkaline Phosphatase Assay Kit (P0321, Beyotime) according to the manufacturer's instructions. Briefly, U-2OS cells were plated in 6-well plates in complete medium, and the medium was changed every 2 days up to 6 days. Cells were then washed four times with PBS and incubated with 100μl lysis buffer on ice for 30 min. The cell lysates were then centrifuged at 12,000 × g, 4 °C, for 30 min. The supernatants were collected to determine ALP activity. Absorbance was read at 405 nm using a microplate reader (Synergy-2, Bio-Tek). N=5 and ALP activity was normalized to protein concentration in parallel experimental plates.

Quantitative RT-PCR analysis

Total RNAs from the mouse tissues and cultured cells were extracted with TRIzol reagent (Life Technologies) and the Ultrapure RNA Kit (CWBiotech, Beijing, China) as described by the manufacturer’s protocol. The RNA was reverse transcribed into cDNA by random hexamers and reverse transcriptase. For quantitative RT-PCR analysis was carried out as described previously (Ye et al., 2018). In brief, Real-time PCR was carried out using SYBR Green mix and CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad, USA). The sequence-specific primers used in this paper are listed in Supp. Table S2. The 2−ΔΔCt method was used for quantifying gene expression relative to 18s. N=5 and is representative of at least three independently performed experiments.

Immunoblot and antibodies

Collection, lysis, protein concentration determination and immunoblotting of cultured cells were performed as described previously (Ye et al., 2018). The primary antibodies were purchased from the following sources: anti-USF3 (HPA029245, Atlas Antibodies; sc-99481, Santa Cruz), anti-RUNX2 (sc-10758, Santa Cruz), anti-OSX (sc-22538, Santa Cruz), anti-RANKL (sc-9073, Santa Cruz), anti-OPG (sc-11383, Santa Cruz), anti-WNT4 (sc-13962, Santa Cruz), anti-WNT16 (sc-20964, Santa Cruz; ab109437, Abcam), anti-CREB1 (WB: sc-58, Santa Cruz; co-IP: #9197, Cell Signaling Technology), anti-JUN (WB: sc-1694, Santa Cruz; co-IP: #9165, Cell Signaling Technology), anti-TCF12 (#11825, Cell Signaling Technology) and anti-TUBULIN (sc-5546, Santa Cruz). 

Biotin pull-down assay

Biotin pull-down assays were carried out as previously described (Ye et al., 2018). In brief, the 5' biotin-labeled and 3' thiol-substituted oligos encompassing rs2908007 A/G and rs4531631 A/G (−21 to +21 nt) as well as control oligos were synthesized. The sequences are listed in Supp. Table S2. The pull-down assays were performed by streptavidin-coupled sepharose beads (#3419, Cell Signaling Technology) followed by Western blot analysis for transcription factors USF3, TCF12, CREB1, and JUN.

Co-immunoprecipitation assay 

The co-immunoprecipitation assays were conducted as previously published paper (Ye et al., 2018). HEK293T cells were harvested and lysed with IP lysis buffer (CW2335, CWBiotech) containing Protease Inhibitor Cocktail (#P8340, Sigma-Aldrich). The cell lysates were first incubated with antibodies at 4 °C for 8h, and then incubated with Protein A/G PLUS beads (#20423, Thermo Scientific) at 4 °C for 3 h. Beads were washed five times with lysis buffer and boiled in SDS sample buffer for western blotting. 

