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Abstract
● AIM: To investigate the mitochondrial dysfunction-related 
genes and their regulatory mechanisms involved in primary 
open angle glaucoma (POAG), which is characterized by 
retinal ganglion cell loss.
● METHODS: Multi-omic summary-data-based Mendelian 
randomization (SMR) integrating methylation quantitative 
trait loci (mQTL), expression quantitative trait loci (eQTL), 
and protein quantitative trait loci (pQTL) were performed for 
mitochondrial genes with genome-wide association studies 
(GWAS) of POAG and related traits [intraocular pressure 
(IOP), macular retinal nerve fiber layer thickness (mRNFL), 
and macular ganglion cell-inner plexiform layer thickness 
(mGCIPL)]. Bayesian colocalization was used to support 
shared causal variants and to define evidence tiers across 
omics. SPATA20 expression was assessed in a mouse 
glaucoma model by immunofluorescence and Western blot.
● RESULTS: SMR identified 64 mitochondrial genes 
associated with at least one outcome, including ALDH18A1 

for POAG and MRPL55 for mRNFL. eQTL analysis revealed 
212 associations, prioritizing MRPL20, SLC25A26, 
ALAS1, and GLYCTK for POAG, ACAD10 for IOP, ALDH6A1, 
GRPEL2, and YARS2 for mRNFL, and ALDH6A1, TIMM21, 
TIMM29, LARS2, and METAP1D for mGCIPL. The pQTL 
layer implicated 21 proteins, including BOLA1 for POAG. 
Cross-omic synthesis supported 18 genes by ≥2 omics 
layers. SPATA20 was supported by all three layers, showed 
a consistent negative association with mRNFL, and in mice 
was transiently upregulated in retina, with expression in the 
ganglion cell layer.
● CONCLUSION: Multi-omic SMR with colocalization 
highlights mitochondrial genes for POAG and related traits 
and nominates SPATA20 as a leading cross-omics signal for 
mRNFL.
● KEYWORDS: primary open angle glaucoma; glaucoma-
related traits; Mendelian randomization; mitochondrion; 
methylation; gene expression; SPATA20
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INTRODUCTION

G laucoma is a leading irreversible blindness characterized 
by progressive degeneration of the optic nerve and 

retinal ganglion cells (RGCs)[1]. Based on the anatomy of 
anterior chamber angle, primary glaucoma can be categorized 
into primary open angle glaucoma (POAG) and primary 
angle-closure glaucoma, with POAG being the predominant 
type. Intraocular pressure (IOP) is the major risk factor for 
glaucoma, mainly linked to the impaired trabecular meshwork 
cell (TMC) function. In recent years, numerous studies 
have highlighted the pivotal role of mitochondria in the 
pathogenesis of glaucoma. Mitochondrial dysfunction may 
lead to intracellular energy deficits and oxidative stress, which 
can initiate apoptosis in both TMCs and RGCs[2]. Genome-
wide association studies (GWAS) and experimental research 
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have identified multiple POAG susceptibility genes associated 
with mitochondria, including MYOC, which is linked to 
TMCs dysfunction[3], and OPA1, OPTN, and CYP1B1, which 
are implicated in the pathogenesis of RGCs[4-6]. Although the 
crucial role of the mitochondrion in POAG is now recognized, 
the specific mitochondrial-related genes and their regulatory 
mechanism in POAG remain elusive.
Gene methylation quantitative trait loci (mQTLs), expression 
quantitative trait loci (eQTLs), and protein quantitative trait 
loci (pQTLs) encapsulate integrative omics data, offering 
valuable insights into the biological mechanisms underlying 
diseases at the levels of DNA methylation, gene expression 
and protein abundance levels[7]. Mendelian randomization 
(MR) analysis harnesses genetic information as instrumental 
variables (IVs) to enhance causal inference between exposures 
and outcomes. Unlike traditional observational studies, MR 
is less susceptible to the confounding factors and reverse 
causation, as genetic variants are randomly assigned and 
remain constant from conception, preceding the onset of the 
disease[8]. By incorporating single nucleotide polymorphisms 
(SNPs) linked to diseases based on mQTL, eQTL, and pQTL 
datasets, we employed summary-data-based MR (SMR) to 
investigate the causal associations of mitochondrial gene 

