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ARTICLE INFO ABSTRACT
Keywords: Background: Osteoporosis is a prevalent global health condition, primarily affecting the aging
Osteoporosis population, and several therapies for osteoporosis have been widely used. However, available
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drugs for osteoporosis are far from satisfactory because they cannot alleviate disease progression.
This study aimed to explore potential drug targets for osteoporosis through Mendelian random-
ization analysis.

Methods: Using cis-expression quantitative trait loci (cis-eQTL) data of druggable genes and two
genome-wide association studies (GWAS) datasets related to osteoporosis (UK Biobank and
FinnGen cohorts), we employed mendelian randomization (MR) analysis to identify the druggable
genes with causal relationships with osteoporosis. Subsequently, a series of follow-up analyses
were conducted, such as colocalization analysis, cell-type specificity analysis, and correlation
analysis with risk factors. The association between potential drug targets and osteoporosis was
validated by qRT-PCR.

Results: Six druggable genes with causal relationships with osteoporosis were identified and
successfully replicated, including ACPP, DNASE1L3, IL32, PPOX, ST6GAL1, and TGM3. Cell-type
specificity analysis revealed that PPOX and ST6GAL1 were expressed in all cell types in the bone
samples, while IL32, ACPP, DNASE1L3, and TGM3 were expressed in specific cell types. The
GWAS data showed there were seven risk factors for osteoporosis, including vitamin D deficiency,
COPD, physical activity, BMI, MMP-9, ALP and PTH. Furthermore, ACPP was associated with
vitamin D deficiency and COPD; DNASE1L3 was linked to physical activity; IL32 correlated with
BMI and MMP-9; and ST6GAL1 was related to ALP, physical activity, and MMP-9. Among these
risk factors, only MMP-9 had a high genetic correlation with osteoporosis. The results of QqRT-PCR
demonstrated that IL32 was upregulated while ST6GAL1 was downregulated in peripheral blood
of osteoporosis patients.

Conclusion: Our findings suggested that those six druggable genes offer potential drug targets for
osteoporosis and require further clinical investigation, especially IL32 and ST6GALI.
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1. Introduction

Osteoporosis is a common skeletal disorder characterized by reduced bone mineral density, which makes bones more susceptible to
fractures [1]. The global prevalence of osteoporosis is 18.3 % [2]. Considering the growing aging population, osteoporosis is steadily
emerging as a prevalent global health condition. Bone homeostasis relies on the delicate balance between osteoclast-mediated bone
resorption and mesenchymal lineage osteoblast-mediated bone formation, which involves a complex and tightly regulated processes
[3]. Various drugs have been developed for clinical treatment of osteoporosis based on the complex mechanisms of bone homeostasis,
including calcitonin, selective estrogen receptor modulators, bisphosphonates, and molecular-targeted drugs. However, many of these
medications have serious side effects or are not suitable for long-term use [4]. Therefore, it is essential to identify more molecular drug
targets for effective osteoporosis treatment.

Integrating genetics into medication development is a promising strategy for enhancing this process, as therapies supported by
genetic evidence have a high likelihood of success in clinical trials [5,6]. Proteins encoded by druggable genes have been identified as
valuable targets for drug development, including the development of small molecules or monoclonal antibodies [7,8]. Previous
observational research has identified associations between protein levels and bone mineral density [9-11], but these findings could be
influenced by confounding factors and reverse causation, obscuring the clarity of the causal relationship [12]. Mendelian randomi-
zation (MR) is a statistical approach that has been employed to investigate the causal link between exposure and outcome utilizing
genetic instrumental variables (IVs) [13]. This approach can overcome issues such as reverse causation and the influence of un-
measured confounders that are commonly encountered in observational studies [14]. While randomized controlled trials (RCTs) are
considered the gold standard for inferring causality, they are costly, resource-intensive, time-consuming, and may pose ethical lim-
itations [15]. MR offers a way to explore drug targets and predict drug efficacy through mimicking RCTs [16,17]. In comparison to
clinical trials, MR analysis provides benefits in terms of financial savings, efficient utilization of materials, and time efficiency. In
drug-target MR analysis, this approach utilizes genetic variants (such as cis-expression quantitative trait loci (cis-eQTL) located in the
genomic region of druggable genes) as proxies to assess causal associations between exposures and clinically relevant outcomes [18,
19]. A recent study has identified putative causal proteins as druggable targets of osteoporosis by MR analysis [20]. However, genomic
evidence for promising drug targets for osteoporosis has not been fully explored.

