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Abstract

Purpose of Review Genome-wide association studies (GWAS) have significantly advanced osteoporosis research by iden-
tifying genetic loci associated with bone mineral density (BMD) and fracture risk. However, disparities persist due to the
underrepresentation of non-European populations, limiting the applicability of polygenic risk scores (PRS). This review
examines recent advancements in osteoporosis genetics, highlights existing disparities, and explores strategies for more
inclusive research.

Recent Findings European-focused GWAS have identified key loci for osteoporosis, including WNT signaling (SOST, LRP5)
and RUNX?2 transcriptional regulation. However, fewer than 40% of these variants can be replicated in Asian and African
populations. Emerging studies in non-European groups reveal population-specific loci, sex-specific associations, and gene-
environment interactions. Advances in machine learning (ML)-assisted GWAS and multi-omics integration are improving
genetic discovery.

Summary Expanding GWAS in diverse populations, integrating multi-omics data, refining ML-based risk models, and
standardizing biobank data are essential for equitable osteoporosis research. Future efforts must prioritize clinical translation
to enhance personalized osteoporosis prevention and treatment.

Keywords Osteoporosis - Genome-wide association studies - Polygenic risk scores - Bone mineral density - Genetic
disparities - Multi-omics

Introduction

Osteoporosis is a major global health concern marked by

low bone mineral density (BMD) and increased fracture
risk. Each year, around 9 million fractures occur worldwide,

>4 Qing Wu with the burden expected to rise due to aging populations,
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' ’ disability, are projected to increase from 1.6 million in 2000
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individuals, healthcare costs are expected to exceed €37.5
billion by 2030 [1, 2]. Meanwhile, non-European popula-
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tions are experiencing faster increases due to demographic
transitions. For example, China is projected to see over 1
million hip fractures annually by 2050, while Latin America
may face $13 billion in related healthcare costs [1, 4]. These
trends underscore the need for population-specific preven-
tion and treatment strategies.
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Genome-wide association studies (GWAS) have trans-
formed osteoporosis research, identifying over 500 genetic
loci associated with BMD and fracture risk [S]. With up
to 80% of BMD variability attributed to genetics, GWAS
has elucidated key pathways like WNT signaling and tran-
scriptional regulation by RUNX2, both crucial for bone
remodeling and osteoblast differentiation [6—10]. Notable
loci, including SOST and LRP5, have deepened our under-
standing of osteoporosis genetics and informed therapeu-
tic advancements, such as sclerostin inhibitors and WNT
modulators [11-17]. Several biomarkers demonstrate rel-
evance across populations: LRP5 mutations are associated
with low BMD and higher fracture risk in both Asian and
European groups [18-23] COLIAI and COLIA2, encod-
ing type I collagen, are linked to osteogenesis imperfecta
and general bone fragility, with the Spl polymorphism in
COLIA]I showing significant associations in both Asian
and European cohorts [24-28]. Variants in the VDR gene,
involved in calcium absorption via vitamin D signaling, are
also associated with BMD variation across populations [29,
30]. These findings underscore the value of genetic insights
for improving osteoporosis risk assessment and advancing
personalized interventions globally.

Polygenic risk scores (PRS), which aggregate the effects
of multiple genetic variants weighted by their GWAS-
derived effect sizes, have shown promise in identifying
individuals at high risk for osteoporotic fractures, particu-
larly in European populations where most GWAS have been
conducted [17, 31-34]. PRSs have successfully stratified
fracture risk by integrating the cumulative impact of thou-
sands of single-nucleotide polymorphisms (SNPs) asso-
ciated with BMD [17, 35-37]. Despite recent advances,
osteoporosis genetics research still faces notable disparities
due to the underrepresentation of non-European popula-
tions in biobanks and GWAS, limiting the identification of
population-specific variants and the clinical applicability of
PRS in these groups [5, 38—40]. Less than 40% of BMD-
associated SNPs discovered in Europeans are replicated
in Asian populations, with similar challenges in African
populations [38, 39]. Loci such as SOST and WNT16 show
population-specific effects, underscoring the need for more
inclusive research efforts [41e, 42e, 43-45]. Additionally,
gene-environment interactions involving diet and physical
activity vary across cultures, complicating the generaliz-
ability of findings from European-centric studies [46, 47].