methylation, expression, and protein abundance with POAG 
risk. Additionally, we explored the associations between 
mitochondrial-related genes and glaucoma-related traits, 
encompassing IOP, macular retinal nerve fiber layer (mRNFL) 
thickness, and macular ganglion cell-inner plexiform layer 
(mGCIPL) thickness.
MATERIALS AND METHODS
Ethical Approval  This study used publicly available, 
summary-level GWAS datasets and did not involve access to 
individual-level data. Therefore, ethics approval and informed 
consent for this study were not required. Ethics approval 
and participant consent were obtained in the original GWAS 
studies, as described in the corresponding publications.
Figure 1 illustrates the overall design of this study. The 
current SMR analysis relies on publicly available datasets, 
namely the International Glaucoma Genetics Consortium[9] 
and the UK Biobank[10]. In this study, IVs for mitochondrial 
genes were extracted at the methylation, gene expression, 
and protein abundance levels. As the main analysis strategies, 
SMR analyses were conducted independently for POAG and 
glaucoma-related traits at each of these biological levels. 
Colocalization analyses were applied to strengthen the causal 
inferences.

Figure 1 Study design of study  SMR: Summary-based Mendelian randomization; QTL: Quantitative trait loci; POAG: Primary open angle 

glaucoma; eQTL: Expression quantitative trait loci; pQTL: Protein quantitative trait loci; mQTL: Methylation quantitative trait loci; HEIDI: 

Heterogeneity in dependent instrument; IOP: Intraocular pressure; mRNFL: Macular retinal nerve fiber layer; mGCIPL: Macular ganglion cell-

inner plexiform layer; SNP: Single nucleotide polymorphisms; PP.H4: Posterior probability for hypothesis 4; FDR: False discovery rate.

Multi-omics MR identifies SPATA20 for glaucoma
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Data Sources for Mitochondrial-Related Genes, mQTL, 
eQTL, and pQTL Datasets  Integration of multi-omics 
data provides deeper insight into the molecular networks 
underlying mitochondrial dysfunction. A total of 1136 
human mitochondrial-related genes were identified based on 
the updated inventory from MitoCarta3.0[11] (https://www.
broadinstitute.org/files/shared/metabolism/mitocarta/human.
mitocarta3.0.html). SNP-CpG associations in blood were 
obtained from mQTL data by McRae et al[12] in European 
ancestry individuals (n=1980). The cis-mQTL for genetic 
variants closely related to mitochondrial-related genes was 
extracted. The aggregated statistical data of blood eQTL were 
obtained from the eQTLGen Consortium[13], which included 
31 684 individuals (https://www.eQTLGen.com). We included 
cis-eQTLs located within 1000 kb upstream of the transcription 
start site or 1000 kb downstream of the transcription end site of 
the target genes. The statistics of 28 191 genetic associations 
with 4907 circulating protein levels were obtained from a 
pQTL study that included 35 559 Icelanders[14].
GWAS Data of POAG and Glaucoma-Related Traits  
The largest GWAS data summary statistics of open angle 
glaucoma, namely, POAG were extracted from International 
Glaucoma Genetics Consortium, comprising 14 822 926 SNPs 
from a cohort of 16 677 participants and 199 580 controls of 
European descent. The definition of POAG was based on the 
International Classification of Diseases diagnostic codes (ICD-
9/ICD-10 revisions). Summary statistics for glaucoma-related 
traits were also extracted from GWAS studies of European 
individuals, including IOP[15] (11 458 861 SNPs), mRNFL[16] 
(9 121 075 SNPs), and mGCIPL[16] (9 121 075 SNPs).
SMR Analysis  The SMR analysis was the primary analysis 
for this study, which was employed to test for potential causal 
associations between mitochondrial-related molecular traits 
(mQTL, eQTL, and pQTL) and outcomes of glaucoma with 
its corresponding traits. This method utilizes the top cis-
acting genetic variant associated with a molecular trait as an 
instrumental variable.
SNPs significantly associated with exposure factors were 
used as IVs, which were screened according to the following 
criteria: 1) SNPs strongly associated with the exposure 
(P<5×10-8) were selected as candidate IVs; 2) SNPs in high 
linkage disequilibrium with the top SNP (R²>0.9) were pruned, 
and only those with R²≤0.9 were retained for analysis; 3) To 
ensure independence among IVs, clumping against the 1000 
Genomes European population reference (r²<0.001, 10 000-kb 
window), retaining the lead SNP per region.
To distinguish whether a significant SMR signal was driven 
by a single causal variant versus multiple correlated variants 
due to linkage disequilibrium, the Heterogeneity in Dependent 
Instruments (HEIDI) test was applied. PHEIDI>0.01 were 

