Genes & Diseases (2026) 13, 101864

Available online at www.sciencedirect.com

ScienceDirect

KeAil

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/genes-diseases

\Genes &
iseases

RAPID COMMUNICATION

Multi-omics Mendelian randomization "
combined with single-cell and spatial
transcriptomics: Multidimensional

validation of drug targets for osteoarthritis

Osteoarthritis (OA), a chronic degenerative joint disorder,
is a primary cause of disability, affecting over 520 million
people globally.” While age-standardized rates (ASRs) for
incidence, prevalence, and disability-adjusted life years
(DALYs) are projected to decline slightly annually from 2020
to 2035, absolute case numbers will continue to rise,
underscoring OA as a persistent public health challenge.?
Therefore, identification of therapeutic targets for OA is of
significant clinical importance. The current research on OA
drug targets is predominantly confined to blood and single-
omics analysis, with a notable absence of integrated, cross-
tissue, and multi-omics validation.®> > Herein, our objective
is to systematically identify tissue-specific priority drug
targets for OA through a comprehensive cross-tissue and
multi-omics analysis framework.

This study constitutes a secondary analysis of publicly
available data. Details of the overall study design and data
sources are presented in Figure S1 and Table S1, respec-
tively. Following rigorous screening, we incorporated 2703
cis-eQTLs from 1201 blood druggable genes as instrumental
variables (IVs) (Table S2). Through Mendelian randomiza-
tion (MR) analysis, we identified 16 genes in the blood that
were causally associated with 6 OA traits (Fig. 1A and Table
S3). Notably, LYGT was replicated in the OA GWAS of
Guindo-Martinez et al (Fig. S2A and Table S4). Further
colocalization analysis revealed that 6 druggable genes
(HLA-DRA, NISCH, MAST2, LYG1, IPP, and STK25) in the
blood exhibited robust colocalization support (Py4 > 0.75)
with 4 OA traits (HandOA, KneeHipOA, KneeOA, and TJR)
(Fig. 1A and Table S5).

For fibroblasts, 1308 cis-eQTLs from 1257 genes were
selected and used as IVs (Table S6). Subsequently, 32
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fibroblast genes were identified as causally associated with
the occurrence of 6 OA traits (Fig. 1B and Table S3). EPDR1
and LYGT1 were replicated (Fig. S2B and Table S4). Addi-
tionally, 10 druggable genes (PRKG2, CRELD2, CHST11,
CHST1, EPDR1, MAPK3, LYG1, CRIM1, IPP, and PAM) in fi-
broblasts shared genetic variation with 6 OA traits (HipOA,
KneeHipOA, KneeOA, THR, TJR, and TKR), demonstrating
strong colocalization support (Pys > 0.75) (Fig. 1B and
Table S5).

In chondrocytes, 242 cis-eQTLs from 234 genes were
selected and utilized as IVs (Table S7), and 16 genes were
identified as having causal associations with 9 OA traits
(Fig. 1C and Table S3). MAP2Ké6 was replicated (Fig. S2C and
Table S4). Five druggable genes (ALDH1A2, HLA-DRA,
PAPPA, MAP2K6, and PAM ) were detected in chondrocytes,
exhibiting strong colocalization support (Py4 > 0.75) with 9
OA traits (FingerOA, HandOA, HipOA, KneeHipOA, KneeOA,
THR, ThumbOA, TJR, and TKR) (Fig. 1C and Table S5). The
above results do not exhibit horizontal pleiotropy and
heterogeneity (Tables S3 and S4).

Phenome-wide MR analysis (between 17 druggable genes
and 783 non-0A diseases or traits sourced from UKB-SAIGE)
revealed that 14 genes (ALDH1A2, CHST1, CHST11, CRIM1,
CRELD2, IPP, LYG1, MAPK3, MAP2K6, NISCH, PAM, PAPPA,
PRKG2, and STK25) did not exhibit potential side effects
(FDR_P < 0.05) (Fig. 1D and E and Table S8).

To further ascertain the genetic association between
druggable genes and OA traits, we conducted summary-
data-based MR (SMR) and HEterogeneity In Dependent In-
struments test (HEIDI) tests on 14 druggable genes and OA
traits. The results indicated that 3 genes (MAST2, LYG1, and
STK25) in the blood and 9 genes (CHST1, CHST11, CRIMT,
CRELD2, LYG1, MAPK3, PAM, PRKG2, and STK25) in fibro-
blasts were validated (P_SMP < 0.05), with the effect di-
rection aligned with the MR analysis (Fig. S3 and Table S9).

2352-3042/© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 1  Multi-omics Mendelian randomization combined with single-cell, and spatial transcriptomics: Multidimensional vali-
dation of drug targets for osteoarthritis. (A) Manhattan plot of OA related druggable genes in blood; Forest plot of OA related
druggable genes in blood; Bubble plot of colocalization analysis of OA related druggable genes in blood; (B) Manhattan plot of OA
related druggable genes in fibroblast; Forest plot of OA related druggable genes in fibroblast; Bubble plot of colocalization analysis
of OA related druggable genes in fibroblast; (C) Manhattan plot of OA related druggable genes in chondrocyte; Forest plot of OA
related druggable genes in chondrocyte; Bubble plot of colocalization analysis of OA related druggable genes in chondrocyte; (D)
Phenome-wide MR analysis of OA related druggable genes; (E) Forest plot between OA related druggable genes and non-OA traits;
(F) Circular heatmap of druggable genes validated through protein-level MR analysis; (G) Forest plot of causal metabolites asso-
ciated with OA identified in plasma; (H) Molecular docking analysis between atenolol and ALDH1A2; Molecular docking analysis
between hydrochlorothiazide and ALDH1A2; Molecular docking analysis between tretinoin and ALDH1A2; Molecular docking analysis
between retinol and ALDH1A2; Molecular docking analysis between imatinib and CHST1; Molecular docking analysis between
chondroitin sulfates and CHST11. The black dashed line depicted in the Manhattan plot signifies the significance threshold, which
corresponds to —log10 (0.05). The red line represents an odds ratio of 1. Red symbolizes positive effects, while blue symbolizes
negative effects. * denotes statistically significant results, with a corresponding P < 0.05.
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Forty-three cis-pQTLs for 8 proteins (CHST1, CHST11,
CRIM1, CRELD2, HLA-DRA, MAPK3, PAPPA, and PAM) were
extracted from the ARIC study, UKB-PPP, and deCODE,
followed by a protein-level MR analysis (Table 510). CHST1,
CHST11, HLA-DRA, MAPK3, and PAM were also validated.
The direction of the effect of all positive results (P < 0.05)
remained consistent with that observed during the drug-
gable genome-wide MR phase (Fig. 1F and Table S11).