In this study, we aimed to explore the promising druggable genes with causal relationships to osteoporosis through MR analysis,
followed by colocalization analysis, meta-analysis, gene-based association analysis, cell-type specificity analysis, and correlation
analysis with risk factors. Moreover, we validated the association between potential drug targets and osteoporosis by qRT-PCR. The
findings of our study will provide valuable insights into targeted treatment approaches for osteoporosis.

2. Data and methods
2.1. The cis-eQTL data associated with druggable genes

A total of 4302 druggable protein-coding genes located on the autosomal chromosomes were extracted from a previously published
literature [7]. The cis-eQTL data [21] from a large-scale meta-analysis in 31,684 peripheral blood samples were downloaded from the
eQTLGen Consortium. The cis-eQTL mapping was carried out in each cohort using a pipeline described previously [22]. Briefly, the
pipeline involves selecting genes or expression probes within a 1 Mb window upstream and downstream of each SNP, centered on the
gene or probe position. Associations between SNP-gene pairs are determined using Spearman correlation. Each cohort conducted ten
permutations where genotype-expression mappings were shuffled before recalculating associations. Results from non-permuted and
permuted datasets were meta-analyzed across all cohorts after each permutation round. For multiple-testing, meta-analyzed permu-
tations were utilized to calculate the overall false discovery rate (FDR). These cis-eQTL data had complete statistical significance (FDR
<0.05, +£1 Mb per probe). The single nucleotide polymorphism (SNP) loci within +100 kb of the genome position of each gene were
selected, and the eQTLs available for 2478 druggable genes located on the autosomal chromosomes were identified [7]. Furthermore, a
series of quality control filtering on the loci within each gene were conducted, including removing weak IVs bias by EAF >1 %, P <
5e-8, and F-statistic >10, as well as removing linkage disequilibrium with an r? < 0.1 based on reference data from the European
population in the 1000 Genomes Project [18]. The LDTrait tool (https://ldlink.nih.gov/?tab=ldtrait) was used to determine whether
variants have previously been associated with a trait, thereby excluding confounding and publication bias.

2.2. Outcome data

Two genome-wide association studies (GWAS) datasets related to osteoporosis (ukb-b-17796 and finn-b-M13_OSTEOPOROSIS)
were selected from the OpenGWAS database (https://gwas.mrcieu.ac.uk/). The ukb-b-17796 dataset was from UK Biobank and
used as the discovery cohort. This dataset consisted of 1976 cases and 461,034 controls, with a total sample size of 463,010. The finn-b-
M13_OSTEOPOROSIS dataset was obtained from the FinnGen database and utilized as the validation cohort. This dataset included
3203 cases and 209,575 controls, with a total sample size of 212,778. There is no sample overlap between the two osteoporosis
datasets.

2.3. Other data

The PubMed database was searched for “(Osteoporosis) AND (risk factors)” and identified 15 potential risk factors related to
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osteoporosis, including chronic obstructive pulmonary disease (COPD), body mass index (BMI), fat-free mass index (FFMI), sarco-
penia, sex, age, frequent exacerbations of COPD, use of systemic corticosteroids, low levels of physical activity, systemic inflammation,
vitamin D deficiency, increased bone turnover markers, matrix metalloproteinase-9 (MMP-9), parathyroid hormone (PTH), and
alkaline phosphatase (ALP) [23]. Subsequently, the OpenGWAS database was searched, and GWAS summary data on seven of these
risk factors were obtained, including COPD: ukb-b-13447; BMI: ukb-b-19953; physical activity: ieu-b-4860; vitamin D deficiency:
finn-b-E4_VIT_D_DEF; MMP-9: prot-a-1921; PTH): prot-a-2431; and ALP: ebi-a-GCST005061.