indicates no evidence of heterogeneity, consistent with a single 
shared variant rather than distinct linked variants. Associations 
meeting the dual thresholds of PSMR<0.05 [false discovery rate 
(FDR) corrected using the Benjamini-Hochberg method) and 
PHEIDI>0.01 were taken forward for interpretation.
Sensitivity analyses were conducted as a supplementary 
analysis, which was only when ≥3 independent cis SNPs are 
available. These analyses were not used to define primary 
findings.
Colocal izat ion Analysis   We employed Bayesian 
colocalization analyses to detect shared causal variants between 
identified mitochondrial-related associations and POAG and 
glaucoma-related traits using the R package “coloc”[17]. All 
associations meeting the criteria of FDR-adjusted PSMR<0.05 
and PHEIDI>0.01 were then assessed with 5 different hypotheses 
(H0–H4) by generating different posterior probabilities (PP). 
H0 suggests the absence of any association with both exposure 
and outcome, whereas H4 suggests a shared causal variant 
associated with exposure and outcome. A posterior probability 
for hypothesis 4 (PP.H4)>0.70 was considered significant 
evidence for colocalization.
Integrating Results from Multi-Omics Level of Evidence  
To comprehensively assess how mitochondrial-related genes 
associate with glaucoma across multiple biological levels, 
we integrated evidence from three distinct regulatory tiers. 
In this study, PP.H4>0.7 is considered strong evidence 
for colocalization (Tier 1 targets). Medium colocalization 
was defined as 0.5<PP.H4<0.7 (Tier 2 targets). For those 
associations with PSMR<0.05 and PHEIDI>0.01 but PP.H4<0.5 
(Tier 3 targets), the results can still offer insights into 
understanding the relationship between mitochondrial genes 
and glaucoma.
Glaucoma Mouse Model  The optic nerve crush (ONC) 
model was used as the glaucomatous optic neuropathy 
paradigm following an established protocol[18]. Under general 
and local anesthesia, a superior-lateral conjunctival incision 
was made, orbital muscles were retracted to expose the optic 
nerve, and the nerve was crushed approximately 1 mm posterior 
to the globe using self-clamping forceps for 5s. Sham-operated 
controls underwent the same exposure procedure without nerve 
crush. Eyes were harvested at 1, 3, 7, and 10d post-procedure. 
This study was approved by the Ethics Committee of 
Shanghai Eye Disease Prevention and Treatment Center 
(TBJ04625279).
Western Blot Analysis  Retinal proteins were extracted 
and quantified, separated by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), transferred 
to polyvinylidene difluoride (PVDF) membranes, and blocked 
in 5% skim milk. Membranes were incubated overnight at 4℃ 
with rabbit anti-SPATA20 (1:1000; 18373-1-AP, Proteintech), 
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followed by horseradish-peroxidase (HRP)-conjugated goat 
anti-rabbit immunoglobulin G (IgG) secondary antibody 
(1:2000). Bands were visualized by chemiluminescence and 
quantified using ImageJ (LOCI, University of Wisconsin, USA).
Tissue Processing and Immunostaining  Mice were 
euthanized by anesthetic overdose and perfused with phosphate 
buffered saline (PBS) followed by 4% paraformaldehyde. Eyes 
were post-fixed, cryoprotected in graded sucrose (10%, 20%, 
30%), embedded in optimal cutting temperature compound, and 
sectioned at 13 μm. Sections were incubated with rabbit anti-
SPATA20 (1:200) overnight at 4℃, followed by Alexa Fluor-
conjugated secondary antibodies (1:500) and 4’,6-diamidino-
2-phenylindole (DAPI) counterstaining (1:2000). Fluorescence 
images were captured at a distance of 300 μm from the optic 
nerve head, and immunopositivity in the whole retina and 
ganglion cell layer (GCL) was quantified by thresholding 
under uniform imaging conditions as previously described[18].