Statistical analysis

Numerical data and histograms are presented as mean±SD. Two tailed Student's t-tests were used to compare data between two groups. Statistical differences among groups were analyzed by one-way ANOVA followed by the post hoc Tukey pairwise comparisons. All experimental results were obtained from at least three times separate experiments with similar results, and representative experiments are shown. Statistical significance was considered at P<0.05. *P<0.05, **P<0.01, ***P <0.005, ****P<0.001, #P >0.05. 
Results 
USF3 enhances osteoblast differentiation and suppresses RANKL-mediated osteoclastogenesis  
According to the Human Protein Atlas database, among the 56 cell lines from various tissues, the osteoblast-like U-2OS cell line exhibits the third highest RNA expression level of USF3. Here we found that overexpression of USF3 in the osteoblast-like U-2OS cells substantially promoted osteoblast differentiation, which was indicated by increased expression of a panel of six osteogenic marker genes, RUNX2, OSTERIX (MIM# 606633), COL1A1 (MIM# 120150), ALP (MIM# 171800), OPN (MIM# 166490) and OCN (MIM# 112260) (Figure 2A and 2C). Instead, knockdown of USF3 produced the opposite effects (Figure 2B and 2D). Consistently, ALP activity assay and mineralization assessment by Alizarin red staining confirmed the pro-osteogenic action of USF3 (Figure 2E and 2F). Notably, overexpression of USF3 in U-2OS cells led to significant increases of OPG, WNT4 (MIM# 603490) and WNT16 levels, but caused a reduction of RANKL expression (Figure 2A and 2C). On the contrary, knock down of USF3 displayed opposite effects in osteogenic and osteoclastogenic processes (Figure 2B and 2D), indicating that USF3 plays dual roles in both bone formation and bone resorption. 
The A allele of rs2908007 located in WNT16 promoter abolishes the USF3 or TBX mediated transactivation 
We observed that the ancestral protective allele rs2908007[G] showed significantly higher luciferase activities than the derived risk allele rs2908007[A] in four cell lines, hFOB1.19, U-2OS, Saos-2 and 293T (Figure 3A). Importantly, the differences were more prominent in osteoblast cell line hFOB1.19 and osteoblast-like cell lines U-2OS and Saos-2 than that in the kidney cell line 293T. Overexpression of USF3 increased the luciferase reporter activities of rs2908007[G] allele in both U-2OS and 293T cells, whereas the rs2908007[A] allele had no response (Figure 3B). In contrast, USF3 knockdown in U-2OS or 293T cells resulted in greatly decreased transcriptional activity in an rs2908007[G] allele dependent manner (Figure 3C). USF3 positively regulates the endogenous expressions of WNT16 mRNA and protein in U-2OS cells (Figure 2A-D), which were found to be heterozygous G/A genotype for rs2908007 (Supp. Table S1). USF1 and USF2 also belong to the USF transcription factor family. However, we found that overexpression or knockdown of USF1 and USF2 have no effect on the the transcriptional activity of rs2908007[A] or rs2908007[G] allele in U-2OS cells (Supp. Figure S1).
Previous studies reported that TWIST1 (MIM# 601622)  and another bHLH TCF12  (MIM# 600480) synergistically inhibit bone formation and mutations in TWIST1 and TCF12 cause Saethre-Chotzen syndrome, typically associated with coronal synostosis (Sharma et al., 2013). We found that single expression of either TWIST1 or TCF12 showed no effect on the transcriptional activity of rs2908007 A or G allele in U-2OS cells (Supp. Figure S2A and S2B). While co-expression of TWIST1 and TCF12 in U-2OS cells leads to a ~30% reduction in the luciferase activity of rs2908007[G] allele compared with the A allele (Figure 3D). After specific knockdown of TWIST1 and TCF12 by shRNA (Supp. Figure S2C and S2D), we found that single knockdown of TWIST1 or TCF12 resulted in a slight increase or no increase of the transcriptional activity of with the rs2908007 G allele (Supp. Figure S2E and S2F). While double knockdown of TWIST1 and TCF12 exhibited 2.36-fold increased transcriptional activity of rs2908007[G] allele in U-2OS cells (Figure 3E). Moreover, the endogenous expression levels of WNT16 mRNA and protein in U-2OS cells were decreased in co-expression of TWIST1 and TCF12, and remarkably increased in double knockdown of TWIST1 and TCF12 (Figure 3F and 3G). Interesting, triple expression of USF3, TWIST1 and TCF12 completely eliminated the inhibitory effect of TWIST1 and TCF12 on rs2908007[G] allele in U-2OS cells (Figure 3D and 3H). On the contrary, knockdown of USF3 enhanced the inhibitory effect of TWIST1/TCF12 on rs2908007[G] (Figure 3D and 3I). We further employed Biotin pulldown assay to characterize whether rs2908007 exerts direct allele-specific binding of USF3 and TCF12. DNA-protein complex was observed for the G allele containing probe but without the presence of the A allele containing probe, suggesting G allele-specific differential binding of USF3 and TCF12 (Figure 3J). 
To detect the interactions between USF3 and TCF12 and other key transcriptional factors that govern bone formation and resorption, co-immunoprecipitation assays was performed. USF3 co-immunoprecipitated not only with endogenous TCF12 protein from U-2OS cell lysates (Supp. Figure S3A), but also with CREB1 and JUN (Supp. Figure S3B and 3C).  
 Intriguingly, rs2908007 is concomitantly located within the core consensus binding site of T-box (TBX) transcription factors, with only the non-risk G allele predicted to contain a TBX5 (MIM# 601620) or TBX15 (MIM# 604127) DNA recognition motif. We found that single expression of TBX5 or TBX15 didn’t affect the activity rs2908007 A/G alleles (Supp. Figure S4A and 4C). Single knockdown of TBX5 and TBX15 resulted in a slight decrease of WNT16 expression with the rs2908007 G allele (Supp. Figure S4B and 4D). However, co-expression of TBX5 and TBX15 triggered rs2908007 G allele specific responses in luciferase assay (Supp. Figure S4E). Consistently, double knockdown of TBX5 and TBX15 reduced the rs2908007 G allele containing WNT16 promoter activity and markedly diminished the allelic imbalance in transcription (Supp. Figure S4F). 
Taken together, these results demonstrated that rs2908007 mediates the allele-specific transcription activation or repression of WNT16 through binding to a multitude of transcription factors including USF3, TWIST1/TCF12 and TBX5/TBX15. Our data unveiled the transcriptional complexity at rs2908007 locus of the WNT16 promoter region. 
USF3 inhibits transactivation of RANKL through the GWAS lead SNP rs4531631    
The RANKL promoter containing the hypothetical CREB1- and JUN- binding allele G consistently produced strikingly higher luciferase activity than that of the A allele carrying promoter in hFOB1.19, U-2OS, Saos-2 and 293T cells (Figure 4A). We found that single expression of either CREB1 or JUN slightly and selectively increased the transcriptional activity of rs4531631[G] (Figure 4B and 4C). Double expression of JUN and FOS, and triple expression of CREB1, JUN and FOS further enhanced the transactivation activity of rs4531631[G] allele, whereas the rs4531631[A] allele had no response (Figure 4D and 4E). Conversely, single or double knockdown of CREB1 and JUN significantly reduced the luciferase activity of rs4531631[G] in U-2OS cells (Figure 4F-H), which is found to be an rs4531631 G allele homozygote (Supp. Table S1). Furthermore, the endogenous expression levels of RANKL mRNA and protein in U-2OS cells were greatly increased in single and double overexpression of CREB1 and JUN, and obviously decresed in single and double knockdown of CREB1 and JUN (Figure 4I-P). These data suggested that CREB1 might interact with JUN/FOS in a trimeric complex and then bind to the rs4531631[G] locus in the RANKL promoter to activate the transcription of RANKL. Biotin pulldown assays showed CREB1 and JUN binding to the rs4531631[G] allele containing probes but not to the rs4531631[A] allele containing probes (Figure 4Q). 
Since USF3 protein interacts with CREB1 and JUN and negatively regulates the expression of RANKL (Figure 2A-D, Supp. Figure S3B and S3C). We therefore further evaluated the effects of USF3 on rs4531631-mediated allelic variation in RANKL transcription. Overexpression of USF3 specifically and significantly suppressed the transcriptional activities of rs4531631[G] allele in both U-2OS and 293T cells (Figure 5A). In contrast, USF3 blocked by shRNA dramatically enhanced the transcriptional activities of rs4531631[G] allele (Figure 5B). Importantly, overexpression of USF3 completely abrogated the transactivating effect of CREB1 (Figure 4B and 5C) or JUN/FOS (Figure 4D and 5E) on RANKL promoter. On the contrary, depletion of USF3 substantially enhanced the transactivating effect of CREB1 (Figure 4B and 5D) or JUN/FOS (Figure 4D and 5F) on RANKL promoter. These data demonstrated that USF3 suppresses osteoclastogenesis through inhibition of CREB1/JUN/FOS meditated transactivation of RANKL at the BMD GWAS lead SNP rs4531631 locus. 
USF3 regulates RUNX2 expression through direct binding to the E-box element 