2.4. MR analysis for identifying genes with causal relationships with osteoporosis

MR analysis for eQTL data and osteoporosis were conducted using TwoSampleMR R package (version 0.5.7) [24]. The statistical
methods for MR analysis were chosen as outlined in the previous literature [25]. In detail, after extracting the association estimates
between the variants and either the exposures or outcomes, the direction of estimates was standardized based on effect alleles. The
Wald ratio calculation method was utilized to estimate the causal effects when the number of IVs was 1. If more than one IV was
available, the inverse variance weighted (fixed-effects) model was selected when the number of IVs was 2-3; and the inverse variance
weighted method (multiplicative random-effects) was applied when the number of IVs was >3 [26]. A cut-off of 3 was selected for the
random-effects model, as using more than 3 variants could introduce some heterogeneity among IVs. The multiplicative
random-effects model permits heterogeneity among the causal estimates targeted by genetic variants through enabling over-dispersion
within the regression model.

In the UK Biobank cohort, the genes with causal relationships with osteoporosis were identified with the threshold value of p <
0.001275 (false discovery rate (FDR) < 0.05). When these genes could be replicated in the FinnGen cohort, the significance threshold
was set as p < 0.005325 (FDR <0.05).

2.5. Colocalization analysis

Based on MR-analysis results, the colocalization analysis was conducted to investigate whether SNPs associated with osteoporosis
and eQTLs shared genetic variants. When GWAS signals and eQTLs co-localized, the genetic variants at the GWAS signals might have
influenced the phenotype through altering the biological processes of gene expression. The probability of co-localization was calcu-
lated using the coloc (version 5.2.1) [27] in R package. The coloc package employed Bayesian algorithms and allows estimation of the
probability of shared causal genetic variants using summary data.

In this analysis, in the context of SNP causality within a region of Q variants (typically SNPs), each trait could be represented by a
binary vector of length Q with values (0, 1), where 1 indicated a causal association with the trait and at most one entry was non-zero.
Each possible pair of vectors (for traits 1 and 2, termed “configuration”) could be assigned to one of five hypotheses: HO (no association
with either trait), H1 (association with trait 1, not with trait 2), H2 (association with trait 2, not with trait 1), H3 (association with trait
1 and trait 2, two independent SNPs), and H4 (association with trait 1 and trait 2, one shared SNP). The colocalization problem can be
re-formulated as evaluating the support for all configurations in hypothesis H4. The method was Bayesian, integrating over all possible
configurations, with prior probabilities defined at the SNP level. Posterior probabilities can then be computed for each hypothesis by
summing the probabilities of all configurations and combining them with the prior. This procedure yielded five posterior probabilities
(PP.HO, PP.H1, PP.H2, PP.H3, and PP.H4). A large PP.H3.abf indicated strong evidence for two independent causal SNPs associated
with each trait. Conversely, a large PP.H4.abf supported a single variant affecting both traits.

2.6. Meta-analysis of two osteoporosis GWAS datasets

Using the GWAS summary data of UK Biobank and FinnGen cohorts, a meta-analysis was performed using Linux Metal [28] to
combine the data from the two cohorts. The sample size estimation for meta-analysis was conducted using METAL [29]. The results
were visualized using Manhattan and QQ plots that were drawn using the CMplot package (version 4.3.1) [30]. The SNP with a p-value
< 175 was considered as suggestive loci, and the nearest genes associated with these loci were visualized in the Manhattan plot [31].

2.7. Analysis of osteoporosis-associated genes and functional enrichment analysis

Based on data from meta-analysis, the genes associated with osteoporosis were analyzed utilizing MAGMA (version 1.10) [32] with
the threshold value of p < 0.05. The osteoporosis-associated genes obtained from MAGMA and the causal genes identified from MR
analysis were then subjected to functional enrichment analysis using WebGestalt to examine the enriched pathways and functions
related to osteoporosis.

2.8. Cell-type specificity analysis

To determine whether druggable genes were cell-type specific in human bone samples, the single-cell expression of druggable genes
was visualized using the Seurat package (version 4.1.1) based on the single-cell RNA sequencing (scRNA-seq) data of human em-
bryonic bone (GSE143753 dataset) [33]. This dataset was downloaded from the Gene Expression Omnibus (GEO) database and
included 16 subclusters from limb bud and long bone samples, comprising a total of 35,570 cells. We adopted the filtering method,
preserving 35,570 cells of annotated cell types. Additionally, we employed uniform manifold approximation and projection (UMAP)
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for dimension reduction to map the cell types and gene expression levels based on the original literature published by He et al. [33].