This review evaluates key GWAS discoveries in osteo-
porosis from 2021 to 2024, emphasizing recent findings,
methodological innovations, and ongoing challenges such
as limited genetic diversity and underexplored gene-envi-
ronment interactions. By highlighting the need for inclu-
sive biobanks, advanced analytical methods, and equitable
research approaches, it supports progress toward personal-
ized osteoporosis prevention and care.

@ Springer

Recent Advances in GWAS for Osteoporosis
Key Findings in European Populations

Advancements in GWAS have significantly improved the
understanding of osteoporosis genetics in European popu-
lations by uncovering numerous loci and pathways that
influence BMD and fracture risk. These studies have been
instrumental in identifying genetic contributors and biologi-
cal mechanisms essential for bone health.

Discoveries of Genes and Pathways

Large GWASSs in European populations have identified many
loci associated with BMD and fracture susceptibility. For
example, multi-ethnic studies including European cohorts
have identified loci such as IGF2, ZNF423, and SIPAI as
contributors to BMD at different skeletal sites. Similarly,
loci within the WNT signaling pathway, such as SOST and
LRP5, have been shown to play critical roles in bone remod-
eling and osteoblast differentiation. Dysregulation of these
pathways has been shown to impair bone formation, increase
bone fragility, and play a role in developing osteoporosis in
aging populations [48-50]. Notable findings include those
involving PDE11A and DKK?2 [43, 51]. Further, regulatory
pathways are important not only in bone development but
also in lifelong bone maintenance and the progression of
osteoporosis in later life (see Table 1).

Shared genetic pathways across diseases further illumi-
nate osteoporosis risk. Liu et al. (2021) conducted a joint
analysis of osteoporosis and rheumatoid arthritis (RA),
identifying shared genetic loci that influence both bone and
immune traits [52]. Their study revealed pleiotropic SNPs,
such as rs13299616, have been linked to both BMD and
autoimmune conditions such as RA, implicating genes such
as PTPN22 and MAGI3 in bone metabolism and immune
function [52, 53]. These findings underscore the shared
biological mechanisms underlying osteoporosis and related
conditions.

Methodological Innovations

Innovative methodologies have enhanced the precision and
scope of GWAS in European populations, addressing the
limitations of traditional approaches. Techniques such as
CNV analysis, rare variant detection, and machine learn-
ing (ML), have revealed additional genetic contributors to
osteoporosis risk:

1. Copy Number Variation (CNV)-Based GWAS: CNVs,
large structural variations resulting in deletions or dupli-
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cations of genomic segments, significantly contribute
to BMD variability but are often overlooked in SNP-
based analyses. CNV-based GWAS detects associa-
tions between these structural variations and traits or
diseases, influencing gene expression and susceptibility.
For example, CN'Vs at the 16p11.2 locus are associated
with lower BMD, highlighting the importance of struc-
tural genomic variation in skeletal health (see Table 1)
[54, 55°].

2. Rare Variants: Rare variant analyses have identified
loci with stronger effect sizes than common variants.
Whole-exome sequencing studies, for instance, have
linked mutations in COLIA2 and ENI to osteogenesis
imperfecta, a monogenic disorder characterized by
extreme bone fragility [56]. While osteogenesis imper-
fecta and osteoporosis are distinct conditions, rare del-
eterious variants in COLIA?2 are associated with reduced
BMD and increased fracture risk in population-based
studies [57-60], suggesting a potential overlap in genetic
pathways contributing to bone strength and fragility.

3. Machine Learning-Assisted GWAS: ML frameworks
enhance GWAS by integrating large-scale genomic and
phenotypic data for improved genetic discovery and
prediction. For example, POP-GWAS, which integrates
imputed and observed phenotypes to identify novel
BMD-associated loci, has improved the accuracy of
genetic discovery by integrating observed and imputed
phenotypic data. This approach has identified numerous
novel loci, expanding the understanding of the genetic
underpinnings of osteoporosis [61e].