RUNX2, a master regulator of osteoblast differentiation, is essential for turning mesenchymal cells into osteoblasts (Ducy et al., 1997; Komori et al., 1997). We then tested whether USF3 also directly binds to an E-box element located in the RUNX2 promoter. Overexpression of USF3 specifically enhanced the transcriptional activity of WT RUNX2 promoter, with ~50% and ~40% increase in U-2OS and 293T cells, respectively (Figure 6A). In contrast, in the presence of USF3 shRNA, the transcriptional activities of WT RUNX2 promoter were dramatically reduced both in U-2OS and 293T cells (Figure 6B).  
Similar to the case in the WNT16 promoter regulation (Figure 3), TWIST1 and TCF12 synergistically and negatively repressed the RUNX2 promoter activity through direct binding to the E-box element located in the RUNX2 promoter (Figure 6C-F). Moreover, TWIST1/TCF12 significantly repressed the endogenous expression of RUNX2 (Figure 6G and 6H). Importantly, USF3 overexpression completely eliminated the inhibitory effect of TWIST1/TCF12 on RUNX2 promoter (Figure 6E and 6I). On the contrary, knockdown of USF3 enhanced the inhibitory effect of TWIST1/TCF12 on RUNX2 promoter (Figure 6E and 6J). These data demonstrated that USF3 transactivates RUNX2 promoter and antagonizes the repressive effect of TWIST1/TCF12.
Discussion 
GWAS have previously identified USF3 as the susceptibility gene of osteoporosis (Estrada et al., 2012). However, the functional role in bone metabolism and the target gene of the bHLH transcription factor USF3 are unclear. In this study we show that USF3 contributes to genetic susceptibility to osteoporosis by targeting genes WNT16, RANKL, RUNX2 and BMD GWAS lead SNPs rs2908007 and rs4531631. USF3 promotes osteogenesis by stimulating WNT16 and RUNX2 transcription and represses osteoclastogenesis through upregulation of WNT16 transcription as well as downregulation of RANKL transcription (Figure 7). 
USF3 has recently reported to regulate epithelial-to-mesenchymal transition and is involved in the predisposition of thyroid cancer (Ni et al., 2017). However, the functional role of USF3 in bone biology is unknown. According to the Human Protein Atlas database, among the total 56 cell lines from various tissues, the osteoblast-like U-2OS cell line exhibits the third highest RNA expression level of USF3. Furthermore, USF3 expression in the bone biopsies is positively responsive to estrogen (Fujita et al., 2014), a well-documented potent anti-osteoporotic agent that functions by suppression of bone resorption and stimulation of bone formation (Khosla et al., 2012). In this study, we found that overexpression of USF3 in the osteoblast-like U-2OS cells substantially promoted osteoblast differentiation evidenced by increased expression of a panel of six osteogenic marker genes, RUNX2, OSTERIX, COL1A1, ALP, OPN, OCN, and increased ALP activity and mineralization level. Mechanistically, we have demonstrated that USF3 can regulate WNT16 and RANKL expression by BMD GWAS lead SNPs rs2908007 and rs4531631. For detailed elucidation of USF3-mediated transcriptional regulatory networks, unbiased characterizations of global genomic USF3 binding sites and direct USF3-regulated target genes should be performed by combined genome-wide ChIP-seq and USF3-induced transcriptomes analysis in various cell lines, tissues and organs.   