2.9. Correlation analysis with risk factors

The GWAS summary data of risk factors for osteoporosis were downloaded from OpenGWAS database. Then, their genetic cor-
relation with data from UK Biobank cohort, FinnGen cohort, and meta-analysis was analyzed using the LDSC software (version 1.0.1)
[34]1.

2.10. Sample Preparation

From October 2023 to December 2023, peripheral whole blood samples from 9 osteoporosis patients (7 females and 2 males;
average age 68 + 9.7) and 10 healthy adults (9 males and 1 females; average age: 30 + 7.0) in the Honghui Hospital, Xi’an Jiaotong
University were obtained. The study was reviewed and approved by the Ethics Committee of Honghui Hospital, Xi’an Jiaotong
University. Each participant provided written and signed informed consent. Then, we use human peripheral monocyte-negative
isolation kit (IPHASE) separated blood monocyte from whole blood following the manufacturer’s recommendation. Real-time
quantitative PCR was performed according to our previous study (25). The primers for genes are displayed in Table 1. All experi-
ments were performed at least three times independently.

2.11. Statistical analysis

The gene expression data were presented as mean + standard deviation (SD). The differences between osteoporosis patients and
healthy controls were analyzed with t-test. Statistical analyses were carried out with SPSS version 22.0 (SPSS, Chicago, IL, USA). P <
0.05 was considered statistically significant.

3. Results
3.1. Overadll analysis plan

The overall scheme of the analyses is depicted in Fig. 1. We first extracted 4602 druggable genes from a previous study published by
Finan et al. [7] and selected 2478 druggable genes based on cis-eQTL data in 31,684 peripheral blood samples. Next, using the MR
approach, we identified druggable genes associated with osteoporosis based on the discovery cohort (UK Biobank cohort) and
replicated using the validation cohort (FinnGen cohort). For significant MR results, a series of follow-up analyses were conducted,
including colocalization analysis, meta-analysis of two GWAS datasets, gene-based association analysis, cell-type specificity analysis,
and correlation analysis with risk factors.

3.2. Identification of druggable genes with causal relationships with osteoporosis

Using cis-eQTL data from the eQTLGen Consortium, 2478 druggable genes were identified as exposure variables. Using the dis-
covery cohort (UK Biobank cohort) as outcome variables, MR analysis was performed and 54 druggable genes associated with oste-
oporosis were identified with FDR <0.05. Further using these 54 druggable genes as exposure variables, six druggable genes with
causal relationships with osteoporosis were successfully replicated using the validation cohort (FinnGen cohort) as outcome variables,
including acid phosphatase, prostate (ACPP), deoxyribonuclease 1-like 3 (DNASE1L3), interleukin 32 (IL32), protoporphyrinogen
oxidase (PPOX), ST6 beta-galactosamide alpha-2,6-sialyltranferase 1 (ST6GAL1), and transglutaminase 3 (TGM3). In addition, we
performed pleiotropy and heterogeneity analyses on the results associated with these six genes. We found that apart from DNASE1L3,
which might have potential heterogeneity, there was no pleiotropy or heterogeneity in the other results. The results of MR analysis for
two cohorts are shown in Table 2.

Table 1
The information of the primers’ sequencing.
Gene Primers
Forward Reverse
ACPP CAAGACTGGTCCACGGAGTGTA AGCAGAGTCCACGGCGAATGTG

DNASE1L3 TGGTTGAGGTCTACACGGACGT GTCAGTCCTCAAGCGGATGTTC
IL32 TCAAAGAGGGCTACCTGGAGAC TCTGTTGCCTCGGCACCGTAAT
PPOX AGCCACTGCTTGGTCCATCTAC CTGTGAGCAGTCAGGAATTGCC
ST6GAL1 CTGAATGGGAGGGTTATCTGCC ACCTCAGGACTGCGTCATGATC
TGM3 ATGGCAGGTGTTGGATGCTACC CCGCGAAGATAAAGGGCATGTC
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
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Fig. 1. Overview of the study design.

3.3. Colocalization analysis for eQTLs and osteoporosis GWAS summary data

To determine the probability that SNPs associated with osteoporosis and eQTLs shared causal genetic variants, we conducted a
colocalization analysis. The results showed that the PP.H4.abf of the 12 pairs (six druggable genes with two GWAS cohorts) were all
lower than 0.8 (Table 3), suggesting that there was no shared causal variant between the druggable genes from MR analysis and
osteoporosis.

