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Purpose: Glaucoma is the leading cause of irreversible vision loss worldwide. We aimed to uncover the molecular mechanisms and
regulatory networks of hub genes in human glaucoma to identify promising targets for detection and treatment.

Methods: We obtained GSE758, GSE2378, and GSE9944 datasets from the Gene Expression Omnibus database. The list of genes
linked to regulated cell death (RCD) was obtained from a previous study. RCD-related differentially expressed genes (DEGs) were
identified in patients with glaucoma and controls. Weighted Gene Co-Expression Network Analysis (WGCNA) and machine learning
algorithms were used to identify hub genes. Gene set enrichment analysis (GSEA) was used to explore signaling pathways enriched by
hub genes, and molecular docking analysis was performed to identify the gene-drug network of hub genes for potential treatment.
Immunofluorescence was used to reveal the expression levels of hub genes in glaucomatous mice and controls.

Results: This study identified 358 RCD-related DEGs that distinguished healthy individuals from glaucoma patients and underscored
the pivotal involvement of the immune response in human glaucoma pathogenesis. We systematically identified 33 hub genes,
including PLEC, DLGAP4, Glycosylphosphatidylinositol (GPI), etc. that demonstrated significant diagnostic or treatment potential
for glaucoma. The cytoskeletal regulator PLEC has emerged as a promising candidate gene associated with glaucomatous neurode-
generation with possible acting drugs.

Conclusion: We constructed a machine-learning-driven analytical framework based on diverse RCD patterns to refine molecular
subtypes and druggable genes. These findings may provide novel targets for glaucoma detection and treatment.

Keywords: retinal ganglion cell, WGCNA, machine learning, immune cell infiltration

Introduction

Glaucoma is the primary cause of irreversible vision loss worldwide, and is estimated to affect 111.8 million people by
2040." Tt is a neurodegenerative disease, characterized by progressive degeneration of retinal ganglion cells (RGCs) and
thinning of the retinal nerve fiber layer, finally culminating in irreversible visual field loss.>* The pathophysiology of
RGC death involves interrelated mechanisms including oxidative stress, glial cell activation, and mitochondrial dysfunc-
tion. Thus, the development of neuroprotective strategies targeting these pathways has emerged as a crucial therapeutic
approach to preserve residual visual function in glaucoma patients.*

Cell death may occur in multiple forms in response to different stresses.” It can be divided into accidental cell death
(ACD) and regulated cell death (RCD) based on functional aspects.® RCD involves precise signaling cascades, including
recognition, triggering, execution, and other effector molecules, and produces a signaling cascade reaction. It has unique
biochemical, functional, and immunological consequences.>’ Under physiological conditions, RCD is also known as
programmed cell death (PCD). The most common RCD pattern is apoptosis. Many forms of nonapoptotic RCD have
been identified, including necroptosis, pyroptosis, ferroptosis, entotic cell death, netotic cell death, parthanatos,
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Figure | The flow diagram of the study. P represents the glaucoma patient, C represents the control.

lysosome-dependent cell death, autophagy-dependent cell death, alkaliptosis, and oxeiptosis etc.’ Researchers have
defined a network of 7460 RCD-related genes by developing a bioinformatics and in vivo discovery pipeline, providing
researchers with an opportunity to reveal their role in tumor recurrence and metastasis.®* Many studies have shown
extensive crosstalk among different cell death pathways, such as PANoptosis, an inflammatory RCD pathway.'®"'? The
roles of RCD and crosstalk in glaucoma have attracted extensive attention.'*'* A recent study verified that inhibiting
multiple forms of cell death optimizes ganglion cell survival after retinal ischemia-reperfusion injury.'> Thus, it may be
a new direction for future research on glaucoma therapeutic approaches to focus on crosstalk between different RCD
pathways.

Numerous experimental studies using animal models of glaucoma have been conducted to develop neuroprotective
therapeutics. However, whether these strategies are applicable to glaucoma in humans remains unclear. In this study, we
sought to delineate the genetic risk profile of human glaucoma through systematic integration of three independent
datasets following rigorous batch-effect correction and normalization (steps are shown in Figure 1). By leveraging the
established list of RCD-related genes in patients,” differentially expressed genes (DEGs) and hub genes were identified
via integrative analysis combined with weighted correlation network analysis (WGCNA). Comprehensive analyses of
immune cell infiltration patterns in glaucoma patients and structure-based molecular docking analyses were performed.
Our findings highlight candidate genes that may serve as reliable diagnostic biomarkers or potential therapeutic targets to
develop innovative cellular and genetic therapies for glaucoma management.