One of mechanisms by which GWAS SNPs influence disease risk is to modulate the expression of target genes through regulatory effects (Huang 2015). Genetic studies of gene expression have identified a large number of expression quantitative trait loci (eQTLs) in diverse tissue types, providing an important resource for understanding the molecular basis of complex diseases (Westra et al., 2013; GTEx Consortium et al., 2015). The SNP rs2908007 located in the WNT16 proximal promoter region was identified as a cis-eQTL of WNT16. Through comprehensive human super-enhancer databases of dbSUPER and SEdb, we found that rs2908007 was located within a super-enhancer of WNT16 (defined as H3K27ac binding peaks) in Toledo cells with ID number SE_61613 and SE_02_12200274, respectively. Here, we demonstrated that rs2908007 mediates the WNT16 expression not only through transcription factors USF3, TWIST1/TCF12, but also by transcription factors TBX5/TBX15. The TBX5 gene acts as a dosage-sensitive regulator for forelimb development and mutations in TBX5 caused severe skeletal abnormalities in the wrist in Holt-Oram syndrome (Packham et al., 2003). TBX15 is also required for skeletal development, especially in the head, spinal column, and limbs (Singh et al., 2005). Mutations of the TBX15 gene result in craniofacial dysmorphism, hypoplasia of scapula and pelvis, and short stature in Cousin syndrome 


( Lausch et al., 2008; Claes et al., 2018).  ADDIN EN.CITE Similar to TBX5 and TBX15, WNT16 is highly expressed in the apical ectodermal ridge during early limb development and promotes limb bud growth (Witte et al., 2009). Wnt16 deficiency in mice also causes abnormalities in limbs 