RESULTS
Mitochondrial Gene Methylation Analysis  We first 
examined the association between mitochondrial DNA 
methylation and glaucoma risk. Across 415 methylation sites, 
82 were significant (PSMR<0.05 and PHEIDI>0.01), mapping to 
64 genes. For POAG, ALDH18A1 was the unique Tier 1 target: 
decreased methylation at cg12304200 was linked to reduced 
risk. Six Tier 2 loci were identified (CHCHD6, SARDH, 
PISD, ALAS1, OGDHL, and VARS2). For mRNFL, MRPL55 
(cg08158976) was Tier 2, whereas mGCIPL and IOP showed 
only Tier 3 signals (Figure 2A). Figure 2B highlights 29 CpG 
sites across 16 genes significant in at least two omics levels, 
including SPATA20 (cg22450693) for mRNFL.
Mitochondrial Gene Expression Analysis  We next assessed 
gene expression using eQTL data. Among 637 genes 
with 10 042 SNPs, 212 showed significant associations. 
Genetically predicted increased expression of SLC25A26, 

Figure 2 Associations of genetically predicted mitochondrial gene methylation with POAG and its endophenotypes  A: Associations identified 

as Tier 1 or Tier 2 targets; B: Associations significant in at two or three omics levels. SMR: Summary-data-based Mendelian randomization; 

OR: Odds ratio; CI: Confidence interval; nsnp: Number of single nucleotide polymorphisms; HEIDI: Heterogeneity in dependent instrument; 

PP.H4: Posterior probability for hypothesis 4; FDR: False discovery rate; POAG: Primary open angle glaucoma; IOP: Intraocular pressure; mRNFL: 

Macular retinal nerve fiber layer; mGCIPL: Macular ganglion cell-inner plexiform layer.
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GLYCTK, and ISCA2 elevated POAG risk, whereas MRPL20, 
ALAS1, ATPSCKMT, and COX17 were protective. SLC25A26, 
GLYCTK, MRPL20, and ALAS1 were Tier 1 for POAG, with 
others as Tier 2. For IOP, increased expression of ACAD10 
was a positive Tier 1 association. Regarding Tier 1 targets 
for mRNFL thickness, ALDH6A1 expression was positively 
linked, while YARS2 and GRPEL2 were inversely linked. 
CHCHD4 was also inversely associated with mRNFL as a 
Tier 2 target. For Tier 1 targets for mGCIPL, ALDH6A1, and 
TIMM21 increased thickness, whereas TIMM29, LARS2, 
and METAP1D decreased it. GTPBP3, a Tier 2 target, was 
also inversely associated with mGCIPL (Figure 3A). Multi-
omics overlap highlighted SPATA20 as a negative mRNFL 
association (Figure 3B). Sensitivity analyses of the significant 
associations revealed that 143 had no heterogeneity, whereas 
21 did; horizontal pleiotropy was absent in 71 associations.