Insights from Non-European Populations

GWASs conducted in non-European populations have
revealed important insights into the unique genetic archi-
tectures underlying BMD and fracture risk. These studies
underscore the need for diverse representation to uncover
population-specific loci and improve the applicability of
genetic findings across populations.

Allele Frequency and Genetic Variation

Differences in allele frequencies and genetic variation
contribute to disparities in GWAS findings between Euro-
pean and non-European populations. Variants with strong
effects in one population may be insignificant or differ
in effect size in others. For instance, Chen et al. (2023)
identified 968 novel loci specific to East Asians, many
of which were insignificant in Europeans, highlighting
population-specific genetic heterogeneity [62]. Similarly,
Sakaue et al. (2021) reported loci such as rs12408050 and
rs34414754 with significant effects in Japanese but not
European populations [63¢]. These findings underscore the

need to recalibrate tools like polygenic risk scores (PRS)
for non-European populations, as applying European-
derived models universally risks biased osteoporosis risk
prediction.

Unique Genetic Loci and Effect Sizes

Loci identified in non-European populations often exhibit
stronger or distinct effects than those observed in European
populations. Younes et al. (2021) identified 15 BMD-asso-
ciated variants in the MALATI gene in the Qatari popula-
tion [64e]. Su et al. (2024)[65¢] identified novel genes like
LINC00494, ZNF family genes, and FMN?2 in European-
ancestry North Americans and African Americans. Palmer
et al. (2021)[66] reported rs72354346 and rs2024219
associated with volumetric BMD in African Americans
with T2DM. In East Asians, Liaw et al. (2024) identified
rs76140829 in the VTIIA gene linked to osteoporosis in
Taiwanese populations [67], and Feng et al. (2021) dis-
covered SNPs upstream of RREB] associated with higher
T-scores in Chinese postmenopausal women [68]. Similarly,
Bae and Park (2022) identified SNPs such as rs7733007
in the ADGRYV locus to be associated with BMD reduc-
tion in Korean participants [69e]. He et al. (2023) further
illustrated differences in a longitudinal GWAS comparing
European and Asian populations. For instance, the CPED1-
WNT16-FAM3C locus, which showed a significant associa-
tion in Europeans, was not replicated in Asians [70e]. Choe
et al. (2022) conducted a phenome-wide association study
(PheWAS), which is the inverse approach to GWAS that
links a single genetic variant to multiple phenotypes and
allows for the detection of pleiotropic effects and identified
three SNPs associated with BMD in East Asians [71]. Yang
et al. (2022) examined WNT16 and LRP5 polymorphisms in
Chinese postmenopausal women, highlighting the protective
effects of LRPS5 variants and the risk-increasing effects of
WNT16 under specific BMI conditions [15]. Li et al. (2023)
further investigated LRP5 polymorphisms in postmenopau-
sal women with T2DM, linking specific genotypes to lower
femoral neck BMD and emphasizing the role of metabolic
traits in osteoporosis risk [16]. Lin et al. (2024) discov-
ered SNPs and genes in the Taiwanese population linked
to BMD and its correlation with metabolic traits like BMI
and T2DM. They highlighted pathways including Hedge-
hog, WNT-mediated, and TGF-p. Bidirectional Mendelian
randomization analyses indicated that higher BMI causally
elevates BMD in this group [72]. These findings suggest that
osteoporosis risk factors are not universally shared across
populations, reinforcing the necessity for population-specific
GWAS efforts. As PRS models continue to be integrated into
clinical care, population-specific loci will be critical in refin-
ing risk prediction models for underrepresented populations.
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Sex-Specific Associations

Sex-specific genetic associations with BMD have been
previously reported, including in European children and
adult populations [73, 74]. More recently, studies in non-
European populations have also identified sex-specific
associations. Zeng et al. (2023) identified loci such as
rs79262027 in VKORCILI, which was significantly asso-
ciated with BMD exclusively in men, and rs1239055408
in KCNJ2, which was significant only in women [41e].
These findings suggest that genetic susceptibility to osteo-
porosis may be modulated differently between men and
women across populations, suggesting that sex-specific
PRS models may be needed to improve precision medicine
approaches in osteoporosis risk assessment.