3.4. Meta-analysis results of GWAS summary data from UK Biobank and FinnGen cohorts

To analyze the genetic loci associated with osteoporosis, we conducted a meta-analysis of GWAS summary data from UK Biobank
and FinnGen cohorts. We identified a total of 29 significant genetic loci with the significance threshold set at p-value < 17°. The
nearest genes of these suggestive loci were visualized in the Manhattan plot (Fig. 2A). Additionally, we calculated the genomic
inflation factor of meta-analysis datasets. The QQ plot indicated no population stratification in the results (Fig. 2B).

3.5. Analysis of osteoporosis-associated genes and functional enrichment analysis
To explore the osteoporosis-associated genes, we performed a gene-based association analysis based on the aforementioned meta-

analysis results. We analyzed whether SNPs were located within a 20-kb window upstream or downstream of the gene, with linkage
disequilibrium calculated based on the data from the European population of the 1000 Genomes Project Phase 3. With the threshold



Table 2

Mendelian randomization results.

Genes UK Biobank cohort FINNGEN cohort
SNPs OR (95 % CI) P-value Heterogeneity-Qpval Pleiotropy-pval SNPs OR (95 % CI) P-value Heterogeneity-Qpval Pleiotropy-pval

ACPP 4 1.000 (0.999,1.000) 1.79E-04 0.966 0.876 17 1.090 (1.034,1.149) 1.45E-03 0.985 0.910
DNASE1L3 3 0.998 (0.997,0.999) 1.23E-03 0.047 0.444 12 1.269 (1.089,1.479) 2.23E-03 0.321 0.357
1L32 7 0.999 (0.998,0.999) 7.08E-05 0.549 0.959 22 1.167 (1.076,1.265) 1.86E-04 0.279 0.869
PPOX 5 1.001 (1.001,1.001) 1.19E-19 0.997 0.925 11 1.372(1.118,1.685) 2.50E-03 0.218 0.058
ST6GAL1 11 0.999 (0.999,1.000) 1.23E-04 0.947 0.841 23 0.841 (0.770,0.919) 1.31E-04 0.903 0.468
TGM3 4 0.998 (0.998,0.999) 3.22E-09 0.939 0.936 9 0.861 (0.775,0.957) 5.32E-03 0.903 0.658
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Table 3

The results of colocalization analysis.
Traitl Trait2 nsnps PP.HO.abf PP.H1.abf PP.H2.abf PP.H3.abf PP.H4.abf
ACPP finn 471 0 0.91097 0 0.015903 0.073127
ACPP ukb 268 0 0.999894 0 2.58E-05 8.07E-05
DNASE1L3 finn 325 ##H#ARY 0.95922 ##HARY 0.025857 0.014923
DNASE1L3 ukb 177 HARHHH 0.998539 HAHHHH 0.000641 0.00082
IL32 finn 324 0 0.543129 0 0.022964 0.433907
IL32 ukb 157 0 0.999332 0 0.000403 0.000264
PPOX finn 188 ##HARY 0.932844 ###ARY 0.016015 0.051141
PPOX ukb 57 HAHHHH 0.999737 HAHHHH 1.77E-05 0.000245
ST6GAL1 finn 413 HAHHH#H 0.924004 HAHHHAH 0.016935 0.059062
ST6GAL1 ukb 154 ##H#ARY 0.99979 ##HARY 5.26E-05 0.000158
TGM3 finn 364 8.92e-318 0.948564 1.36e-319 0.014447 0.036989
TGM3 ukb 141 9.28e-318 0.999871 2.67e-322 2.84E-05 0.000101
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Fig. 2. Meta-analysis results of GWAS summary data from UK Biobank and FinnGen cohorts. A: Manhattan plot showed the nearest genes of these
suggestive loci. B: QQ plot showed no population stratification in the meta-analysis results. GWAS: genome-wide association studies.

value of p < 0.05, 936 trait-associated genes were found, among which DNASE1L3 and PPOX were also identified by MR analysis.
Subsequently, these osteoporosis-associated genes obtained from MAGMA and the causal genes identified from MR analysis were then
subjected to functional enrichment analysis. The results showed these genes were remarkably enriched in KEGG pathways such as
ribosome and allograft rejection; GO BP terms like vesicle localization and cell junction organization; GO CC terms such as Golgi stack
and mitochondrial membrane part; and GO MF terms like amide binding and transcription coactivator activity. The top 10 KEGG
pathways and GO terms are displayed in Fig. 3A and B, respectively, according to the normalized enrichment score (NES).