Mitochondrial Protein Analysis  Plasma protein QTL 
analysis implicated 21 in causal associations with POAG 
and its related traits. For POAG, higher genetically predicted 
BOLA1 levels increased risk, qualifying as a Tier 2 target. In 
addition, 2 proteins were Tier 3 for POAG, 1 for mRNFL, and 
2 for mGCIPL. Twelve mitochondrial proteins were significant 
across at least two omics (Figure 4). Sensitivity analyses 
indicated 9 proteins had no heterogeneity and 8 showed no 
horizontal pleiotropy.
Integrating Evidence from Multi-Omics Levels  After 
the integration of evidence from multi-omics, we defined a 
total of 18 key genes overlapping between any two of the 
mQTL, eQTL, and pQTL for the same outcome (Figure 5). 
Specifically, 10 genes (AKAP10, ALAS1, CHCHD6, CYP24A1, 
DMPK, FAM162A, NME3, NSUN4, PITRM1, and VARS2) 
were identified as key genes for POAG; PNPT1 for IOP; 5 

Figure 3 Associations of genetically predicted mitochondrial gene expression with POAG and its endophenotypes  A: Associations identified 

as Tier 1 or Tier 2 targets; B: Associations significant in at two or three omics levels. SMR: Summary-data-based Mendelian randomization; OR: 

Odds ratio; CI: Confidence interval; nsnp: Number of single nucleotide polymorphisms; HEIDI: Heterogeneity in dependent instrument; PP.H4: 

Posterior probability for hypothesis 4; POAG: Primary open angle glaucoma; IOP: Intraocular pressure; mRNFL: Macular retinal nerve fiber 

layer; mGCIPL: Macular ganglion cell-inner plexiform layer.
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genes (CHCHD4, DCXR, LAP3, MRPS10, and SPATA20) 
for mRNFL thickness; and 2 genes (PDF and GSTZ1) for 
mGCIPL thickness. Across these 18 genes, methylation- 
and expression-based directions were concordant for only 
four gene–trait pairs (DMPK, FAM162A, and PITRM1 with 
POAG and for SPATA20 with mRNFL), while most others 
were directionally discordant. Nevertheless, SPATA20 was 
directionally consistent SMR estimates across the mQTL 
probe, eQTL, and pQTL instruments for the mRNFL trait, 
making it the highest-confidence cross-omics target.
Expression Pattern of SPATA20 in Glaucomatous 
Retina  To better explore and understand the pathogenic 

role of SPATA20 in glaucoma, we profiled its expression 
pattern in the ONC mouse model. Following ONC, retinal 
SPATA20 expression increased remarkably, peaking at day 
3, and declining thereafter. Immunostaining localized the 
protein of SPATA20 to the GCL and inner nuclear layer in the 
glaucomatous condition, with quantitative analyses showing 
significant upregulation in both layers within the first three 
days and maximal signal on day 3 (Figure 6). These findings 
aligned with our SMR analysis, showing a negative correlation 
between SPATA20 expression and mRNFL thickness. 
Collectively, the data implicate SPATA20 as an early marker of 
glaucomatous optic neuropathy change.

Figure 4 Associations of genetically predicted mitochondrial gene encoded protein with POAG and its endophenotypes  Associations 

identified as Tier 1 or Tier 2 targets. SMR: Summary-data-based Mendelian randomization; OR: Odds ratio; CI: Confidence interval; nsnp: 

Number of single nucleotide polymorphisms; HEIDI: Heterogeneity in dependent instrument; PP.H4: Posterior probability for hypothesis 4; 

POAG: Primary open angle glaucoma; mRNFL: Macular retinal nerve fiber layer; mGCIPL: Macular ganglion cell-inner plexiform layer.