Gene-Environment Interactions

Gene-environmental interactions play a crucial role in
shaping BMD in non-European populations. Bae and Park
(2022) demonstrated that dietary calcium intake modu-
lated the effects of variants in the PTPRD locus, with an
increased risk of osteoporosis observed in Korean women
with low calcium intake [69e]. Similarly, Aparicio-Bau-
tista et al. (2024) highlighted gene-diet interactions involv-
ing vitamin D metabolism in Mexican Mestizo women,
showing the protective effects of specific genetic variants
against low BMD [75]. Fouhy et al. (2024) identified gene-
diet interactions between rs72645876 in the SNTGI gene
and the dietary approaches to stop hypertension diet, as
well as interactions between seven SNPs and sugar-sweet-
ened beverages in older Puerto Rican adults [76e]. These
findings emphasize the necessity of integrating gene-
environment interactions into osteoporosis risk assessment
models, particularly in populations where dietary intake
and lifestyle factors significantly modulate genetic effects.

Pleiotropic Effects and Disease Linkages

Pleiotropy further distinguishes genetic networks influenc-
ing BMD in non-European populations. Lee et al. (2022)
identified loci associated with both glycemic traits and
bone stiffness in Taiwanese populations, highlighting the
importance of accounting for pleiotropic effects in genetic
risk modeling [77]. Integrating PRS for osteoporosis with
markers related to metabolic disorders, such as T2DM,
may enhance the early identification of high-risk individu-
als. Future osteoporosis research should prioritize multi-
omics approaches to comprehensively capture these pleio-
tropic relationships.

@ Springer

Genetic and Evolutionary Basis of BMD Differences

Individuals of African ancestry typically exhibit higher
BMD and lower fracture risk compared with those of Euro-
pean or East Asian ancestry [78, 79]. This difference is
hypothesized to result from evolutionary pressures favor-
ing greater bone mass and denser trabecular architecture,
potentially as adaptive responses to historical environ-
mental and mechanical loading conditions [80]. African
populations also demonstrate greater genetic diversity at
skeletal development-related loci, including higher frequen-
cies of protective alleles associated with enhanced BMD,
which may partially explain their reduced osteoporosis risk
[81]. Despite the generally lower osteoporosis prevalence
observed in African populations, the scarcity of GWAS and
osteoporosis-focused genetic studies represents a significant
gap in osteoporosis genomics research. The greater genetic
heterogeneity of African populations complicates the identi-
fication of osteoporosis-related loci without sufficiently large
sample sizes. Additionally, the lower clinical burden and
fracture incidence in these populations may have led to less
prioritization in research compared with European and East
Asian populations (see Fig. 1).

Summary of GWAS Findings Across Populations

GWASs in European populations have identified key loci
such as WNT16, LRP5, and SOST, central to bone remod-
eling and osteoblast differentiation. The WNT signaling
pathway remains a consistent regulator of BMD and frac-
ture risk. Pleiotropic SNPs like rs13299616 link osteoporo-
sis with autoimmune diseases, reflecting complex genetic
networks. In contrast, studies in non-European populations
reveal distinct architectures—e.g., rs473437 near RREBI in
Chinese women and rs76140829 in VT1IA among Taiwan-
ese. Unique loci in African American and Qatari popula-
tions (e.g., MALATI, ADGRV) are absent or less impactful in
Europeans, emphasizing the need for ancestry-specific risk
models. (see Fig. 2) [76¢]. Moreover, sex-specific variants
like rs79262027 and rs1239055408 in East Asians support
sex-stratified genetic assessments.