3.6. Cell-type specificity analysis in the bones

Based on GSE143753 dataset, we analyzed the expression levels of druggable genes in human bone cells. Following the filtering
steps previously described by He et al. [33], 35,570 cells and corresponding 16 subclusters were obtained in the limb bud and long
bone samples. The UMAP plot of 16 subclusters is shown in Fig. 4A. We then used the Seurat package to map the expression of six
druggable genes (ACPP, DNASE1L3, IL32, PPOX, ST6GAL1, and TGM3) onto the UMAP plot. The results showed that PPOX and
ST6GAL1 were evenly expressed in all cell types. [L32, ACPP, DNASE1L3, and TGM3 were expressed in specific cell types. For instance,
IL32 and DNASE1L3 were mainly expressed in epithelium; ACPP was primarily expressed in macrophage and chondroblast; and TGM3
was expressed in limb bud mesenchyme and myoprogenitor (Fig. 4B).
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3.7. Correlation between druggable genes and risk factors

The GWAS summary data of seven risk factors for osteoporosis were downloaded, including vitamin D deficiency, COPD, physical
activity, BMI, MMP-9, ALP and PTH. We then explored the associations between six druggable genes and osteoporosis risk factors.
Using six druggable genes as exposure variables and seven risk factors as outcome variables, MR analysis was performed. As results,
ACPP was associated with vitamin D deficiency and COPD; DNASE1L3 was associated with physical activity; IL32 was associated with
BMI and MMP-9; and ST6GAL1 was associated with ALP, physical activity, and MMP-9 (Fig. 5A). We further explored the genetic
correlations between osteoporosis and risk factors based on data from UK Biobank cohort, FinnGen cohort, and their meta-analysis
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data. The results showed that only MMP-9 had a high genetic correlation with osteoporosis (Fig. 5B).

3.8. External validation of druggable genes for osteoporosis

To validate the association between the druggable genes, including ACPP, DNASE1L3, IL32, PPOX, ST6GAL1, and TGM3, and
osteoporosis, we performed validation experiments in human peripheral blood. The results of qRT-PCR demonstrated that IL32 was
upregulated while ST6GAL1 was downregulated in peripheral blood in the osteoporosis patients compared with those in the healthy
adults (Fig. 6). There was no differential expression in ACPP, DNASE1L3, PPOX, and TGM3 between two groups (Fig. 6).

4. Discussion

To identify putative druggable genes that could potentially provide protection against osteoporosis, we performed MR analysis by
integrating the cis-eQTL data of druggable genes and two osteoporosis GWAS datasets. As results, six druggable genes with causal
relationships with osteoporosis were identified and successfully replicated, including ACPP, DNASE1L3, IL32, PPOX, ST6GAL1, and
TGMS3. Cell-type specificity analysis revealed that PPOX and ST6GAL1 were expressed in all cell types in the bone samples, while IL32,
ACPP, DNASE1L3, and TGM3 were only expressed in specific cell types. The GWAS data showed there were seven risk factors for
osteoporosis, including vitamin D deficiency, COPD, physical activity, BMI, MMP-9, ALP and PTH. Furthermore, we analyzed the
relationships between these genes and risk factors. The results showed that ACPP was associated with vitamin D deficiency and COPD;
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Fig. 6. Validation of druggable genes for osteoporosis. Relative expression levels of the 6 druggable genes. Differences between groups were
compared with a t-test. *, P < 0.05; **, P < 0.01.

DNASE1L3 was linked to physical activity; IL32 was correlated with BMI and MMP-9; and ST6GAL1 was related to ALP, physical
activity, and MMP-9. Among these risk factors, only MMP-9 had a high genetic correlation with osteoporosis. The results of qRT-PCR
demonstrated that IL32 was upregulated while ST6GAL1 was downregulated in peripheral blood of osteoporosis patients. These data
provide evidence for candidate drug targets for osteoporosis.