( ADDIN EN.CITE Moverare-Skrtic et al., 2014). Our results revealed the complex transcriptional regulation at rs2908007 locus. Notably, no cis-eQTL or trans-eQTL effects were detected for rs4531631. This may suggest that current eQTL studies are still underpowered for identification of eQTL SNPs and their associated genes, requiring higher quality data across more tissues from larger numbers of samples. Since eQTL effects are usually small (<2-fold change in expression) (GTEx Consortium et al., 2015; Tewhey et al., 2016), how small changes in gene expression influence disease risk remains to be fully elucidated.
Data from the dbSNP and Ensembl databases showed that the osteoporosis non-risk A allele of RANKL rs4531631 is the ancestral and minor allele in all investigated human populations with a global frequency of 0.2121 (the 1000 Genomes Project) or 0.1942 (the TOPMed program). A recent study indicated that RANKL rs4531631 is a susceptibility locus for congenital heart disease and the A allele is significantly associated with an increased risk of congenital heart disease (Wang et al., 2016). Therefore pleiotropy of the rs4531631 locus at least partly explains the observed higher risk G allele frequency for osteoporosis. Widespread pleiotropy for complex diseases has been found in the GWASs (Pickrell et al., 2016). A genetic variant in the LGR4 (MIM# 606666) gene is associated with BMD, age at menarche, and risk of gallbladder cancer (Styrkarsdottir et al., 2013). 
In conclusion, USF3 enhances osteoblast differentiation and suppresses osteoclastogenesis, and contributes to genetic predisposition for osteoporosis by targeting WNT16, RANKL and RUNX2. Furthermore, USF3 regulated WNT16 and RANKL expression through BMD GWAS lead SNPs rs2908007 and rs4531631. These findings shed new light on the molecular pathophysiology and genetics of osteoporosis, which might provide a novel therapeutic target for osteoporosis.
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Figure titles and legends

Figure 1. USF3 protein, BMD GWAS SNP rs2908007 and rs4531631. 
The USF3 protein contained the conserved basic helix-loop-helix (bHLH) domain at its N termini (A). Motif analysis indicated that only the non-risk G allele of rs2908007 is located within the core consensus sequence of an E-box element (B), and CREB1 and JUN motifs exclusively bind to G allele of rs4531631 (C).
Figure 2. USF3 promotes osteogenic differentiation and inhibits RANKL-mediated osteoclastogenesis in the human osteoblast-like osteosarcoma U-2OS cells. 

(A, B) Effects of USF3 overexpression or knockdown on mRNA levels of osteogenic and osteoclastogenic marker genes measured by qRT-PCR. 
(C, D) Effects of USF3 overexpression or knockdown on protein levels of osteogenic and osteoclastogenic marker genes assessed by western blot. 
(E) Quantifications of ALP activities in U-2OS cultures subjected to USF3 overexpression or depletion. 
(F) Quantifications of eluted Alizarin red after staining in U-2OS cells subjected to USF3 overexpression or depletion. All values are given as the mean ± SD. ***P < 0.005, ****P < 0.001, unpaired two-tailed Student’s t-test.

Figure 3. The osteoporosis risk-associated SNP rs2908007 located in WNT16 promoter confers G-allele-specific transcriptional modulation by USF3 and TWIST1/TCF12.   

(A) Luciferase reporter activities of rs2908007 A or G allele containing WNT16 promoter in cell lines U-2OS, Saos-2, hFOB1.19 and 293T. 
(B, C) Effects of USF3 overexpression (B) and knockdown by shRNA (C) on luciferase activities of rs2908007 alleles in U-2OS and 293T cells. 
(D, E) Effects of double overexpression (D) or knockdown (E) of TWIST1 and TCF12 on luciferase activities of rs2908007 alleles in U-2OS cells. 

(F, G) Effects of double overexpression or knockdown of TWIST1 and TCF12 on WNT16 mRNA (J) and protein (K) levels as measured by qRT-PCR and western blot. 

(H, I) USF3 overexpression reverses (H), while USF3 depletion aggravates (I) the inhibitory effect of double overexpression of TWIST1 and TCF12 on luciferase activity of rs2908007 G allele in U-2OS cells. 

(J) U-2OS cell lysates were incubated with 5' end biotin-labeled rs2908007 alleles and negative control sequence (E-box element deletion) for biotin pull-down assay, followed by western blot detection of USF3 and TCF12. Data are presented as the mean ± SD. #P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, unpaired two-tailed Student’s t-test.
Figure 4. CREB1 and JUN/FOS mediating the allele-specific enhancer effect of osteoporosis risk-associated rs4531631 in RANKL promoter. 