Population-specific GWAS findings offer insights into
improving osteoporosis prediction and treatment. The absence
of CPEDI-WNT16-FAM3C significance in East Asians and
the reduced WNT16 effect size demonstrate limitations of
applying European-based PRS universally. Additionally, gene-
environment interactions—e.g., PTPRD variants with calcium
intake in Koreans, and vitamin D metabolism genes in Mexi-
can Mestizos—underscore the influence of lifestyle factors.
Pleiotropic loci linking glycemia-related genes to BMD in
Taiwanese cohorts further support integrating metabolic risk
factors. Collectively, these findings reinforce the importance
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Fig. 1 Osteoporosis GWAS Disparities: Annual Trends and Ancestry across all years (N =3,004,525), emphasizing the severe underrep-
Representation (2021-2024). *The bar plot illustrates the distribu- resentation of Qatari, Hispanic, and African American populations

tion of osteoporosis GWAS studies by ancestry from 2021 to 2024, (< 0.10%). These disparities underscore the need for more inclusive
highlighting the disproportionate focus on European and East Asian genetic research to improve osteoporosis risk prediction and treatment
populations. The pie chart shows the total sample size proportions across diverse ancestries

Fig.2 Overlap of Genetic Loci
Associated with Osteoporosis
Across Populations (2021—
2024). *Several key loci, includ-
ing WNT, LRP5, and SOST,

are shared across European,
East Asian, and African/Qatari
populations. These loci are
involved in the WNT signaling
pathway. European-specific loci
(IGF1, SIPA1, DKK2, PDEI A,
PTPN22, MAGI3, PPP6R3)
indicate pathways associated
with collagen formation, osteo-
blast regulation, and hormonal
signaling. East Asian-specific
loci (PLCB4, RREBI, VTIIA,
VKORCILI, KCNJ2, ADGRV)
suggest ancestry-driven

genetic adaptations, possibly

in response to environmental
factors such as dietary calcium
intake and bone metabolism
variations. African/Qatari-
specific loci (MALATI and
ADGRYV) reveal potential novel
regulatory elements affecting
bone structure and BMD

European

East Asian

African/Qatari

@ Springer



24 Page 12 of 20

Current Osteoporosis Reports (2025) 23:24

of diverse genetic studies and personalized models that incor-
porate ancestry, sex, and environmental factors in osteoporosis
risk prediction.

Functional Genomics

Functional genomics has greatly advanced our understand-
ing of biological pathways underlying BMD regulation and
osteoporosis risk by integrating transcriptomics, epigenetics,
and proteomics data.

In European populations, functional studies have linked
GWAS findings to key regulatory pathways. Al-Barghouthi
et al. (2022) used a transcriptome-wide association study
(TWAS), which integrates GWAS and gene expression data
to identify genes whose genetically predicted expression
levels are associated with disease risk, identifying 512
genes associated with BMD, including well-known regu-
lators like RUNX2 and IGF'1, and novel candidates such as
PPP6R3.[82] These findings underscore the critical roles
of RUNX2, IGF1, and PPP6R3 in osteoblast differentiation
and bone microarchitecture, highlighting their potential as
therapeutic targets. RUNX?2 is essential for skeletal devel-
opment, and its dysregulation contributes to bone fragility.
IGFI promotes osteoblast proliferation and supports peak
bone mass. The identification of PPP6R3 reveals novel
regulatory mechanisms in skeletal maintenance; functional
validation in mice showed that its deletion reduces lum-
bar spine BMD, suggesting it as a promising candidate
for future drug development. Together, these genes pro-
vide insight into osteoporosis pathogenesis through their
involvement in broader regulatory networks. Xu et al.
(2023) identified 174 genes, such as IKZF1 and CHKB,
associated with total body BMD in children through TWAS
and gene ontology analysis, emphasizing processes like
protein catabolism and steroid hormone-mediated signaling
pathways [83]. These findings underscore the importance
of protein homeostasis and hormonal regulation in bone
integrity, suggesting that targeting protein degradation
pathways may offer therapeutic potential in osteoporosis
prevention and treatment.