Analyzing druggable genomics can provide important information for the development of drugs that prevent osteoporosis.
Recently, MR analysis of drug targets has become an essential approach in drug development [8]. Herein, using the MR method, six
druggable genes (ACPP, DNASE1L3, IL32, PPOX, ST6GAL1, and TGM3) were identified and successfully replicated using two oste-
oporosis cohort (UK Biobank and FinnGen cohorts). DNASE1L3 is a Ca2+/Mg2-+-dependent endonuclease belonging to the DNase
superfamily. DNASE1L3 contributes to cytokine secretion after inflammasome activation [35]. NLRP3 inflammasome and cytokine
secretion (IL-1p and IL-18) play crucial roles in the pathogenesis of osteoporosis by modulating the differentiation of osteoblasts and
osteoclasts [36]. IL-32 is an inflammatory cytokine that can induce production of cytokines such as IL-6, TNFa, and IL-18 from
macrophages and dendritic cells [37,38]. Lee et al. reported that IL-32 gamma played a crucial role in promoting bone formation in
osteoblastic cells and preventing osteoporosis [39]. ST6GALLI is a sialyltransferase that adds a2-6 sialic acids to N-glycosylated
proteins. It is reported that ST6GAL1 can promote immunoglobulin G (IgG) production in B cells and enhance blood IgG titers [40].
Furthermore, IgG can suppress glucocorticoid-induced osteoporosis via FcgRI [41]. Transglutaminases are enzymes that play a role in
bone remodeling by regulating the differentiation, migration, and fusion of osteoclasts, which are specialized cells responsible for
breaking down bone tissue [42]. One of transglutaminases, TGM3, has been shown to attenuate skin inflammation via inhibiting NF-xB
activation [43], suggesting a potential relationship between TGM3 and the NF-kB pathway. Activation of the NF-kB pathway is a key
mechanism against osteoporosis [44]. In our study, we found that apart from DNASE1L3, there was no pleiotropy or heterogeneity in
the MR results on these druggable genes, confirming the credibility of MR results. Additionally, qRT-PCR revealed that IL32 was
upregulated while ST6GAL1 was downregulated in peripheral blood in the patients with osteoporosis. These findings suggest that
upregulation of IL32 may promote osteoporosis via involving in inflammatory processes, while downregulation of ST6GAL1 may
contribute disease development via affecting immune responses. Taken together, we conclude that these genes, especially IL32 and
ST6GAL1 may be promising drug targets for osteoporosis prevention.

Bone is a complex tissue that consists of various cell types to maintain bone homeostasis [45,46]. In the process of osteoporosis,
multiple cell types can secrete various proinflammatory chemokines and cytokines [47,48], which can, in turn, recruit osteoclast
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precursors and mainly act on osteoblasts and marrow stromal cells, affecting bone homeostasis. Given the heterogeneity between
single cells, scRNA-seq analysis can help to reveal the possible cell type-specific gene targets and pathways that probably play an
important role in osteoporosis [49]. Moreover, advances in scRNA-seq technology and GWAS have advanced the biological and
therapeutic understanding of trait-relevant cell types or states [S0]. To better understand the osteoporosis-relevant cell type-specific
druggable targets, we further analyzed the expression of our identified six druggable genes in human bone samples using cell-type
specific gene expression data. Our results showed that PPOX and ST6GAL1 were expressed in all cell types of the limb bud and
long bone samples. The widespread expression across different cell types indicate that these genes may be involved in fundamental
processes that are essential for bone development, maintenance, or remodeling, and targeting these genes may have a potential impact
on multiple aspects of bone physiology during osteoporosis development. In addition, we found that IL32, ACPP, DNASE1L3, and
TGMS3 were expressed in specific cell types. For instance, IL32 and DNASE1L3 were mainly expressed in the epithelium, while ACPP
was primarily expressed in macrophages and chondroblasts. These data provide important insights into the development of novel
cell-based therapeutic targets for osteoporosis.