(A) Luciferase reporter activities of rs4531631 A or G allele carrying RANKL promoter in cell lines hFOB1.19, U-2OS, 293T and Saos-2. 

(B, C) Effects of CREB1 (B) or JUN (C) overexpression on luciferase activities of rs4531631 alleles in U-2OS cells. 

(D, E) Effects of double overexpression of JUN and FOS (D), and triple overexpression of CREB1, JUN and FOS (E) on luciferase activities of rs4531631 alleles in U-2OS cells. 

(F-H) Effects of single knockdown or double knockdown of CREB1 and JUN on luciferase activities of rs4531631 alleles in U-2OS cells. 

(I, J and N) Effects of CREB1 overexpression or knockdown on CREB1 and RANKL mRNA and protein levels in U-2OS cells as measured by qRT-PCR and western blot. 

(K, L and O) Effects of JUN overexpression or knockdown on JUN and RANKL mRNA levels in U-2OS cells as measured by qRT-PCR and western blot. 

(M, P) Effects of double overexpression or knockdown of CREB1 and JUN on RANKL mRNA levels (M) and protein levels (P) in U-2OS cells measured by qRT-PCR and western blot.  

(Q) U-2OS cell lysates were incubated with 5' end biotin-labeled rs4531631 alleles and negative control sequence (cAMP-response element deletion) for biotin pull-down assay, followed by western blot detection of CREB1 and JUN. 
Figure 5. USF3 potently suppresses CREB1 and JUN/FOS mediated allele-specific transactivation of RANKL at the osteoporosis risk-associated rs4531631 locus.

(A, B) USF3 overexpression significantly and specifically suppresses (A), while USF3 knockdown promotes (B) the transcriptional activities of rs4531631 G allele in U-2OS and 293T cells. 
(C, D) USF3 overexpression reverses (C), while USF3 depletion markedly enhances (D) the stimulative effect of CREB1 overexpression on luciferase activity of rs4531631 G allele in U-2OS cells (Figure 4B). 
(E, F) USF3 overexpression abolishes (E), while USF3 depletion dramatically potentiates (F) the stimulatory action of double overexpression of JUN and FOS on luciferase activity of rs4531631 G allele in U-2OS cells (Figure 4D). Data are presented as the mean ± SD. #P > 0.05, **P < 0.01, ***P < 0.005, ****P < 0.001, unpaired two-tailed Student’s t-test.

Figure 6. USF3 transactivates RUNX2 transcription through direct binding to the E-box element and antagonizes the repressive effect of TWIST1/TCF12.  
(A, B) Effects of USF3 overexpression (A) or knockdown by shRNA (B) on luciferase reporter activities of WT and the E-box MUT RUNX2 promoter in cell lines U-2OS and 293T. 
(C, D) Effects of single overexpression of TWIST1 (C) or TCF12 (D) on luciferase activities of WT or MUT RUNX2 promoter in U-2OS cells. 
(E, F) Effects of double overexpression (E) or knockdown (F) of TWIST1 and TCF12 on luciferase activities of WT or MUT RUNX2 promoter in U-2OS cells. 
(G, H) Effects of double overexpression or knockdown of TWIST1 and TCF12 on RUNX2 mRNA (G) and protein (H) levels in U-2OS cells as measured by qRT-PCR and western blot. 
(I, J) USF3 overexpression reverses (I), while USF3 depletion exacerbates (J) the inhibitory action of double overexpression of TWIST1 and TCF12 on luciferase activity of WT but not MUT RUNX2 promoter in U-2OS cells (E). Data are presented as the mean ± SD. #P > 0.05, *P < 0.05, ****P < 0.001, unpaired two-tailed Student’s t-test. 
Figure 7. Functional mechanisms of USF3 contributing to osteoporosis risk by targeting WNT16, RANKL and RUNX2. USF3 transactivates WNT16 promoter activity through rs2908007 G-allele-specific binding and antagonizes the repression of WNT16 by TWIST1 and TCF12. TBX5 and TBX15 also bind to rs2908007[G] allele to increase WNT16 expression. USF3 interacts with CRBE1 and JUN to abolish CRBE1/JUN/FOS trimeric complex mediated rs4531631 G-allele-specific transcriptional activation of RANKL. USF3 transactivates RUNX2 transcription through direct binding to the E-box element and antagonizes the repressive effect of TWIST1/TCF12.
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