The pleiotropic effects of loci have also been explored.
Qu et al. (2023) investigated shared loci between sex
hormone-binding globulin (SHBG) and eBMD, identi-
fying 219 overlapping loci, including novel ones such as
rs6542680 and rs815625 [45]. This study highlighted a
causal relationship between SHBG levels and decreased
BMD through Mendelian randomization analyses, which
use genetic variants as instrumental variables to infer
causal relationships between risk factors and the trait of
interest. The identification of pleiotropic loci highlights the
importance of multi-trait genetic analyses in osteoporosis

@ Springer

research. For example, SHBG influences sex hormone reg-
ulation, affecting BMD by modulating bioavailable estro-
gen and testosterone, key hormones for skeletal strength,
especially in postmenopausal women and older men. These
findings suggest that hormone therapy or SHBG-targeted
interventions may hold clinical promise for osteoporo-
sis treatment. Similarly, Wang et al. (2024) identified a
CpG-SNP, defined as a SNP’s allelic change introduced or
removed a CpG site in the DNA sequence where cytosine
is followed by guanine in a specific direction, at the 2q14.2
locus that regulates ENI expression via DNA methylation,
impacting genes like CCDC170 and COLEC10, which are
implicated in bone formation [84]. Epigenetic modifica-
tions such as DNA methylation and histone changes reveal
regulatory mechanisms influencing gene expression in
bone formation, presenting promising targets for precision
medicine in osteoporosis. Since these mechanisms respond
to environmental and hormonal cues, factors like diet, exer-
cise, and lifestyle may directly impact osteoporosis risk.
Targeting epigenetic pathways through drugs or behavioral
interventions offers a potential non-invasive approach to
osteoporosis prevention.

Functional genomic studies in East Asian populations
have revealed distinct loci and pathways with transla-
tional potential. Tsai et al. (2021) identified rs6086746,
a polymorphism in the PLCB4 promoter, as a key vari-
ant associated with osteoporosis risk. This variant could
alter the binding affinity of RUNX2, a transcription factor
essential for osteoblast differentiation, thereby affecting
PLCB4 expression [85]. These population-specific find-
ings underscore the importance of inclusive research to
identify genetic determinants missed in European-centric
studies, supporting the need for global osteoporosis genom-
ics efforts. The identification of ancestry-specific regulatory
variants, such as those affecting PLCB4, emphasizes how
genetic background influences bone metabolism. Given
PLCB4’s role in calcium signaling, essential for osteoblast
function, understanding its modulation across populations
can inform more tailored osteoporosis therapies.

Shared and Population-Specific Pathways

Comparative studies between European and East Asian
populations have uncovered both shared and unique genetic
pathways. Conserved regulators like RUNX2 and IGF1
illustrate common mechanisms underlying bone health,
while population-specific loci such as PPP6R3 in Euro-
pean populations and rs6086746 in East Asian populations
emphasize the importance of population-specific research.
European studies have frequently highlighted pleiotropy and
hormonal regulation, while East Asian studies have revealed
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loci with large effect sizes and gene-environment interac-
tions, such as those influenced by BMI and dietary calcium
intake [85].

Methodological Challenges
and Opportunities

Despite significant advancements in GWAS for osteopo-
rosis, several methodological challenges persist, including
limited transferability of findings, underrepresentation of
non-European populations, and the integration of complex
gene-environment interactions. Emerging solutions offer
opportunities to address these issues and enhance the global
applicability of osteoporosis genetics research.

Challenges
Underrepresentation of Non-European Populations

A major challenge in osteoporosis GWAS is the lack of rep-
resentation of non-European populations with the majority
of recent studies focusing on European and East Asian popu-
lations, with severe underrepresentation of Hispanic, Afri-
can American, and Qatari populations (see Fig. 1 and Sup-
plement Table 1), which limits the applicability of findings
across diverse populations (see Table 2 for key challenges
and solutions). Many loci associated with BMD and fracture
risk in Europeans, such as those near ENI and COLIA2,
are rare or monoallelic in African, Asian, and Indigenous
populations [41e, 42e 43-45]. Fewer than 40% of BMD-
associated SNPs identified in Europeans can be replicated
in Asian populations, which may reflect both differences
in genetic architecture and the limited statistical power of
studies in non-European populations [42e]. These dispari-
ties constrain the clinical utility of PRS and other predictive
tools, perpetuating inequities in osteoporosis risk prediction
and management.