Materials and Methods

Dataset Download and Differential Analysis
The datasets used in this study were obtained from the Gene Expression Omnibus (GEO) database, including the
GSE2378 (GPL8300), GSE758 (GPL8300), GSE9944 (GPL571 and GPLS8300). These datasets comprised sample
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information from 72 non-glaucoma patients and 45 glaucoma patients, with all samples derived from the optic nerve
head. By performing microarray information annotation and gene symbol conversion in the sangerbox database (http://
sangerbox.com/login.html), gene expression data were read and converted into matrix format for easier manipulation and

analysis. From this matrix, we extracted relevant expression data for further processing. Batch correction techniques have
been applied to ensure the data integrity.” This step was crucial for eliminating errors introduced by the experimental
batches, technical differences, or other systematic biases. After obtaining the processed expression matrix, we examined
the data distribution characteristics to determine whether logarithmic transformation (log2) was necessary to stabilize the
variance and improve data distribution, thereby ensuring the accuracy and analyzability of the gene expression data.
DEGs were identified with a criterion of corrected P-values <0.05 and a 1-fold difference (JLogFC| > 0.585) using the
Limma package from R Bioconductor.

Functional Enrichment Analysis of DEGs

To investigate the functional roles of the identified DEGs in biological pathways, we performed Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses using the enrichGO and enrichKEGG
functions (clusterProfiler package, R/Bioconductor). We set a criterion with g-values less than 0.05, to capture GO
and KEGG entries. To visually present the enrichment analysis results and the relationships between genes and entries,
bar charts were created (https://hiplot.com.cn) to display the gene proportions of the enriched pathways.

WGCNA

WGCNA is a bioinformatics method that uses high-throughput gene expression data to construct co-expression
networks.'® In our study, WGCNA was performed using the WGCNA R package to identify the glaucoma-associated
gene modules. Pairwise Pearson’s coefficients were used to assess the weighted co-expression relationships between all
the genes to produce an adjacency matrix. The least value for which the scale-free topology fit R* > 0.75 was chosen as
the soft-threshold power. Pearson coefficients were produced for all paired genes; thus, the co-expression matrix was
rendered into an adjacency matrix using a soft-threshold power. Soft-threshold power was selected based on a standard
scale-free distribution. Scale-free co-expression networks were created with 30 genes as the minimal module size and
0.25 as the dendrogram cut height for module merging. A soft threshold is used to ensure a scale-free network. Genes
with high correlations were clustered into the same module after the co-expression network formation.

Machine-Learning to Screen Out Druggable Genes

The GSE758 dataset was designated as the training cohort for feature selection and model development, whereas the
GSE994 and GSE2378 datasets served as independent validation cohorts. A comprehensive evaluation of 75 machine-
learning algorithms was performed to determine the optimal model for glaucoma prediction using AUC values.®!” The
top three hub genes with the largest AUC were selected as therapeutic candidates.

Expression Level and GSEA Analysis of Co-Expressed Gene Sets for Hub Genes
Differential expression patterns of the top-ranked hub genes between glaucoma patients and non-glaucoma controls were
quantified using boxplot visualization. GSEA was subsequently performed using the clusterProfiler R packages to
identify molecular pathways significantly enriched in the high- and low-expression groups, with a threshold of P <
0.05.%'8

Molecular Docking
The top3-ranked hub genes were selected as glaucoma druggable gene sets, and the top six score compounds related to
the glaucoma druggable gene set were selected using Clue (https://clue.io/query). The structure of the plectin protein

encoded by the PLEC using RSCB PDB (https://www.rcsb.org/) and the molecular structures of the six compounds were

also obtained using PubChem (https://pubchem.ncbi.nlm.nih.gov/). A molecular docking graph using CB-Dock2 (https://

cadd.labshare.cn/cb-dock2/index.php) was presented.
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Immune Cell Infiltration Analysis

To characterize immune microenvironment alterations in glaucoma, we performed immune cell infiltration analysis using
the CIBERSORT algorithm and differential analysis.'”'? After the calculation, the results were filtered, retaining only
immune cell types with P-values of < 0.05. To further understand the relationship between the infiltration of these
different types of immune cells, we used Pearson’s correlation coefficient to identify correlations among the differentially
expressed immune cell types. Additionally, the geoML26.immuneCor.R package was used to determine the correlation
between identified druggable genes and immune cells.

Animals

All animal feeding and experimental procedures were approved by the Institutional Animal Research Committee of
Tongji Medical Center and were conducted in compliance with the Guide for the Care and Use of Laboratory Animals
published by the National Institutes of Health, Bethesda, Maryland, USA. Wild-type C57BL/6J mice and DBA/2J mice
were obtained from Shulaibao (Wuhan) Biotechnology Co., Ltd. 10-month-old DBA/2J mice, which experienced
spontaneous elevation in intraocular pressure, were used as glaucoma mice model in this study. C57BL/6J mice of the
same age were used as the controls.