Figure 5 Integrating evidence from multi-omics levels  All P are FDR adjusted values. SMR: Summary-based Mendelian randomization; POAG: 

Primary open angle glaucoma; eQTL: Expression quantitative trait loci; pQTL: Protein quantitative trait loci; mQTL: Methylation quantitative 

trait loci; IOP: Intraocular pressure; mRNFL: Macular retinal nerve fiber layer; mGCIPL: Macular ganglion cell-inner plexiform layer; OR: Odds 

ratio; CI: Confidence interval; FDR: False discovery rate.
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DISCUSSION
Given the established contribution of mitochondrial 
dysfunction to glaucoma, therapeutic strategies targeting 
mitochondrial genes may provide new avenues to understand 
and intervene in this neurodegenerative disease[19-20]. Using 
SMR-based integrative analyses, our study prioritized 18 
candidate genes significantly associated with POAG and 
related traits. Notably, only 4 genes (DMPK, FAM162A, 
PITRM1, and SPATA20) showed directionally consistent effects 
across methylation, and expression levels, suggesting potential 
locus- and tissue-specific regulatory architectures.
Among the prioritized genes, SPATA20 emerged as the top 
candidate because it was the only gene supported at all three 
omics levels and showed consistent negative associations with 
mRNFL thickness at methylation, expression, and protein 
levels. SPATA20 is a spermatogenesis-associated gene with an 
annotated mitochondrial localization. Available evidence from 
reproductive biology suggests that it participates in sperm 
structural formation and may be linked to the maintenance 
of mitochondrial function and energy metabolism[21]. In a 

Drosophila MYOC transgenic model, the human SPATA20 
ortholog (CG8613) was consistently upregulated in eye tissue, 
accompanying elevated IOP-like changes and progressive 
visual decline, implying a potential ocular relevance[22]. In 
our SMR results, SPATA20 emerged as a prioritized candidate 
gene for mRNFL, with concordant effect directions at the 
mQTL, eQTL, and pQTL levels. We further found that 
SPATA20 is expressed in the GCL of mouse retina, which 
aligns with its significant association with mRNFL in the SMR 
analysis. Its transient upregulation in glaucomatous models 
further implicates it in the RGC-related pathogenesis, yet the 
potential mechanisms warrant further investigation. Together, 
the convergent three-omics support plus experimental signal 
in an optic neuropathy model place SPATA20 at the top of 
our prioritization hierarchy as a candidate biomarker and a 
potential mediator of early RGC-related injury.
Beyond SPATA20, several prioritized genes also had 
glaucoma-relevant support. NSUN4, a mitochondrial rRNA 
methyltransferase essential for mitochondrial ribosome 
assembly and oxidative phosphorylation[23], has been reported 

Figure 6 Expression of SPATA20 in glaucomatous mice model  A: Immunofluorescence of retinal sections; B: Statistical analysis of fluorescence 

intensity in the whole retina and the ganglion cell layer; C: Protein expression changes of SPATA20 at different time points in the glaucomatous 

model, which was normalized to GAPDH. Data are representative of immunofluorescence and Western blot analyses from n=6 mice per group. 

Statistical significance was determined by unpaired Student’s t-test, comparing each group to the Sham group. bP<0.01, cP<0.001, dP<0.0001. 

Data are presented as mean±SD. Scale bar=50 μm. DAPI: 4’,6-diamidino-2-phenylindole; ONC: Optic nerve crush; NC: Normal control; GCL: 