Data Gaps and Limited Statistical Power

Biobanks and research cohorts often lack adequate repre-
sentation of non-European populations, leading to smaller
sample sizes and reduced statistical power to detect genetic
associations [5]. African populations, which have the highest
genetic diversity due to the"Out of Africa"migration, har-
bor unexplored loci critical for osteoporosis research [42e,
43]. Admixed populations, such as those in Latin America,
present additional complexities due to mosaic genetic influ-
ences from Indigenous, African, and European populations.
Expanding diverse biobank resources and leveraging trans-
ethnic meta-analyses are essential to address these gaps (see
Table 2).

Opportunities
Inclusive Biobank Initiatives

Expanding biobank diversity is crucial for improving osteo-
porosis risk prediction in underrepresented populations. Key
initiatives addressing this issue are summarized in Table 2.
These efforts aim to develop population-specific reference
panels and enhance the power of GWAS across diverse
cohorts.

Standardized Protocols and Tools

Ensuring consistency across diverse datasets requires stand-
ardized data collection and bioinformatics tools (see Table 2
for key standardization efforts). Harmonized data collection
practices, such as those promoted by the Global Biobank
Meta-Analysis Initiative [86], improve reproducibility and
facilitate data integration across global populations.

Future Directions and Conclusion

Osteoporosis research has made significant strides in uncov-
ering genetic factors underlying bone health through GWAS.
However, to translate these findings into equitable clinical
applications, several key areas warrant further exploration
and strategic focus.

Future Directions
1. Increasing Diversity in GWAS Cohorts

To address the persistent issue of underrepresentation,
future research must prioritize expanding diverse cohorts
and leveraging trans-ethnic meta-analyses. This effort
includes developing new partnerships with global biobank
initiatives and increasing recruitment efforts in underrep-
resented populations, such as the All of Us Research Pro-
gram [87] and the Qatar Genome Project [88]. Such actions
will enhance the discovery of population-specific loci and
improve the generalizability of findings, ultimately creating
more equitable PRS and genetic tools.

2. Integrating Multi-Omics Approaches

Integrating multi-omics data, including genomics,
transcriptomics, proteomics, and metabolomics, provides
a comprehensive approach for elucidating genetic influ-
ences on BMD. Multi-omics studies have identified pleio-
tropic effects and uncovered population-specific metabolic
pathways, such as lipid metabolism differences between
African and European populations [89]. These integrative
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strategies facilitate the identification of biomarkers rel-
evant across diverse populations, thereby advancing
personalized medicine for osteoporosis risk prediction
and treatment [85]. State-of-the-art methods, including
TWAS, chromatin accessibility assays, and single-cell
RNA sequencing, enhance GWAS interpretation by linking
genetic variants to regulatory mechanisms. For instance,
TWAS has uncovered distinct regulatory genes influenc-
ing BMD in European and East Asian populations, high-
lighting its effectiveness in capturing population-specific
genetic factors [90, 91]. Incorporating environmental and
cultural data further enriches multi-omics approaches, pro-
viding deeper insights into gene-environment interactions
affecting osteoporosis risk [63e]. Future studies should
focus on combining multi-omics datasets with environ-
mental and cultural factors to investigate these interac-
tions comprehensively. Advances in single-cell sequencing
and epigenomics offer promising opportunities to dissect
regulatory mechanisms specific to underrepresented popu-
lations [92].

3. Advancing Machine Learning Applications

ML has emerged as a critical tool for overcoming the lim-
itations of traditional GWAS methods by enhancing predic-
tive accuracy, addressing population biases, and effectively
utilizing multi-ethnic datasets characterized by different LD
patterns and allele frequencies. Unlike conventional statis-
tical approaches, ML algorithms handle high-dimensional
genomic and phenotypic data, detect nonlinear relationships,
and adaptively learn complex patterns, thereby improving
osteoporosis risk prediction.