To further verify whether OA-related druggable genes
increase OA risk through metabolites, we included 154
metabolites and 868 SNPs (Table S12) and conducted
metabolic-level MR analysis. Methionine sulfoxide, SM
C24:0, SM C24:1, SM (OH) C22:1, SM C16:0, hexose, SM
C16:0, PC aa C32:1, lysoPC a C14:0, PC aa C32:3, and PC aa
C34:1 was associated with the risk of 5 OA traits (HandOA,
KneeHipOA, KneeOA, THR, and TJR) (Fig. 1G and Table
S13). Notably, SM C16:0 and PC aa C34:1 are linked to
ALDH1A2 (Table S13). This further confirmed the significant
role of ALDH1A2 in OA risk, potentially regulating the OA
process through metabolite production.

Based on single-cell transcriptome data from the
GSE176223 dataset, CHST1, PAM, HLA-DRA, CHST11, and
PAPPA were significantly enriched in the synovial tissue of
OA  patients with pain (p_val_adj < 0.05,
avg_log2FC > 0.5), whereas CRELD2, PAM, and ALDH1A2
were highly expressed in OA patients without pain. Notably,
CHST1 and PAM were specifically highly expressed in fi-
broblasts (Fig. S4 and Table S$14), aligning with druggable
genome-wide MR results, suggesting a close correlation
between their abnormal expression and OA risk. Spatial
transcriptome analysis of the GSE253199 dataset revealed
that CRIM1 was significantly enriched (exhibiting a protec-
tive effect) in the normal fat pat tissue of 3 sections
(p_val_adj < 0.05, avg_log2FC > 0.5), whereas PAM was up-
regulated (indicating a risk-promoting effect) in the path-
ological tissue of the fourth OA section (p_val_adj < 0.05,
avg_log2FC > 0.5) (Fig. S5 and Table S15).

The DGIdb database was used to retrieve approved drugs
for 14 druggable genes (with no side effects). We identified
4 approved drugs for ALDH1A2, 1 for CHST1, 1 for CHST11, 6
for MAP2K6, and 8 for MAPK3 (Fig. S6 and Table S$16).
Autodock4 was utilized for further molecular docking to
evaluate its therapeutic potential, and the results revealed
that all four drugs exhibited strong affinity for ALDH1A2
(binding energy: —4.45 kcal/mol for atenolol, —9.94 kcal/
mol for hydrochlorothiazide, —8.04 kcal/mol for tretinoin,
and —9.19 kcal/mol for retinol) (Fig. 1H). CHST1 demon-
strated strong affinity with imatinib (binding energy:
—6.68 kcal/mol) (Fig. 1H). Similarly, CHST11 interacted
strongly with chondroitin sulfates (binding energy:
—6.68 kcal/mol) (Fig. 1H). These findings further under-
score the druggability of ALDH1A2, CHST1, and CHST11,
highlighting the immediate translational potential of these
targeted drugs.

PPl network analysis utilizing the STRING database iden-
tified 14 candidate genes interacting with key molecules in
signaling pathways associated with OA. ALDH1A2 interacts
with BMP4 of the BMP pathway and CTNNB1 of the WNT
pathway through co-expression and text mining, suggesting
its role in regulating the BMP/Wnt pathway in OA patho-
genesis (Fig. S7). CRIM1 specifically binds to BMP4 and may
modulate OA progression via the BMP pathway. MAP2K6

interacts with CTNNB1 (of the WNT pathway) and RELA (of
the NF-kB pathway), suggesting its synergistic role across
multiple pathways (Fig. S7). MAPK3 interacts with BMP2/4,
CTNNB1, NFKB1, VCL, ITGAV, TLN1, NFKB1, REL, RELA,
mTOR, and HIF1A, encompassing the BMP, WNT, focal
adhesion, NF-kB, mTOR, and HIF pathways, and is associated
with known OA targets, such as NGF, TNF, MMP13, IL1B, IL4,
IL10, and IL13 (Fig. S7). STK25 is implicated in OA progres-
sion through TNF (Fig. S7). This study elucidates the multi-
pathway interaction network of candidate targets, providing
a mechanistic foundation for their drug development.

In conclusion, this study pioneers the application of a
cross-organizational and multi-omics analysis framework to
uncover 12 potential therapeutic targets and molecular
networks for OA treatment. CHST1, PAM, LYG1, PRKG2, and
STK25 emerge as novel targets backed by multi-level evi-
dence. Furthermore, this study underscores the repurpos-
ing potential of retinoic acid, retinol, hydrochlorothiazide,
atenolol, and imatinib in the treatment of OA.
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