Since the progression and prognosis of osteoporosis are significantly affected by risk factors [51], a better understanding of the
correlation between drug target genes and risk factors of osteoporosis can provide a reference for individual treatment. Herein, we
obtained the GWAS summary data on seven risk factors of osteoporosis (COPD, BMI, physical activity, vitamin D deficiency, MMP-9,
parathyroid hormone, and ALP) and conducted MR analysis to explore the causal relationships between our identified druggable genes
and these risk factors. COPD and osteoporosis are closely linked [52], and patients with COPD have a high incidence of osteoporosis
(37.62 %) [53]. BMI is found to be associated with bone mineral density and lower BMI predicts an increased risk of osteoporosis in
Chinese people [54]. Physical activity is believed to promote bone growth and maintain bone density, thus playing a role in osteo-
porosis prevention and management [55,56]. Vitamin D regulates the absorption of calcium (Ca®") and is essential for bone ho-
meostasis. Deficiency of vitamin D can cause or exacerbate osteoporosis; thus, both calcium and vitamin D intake are recommended to
prevent osteoporosis [57]. MMP-9 is expressed in bone tissue and functions as a key player in bone loss during the process of oste-
oporosis [58]. MMP-9 plays an essential role in initiating osteoclastic resorption in osteoporosis through removing the collagenous
layer from the bone surface, which is a prerequisite for demineralization to occur [59]. Alkaline phosphatase is found to be elevated in
cases of osteoporosis and osteopenia, indicating a correlation between ALP and osteoporosis [60]. Our MR analysis revealed that ACPP
was associated with vitamin D deficiency and COPD; DNASE1L3 was linked to physical activity; IL32 was correlated with BMI and
MMP-9; and ST6GAL1 was related to ALP, physical activity, and MMP-9. These data imply that the expression of these genes may be
influenced by risk factors. More importantly, among all risk factors, only MMP-9 showed a high genetic correlation with osteoporosis,
indicating the potential significance of MMP-9 and its associated genes as drug targets for osteoporosis. Considering that risk factors
and drug target genes both play important roles in disease prevention and treatment, it is recommended to identify both the drug target
genes and assess the risk factor status of individuals during drug development. Designing personalized treatment plans based on their
specific conditions can contribute to enhancing treatment efficacy and minimizing the risk of adverse drug reactions.

This study has some limitations. Firstly, the druggable genes were identified based on publicly available data and the generaliz-
ability of this study is restricted due to the samples in the datasets only comprising individuals of European descent. Therefore, the
results may be affected by regional and racial disparities and extrapolating these findings to populations of diverse genetic ancestries
necessitates additional research to ensure broader applicability. Secondly, MR could not fully reproduce clinical trials (as the MR
results did not yet directly reflect the practical effect size) and perfectly predict a drug effect. The clinical application of these
druggable genes should be evaluated by more clinical trials. Thirdly, no positive colocalization results were observed, indicating the
absence of a shared causal variant between the druggable genes and osteoporosis, which down-toned our argument and questioned the
notion of an association driven by specific target genes within disease [61]. While a positive colocalization finding often indicates a
non-zero MR estimate, numerous scenarios may produce a non-zero MR estimate without evidence for colocalization. The reasons for
the discrepancy between MR and colocalization results were as follows: 1) the exposure and outcome exhibit distinct yet correlated
causal variants, violating the MR assumptions; 2) there are a paucity of robust associations with the outcome; and 3) the complexity of
the genetic region, such as allelic heterogeneity or multiple biological mechanisms affecting the same genetic region can introduce
challenges in interpreting colocalization analyses [62]. The absence of colocalization in findings does not inherently invalidate the
target, but it does necessitate further exploration into the factors contributing to the lack of colocalization. This might include a more
thorough evaluation of data sources and the appropriateness of the exposure trait selected for analysis. Overall, MR studies can only
make preliminary conclusions about causal relationships and further investigation is needed to understand the potential implications
of these druggable genes in therapeutic interventions. Lastly, qRT-PCR showed that there was no differential expression in ACPP,
DNASE1L3, PPOX, and TGM3 between osteoporosis patients and healthy controls, which will impact the broader applicability of the
final conclusions. This phenomenon may be due to the limited validation samples and the complexity of osteoporosis, which likely
results from multiple genetic variations and environmental factors. Further research is needed to investigate the roles of these genes in
the disease and explore other potential influencing factors to better understand the relationship between these genes and osteoporosis.

In conclusion, this MR analysis revealed six druggable genes with causal relationships to osteoporosis. Assessing the expression
patterns of these druggable genes across different cell types of bone tissues and studying their association with risk factors could offer
crucial information to guide the development of effective therapeutic strategies for osteoporosis.
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