Ganglion cell layer; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase; SD: Standard deviation.
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to support mitochondrial translation and promote RGC survival 
in rodent glaucoma models, suggesting a neuroprotective 
role[24]. However, the discordant directions we observed 
across regulatory layers warrant targeted validation in ocular 
tissues. PNPT1, a mitochondrial RNA-processing factor, has 
been linked to an optic atrophy family, providing a clinically 
plausible bridge to optic nerve susceptibility for glaucoma[25], 
yet its methylation- and expression-based effects were 
discordant in our data, warranting direct validation in optic 
nerve tissue. CYP24A1 participates in vitamin D catabolism in 
eyes[26-27]. Ocular studies support local vitamin D metabolism 
and epidemiologic study suggests an inverse relationship 
between serum 25(OH)D and elevated IOP, which may be 
related to vitamin D inhibitory effect on trabecular meshwork 
fibrosis[28-29]. Our findings showed opposite directions between 
methylation and expression, underscoring the need for eye-
specific functional studies. DMPK variants have been reported 
in patients with RNFL defects and increased cup-to-disc ratio 
without elevated IOP[30], and DMPK has also been implicated 
in other ocular phenotypes, such as early-onset cataract and 
polypoidal choroidal vasculopathy[30-31]. In our integrative 
results, DMPK showed a consistent protective association with 
POAG at methylation and transcriptional levels, supporting its 
candidacy among glaucoma-relevant targets.
Five genes identified in our analysis have been implicated in 
retinopathy outside glaucoma. ALAS1, encoding mitochondrial 
rate-limiting enzyme in heme biosynthesis, has been shown to 
be upregulated in retinal degeneration models with proposed 
mitochondrial protection[32], while FAM162A and GSTZ1 have 
been associated with age-related macular degeneration[33-34]. 
NME3 and MRPS10 have been implicated in diabetic 
retinopathy[35-36]. These genes may participate in shared 
mitochondrial stress pathways across retinal diseases, but their 
glaucoma-specific relevance remains to be clarified.
Furthermore, 4 genes have been reported to be associated 
with central nervous system (CNS) disorders. PITRM1 is a 
mitochondrial matrix peptidase that maintains mitochondrial 
proteostasis. Impaired PITRM1 can promote amyloid-
beta accumulation and neurodegenerative phenotypes[37]. 
Given proposed overlaps between amyloid-beta biology and 
glaucoma pathogenesis[38], PITRM1 may represent a molecular 
link between glaucoma and broader neurodegenerative 
processes. VARS2 pathogenic variants underlie combined 
oxidative phosphorylation deficiency with prominent 
neurological manifestations[39], underscoring its role in 
mitochondrial translation and CNS vulnerability. CHCHD4 
haploinsufficiency reduces neuronal death in neonatal hypoxia-
ischemia models[40], indicating involvement in mitochondrial 
protein import and injury response. AKAP10, as part of 
the A-kinase anchoring protein family[41], implicates PKA/

G-protein signaling localization that is relevant to neuronal 
signal transduction, although direct clinical CNS disease 
associations are not yet established.
In contrast, DCXR, LAP3, PDF, and CHCHD6 have limited 
literature linking them to ocular disease or neurodegeneration 
disorders, although their roles in core metabolic or 
mitochondrial pathways suggest plausible avenues for future 
investigation.
Our study has both overlap and clear differences with recent 
work in this area. Like Jia et al[42], we used large scale 
genetic data to identify glaucoma related candidate signals, 
but their study focused on plasma proteins and therapeutic 
target prioritization, whereas ours focused on mitochondrial 
related molecular traits and included functional validation of 
SPATA20. Almarzouki[43] identified candidate genes linking 
glaucoma and high IOP mainly through expression profiling 
and network analysis, while our study provides genetics based 
support for candidate signals and adds a different layer of 
evidence for the molecular basis of glaucoma.
This study has several strengths. First, we combined SMR, 
HEIDI, and colocalization to strengthen causal inference 
from summary data. Second, the use of large GWAS datasets 
improved statistical power. Third, the cross-omic integration 
provided an evidence hierarchy, enabling prioritization 
of biologically coherent candidates and identify the most 
prominently gene SPATA20, the unique three-omics-supported 
target for glaucoma. Finally, the ONC model provided 
experimental support linking SPATA20 to glaucomatous 
neuropathy.
Several limitations should be noted. The limited number 
of IVs for pQTLs may weaken causal inference for protein 
targets. The absence of independent datasets for glaucoma-
related traits precluded external replication. Additionally, the 
analyses were restricted to European ancestry, which may limit 
generalizability and requires validation in other populations.
Our study explored the potential causal relationships 
of mitochondrial-related gene methylation, expression, 
and protein abundance with POAG and its related traits, 
highlighting the significance of several mitochondrial-related 
genes and their regulatory mechanisms in the pathogenesis 
of POAG. SPATA20 was the strongest integrative target 
with convergent genetic and experimental support. These 
findings not only deepen our understanding of the underlying 
pathological changes but also offer insight for future 
pharmacological interventions.
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