A significant challenge in GWAS, particularly in non-
European populations, is the limited statistical power due
to smaller sample sizes and distinct LD structures. Genera-
tive adversarial networks (GANs) offer a promising solution
by generating synthetic genetic datasets that closely reflect
real-world genomic variation, thus improving genetic asso-
ciation studies in underrepresented populations [93-95].
GAN-based approaches not only increase statistical power
but also facilitate data augmentation strategies to enable
variant discovery in populations with limited GWAS rep-
resentation. Additionally, ML-driven fairness frameworks
have emerged to identify and mitigate biases inherent in
GWAS, ensuring equitable performance of PRS across
populations. These models apply algorithmic bias correc-
tion techniques to improve PRSs' reliability in non-Euro-
pean populations [63e, 96]. Admixture mapping [97, 98],
enhanced by ML approaches, provides specific advantages
for genetically diverse populations such as Latin Americans
and African Americans, where traditional GWAS may not
capture ancestry-specific variants [63e, 96]. By leveraging
differences in haplotype structures, ML-assisted admixture

mapping identifies novel loci influencing BMD and fracture
risk, thus contributing to more inclusive osteoporosis risk
prediction models.

Integrating ML into GWAS is essential for advancing
precision medicine, facilitating refined risk stratification,
improving PRS portability, and enhancing the interpret-
ability of complex genetic architectures. These advance-
ments underscore the necessity for interdisciplinary col-
laboration, bridging genetics and computational science to
develop generalizable and equitable genomic risk models
for osteoporosis.

4. Standardizing Data Collection and Analytical Pipe-
lines

Harmonizing data collection practices across diverse
cohorts is vital to ensure reproducibility and compara-
bility. Initiatives like the Global Biobank Meta-Analysis
Initiative [86], the International HundredK + Cohorts Con-
sortium (IHCC) [99], and the Musculoskeletal Knowledge
Portal (MSK-KP) project[100] provide a framework for
standardization and global collaborations. Future efforts
should focus on establishing universally accepted proto-
cols for phenotyping, genotyping, and environmental data
collection, enabling robust cross-population analyses.

5. Bridging Research and Clinical Implementation

Translating GWAS findings into clinical practice
requires bridging the gap between discovery and appli-
cation [51]. This includes validating genetic findings in
diverse cohorts, developing population-specific therapeu-
tic targets, and creating user-friendly tools for clinicians
to incorporate PRS into patient care [101]. Collaboration
between researchers, clinicians, and policymakers will be
crucial in ensuring that advances in genetic research ben-
efit all populations equitably.

6. Optimizing Osteoporosis Treatment Through Genet-
ics

Pharmacogenomics, which examines how genetic vari-
ation affects drug response, plays a pivotal role in opti-
mizing osteoporosis therapies. Studies have shown that
genetic variants influence responses to bisphosphonates,
the most commonly used antiresorptive agents. Moreo-
ver, polymorphisms in estrogen metabolism-related genes,
such as PDSSI, CYPI9AI1, CYPIAI, and CYPIBI, have
been associated with varied efficacy of raloxifene, a selec-
tive estrogen receptor modulator frequently prescribed for
postmenopausal osteoporosis [102].

Genetic ancestry significantly influences osteoporosis
treatment, as population-specific differences in risk and
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drug metabolism necessitate ancestry-informed strate-
gies. For example, LRP5 variants affect bone formation
and treatment response across populations [103]. Phar-
macogenomic studies suggest that African and East Asian
groups may benefit from adjusted dosing or alternative
therapies due to unique genetic loci impacting BMD and
drug metabolism [104].

Despite promising findings, pharmacogenomics remains
underutilized in osteoporosis care. Future studies should
prioritize large, ancestry-informed efforts to improve
pharmacogenetic testing and enable more precise, safer
treatments.

Conclusion

GWAS has transformed osteoporosis research by uncov-
ering key genetic factors underlying bone health. Despite
this progress, critical challenges persist, including the
underrepresentation of non-European populations and the
limited integration of gene-environment interactions [69e,
76, 105]. Addressing these gaps requires prioritizing
diversity, expanding the use of multi-omics and machine
learning, and standardizing global research practices [82,
106].

Future efforts should emphasize translating genetic
findings into clinical tools that enhance osteoporosis
prevention and treatment. Tackling current limitations
will promote more equitable, data-driven approaches to
improve bone health outcomes across diverse populations.
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