Tissue Preparation

After sacrifice by CO,, mice eyeballs were harvested and immersed in freshly prepared 4% paraformaldehyde for 24 h at
4°C. Paraffin embedding was performed with precise orientation to ensure sections (4pm thickness) contained the optic
nerve head (ONH) region, cut perpendicular to the corneal-optic nerve axis. Before immunofluorescence staining, the
sections were dewaxed and immersed in trisodium citrate solution (pH = 6.0) for microwave antigen retrieval for 20 min.

Immunofluorescence

Following antigen retrieval, sections were blocked with 10% donkey serum for 1 h. Tissue sections were then incubated
with diluted (1:1000) primary antibodies (anti-PLEC, 29170-1-AP, Proteintech; Tujl, 801202, BioLegend) overnight at
4°C, followed by incubation with diluted (1:1000) secondary antibodies (Goat Anti-Mouse IgG H&L-Alexa Fluor 488,
abcam, ab150113; Goat Anti-Rabbit IgG H&L-Alexa Fluor 647, abcam, ab150079) for 2 h at room temperature.
Fluorescence microscopy (OLYMPUS BX51) at 20x magnification was used to acquire images of retinal sections.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism software (version 10.0) to compare the two groups. P<0.05
was considered statistically significant.

Results
Identification of DEGs and RCD-Related DEGs Between Glaucoma Patients and

Controls

The GEO datasets GSE758 (GPL8300), GSE2378 (GPL8300), and GSE9944 (GPL571 and GPL8300) were included in
our analysis. Samples from non-glaucoma and glaucoma patients were obtained from the optic nerve heads. First, we
removed batch effects from these datasets. The datasets were then combined as described in the Methods section
(Figure 2A and B). In total, 637 DEGs were identified between the glaucoma and non-glaucoma groups comprising
341 upregulated and 296 downregulated genes. The magnitudes of differential expression for significant DEGs (P < 0.05,
|fold change| > 0.585) are presented as a heatmap (Figure 2C) and a volcano map (Figure 2D), with additional details
provided in Supplementary Table 1. GO and KEGG pathway analyses allowed for molecular function and signal pathway

annotation of dysregulated genes. Our results indicated that these DEGs were predominantly enriched in GO CC terms

EEINNT3

“focal adhesion”, “cell substrate junction” and “endocytic vesicle” MF terms “structural constituent of cytoskeleton”,

EEINT3

“electron transfer activity” and “growth factor binding” and BP terms “viral process”, “viral life cycle” and “protein
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Figure 2 Differential expression genes (DEGs) analysis in glaucoma and non-glaucoma group. (A and B) Batch effects: before (A) and after (B); (C) Heatmap of DEGs
between glaucoma and non-glaucoma group; (D) Volcano plot of up-regulated and down-regulated gene in glaucoma group; (E) GO enrichment analysis of DEGs; (F) KEGG
enrichment analysis of DEGs.

localization to cell periphery” (Figure 2E). The KEGG pathway analysis indicated that 12 pathways were associated with
DEGs, which mainly enriched in “regulation of actin cytoskeleton”, and “neurodegenerative diseases” (Figure 2F).

To delineate glaucoma-associated genes intersecting RCD pathways, these DEGs were searched against the 7460
genes in Supplementary Table 2 for RCD genes,®’ yielding a total of 358 potential glaucoma-RCD interactions or

crosstalk genes. The magnitudes of differential expression for significant RCD-related DEGs (P < 0.05, |fold change| >
0.585) are shown as a volcano map and a heatmap (Figure 3A and B) (details in Supplementary Table 3). The GO terms

and KEGG pathways are shown in the diagram (Figure 3C and D).

WGCNA in Glaucoma

Glaucoma-related co-expressed gene modules were identified using WGCNA in R. First, the hclust function was used to
analyze the samples. No outlier samples were found in the hierarchical clustering of samples (Figure 4A). The gene
expression network was identified as a scale-free network when the soft threshold p was set to 8, achieving an R? value of
0.80 (Figure 4B), indicating a strong fit to the scale-free topology. The genes in glaucoma were analyzed by clustering
and different gene modules, which are displayed in different colors. Thirteen gene modules were identified (Figure 4C
and D). A Pearson correlation heatmap of module features with glaucoma was then generated to evaluate the associations
between the modules and disease phenotypes (Figure 4E). The results revealed that the tan module had the strongest
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Figure 3 Regulated cell death (RCD) related-DEGs between glaucoma and non-glaucoma group. (A) Heatmap of differentially expressed RCD genes in glaucoma patients
and non-glaucoma patients; (B) Volcano plot of up-regulated and down-regulated RCD genes in glaucoma patients; (C) GO enrichment analysis of RCD-related DEGs; (D)
KEGG enrichment analysis of RCD-related DEGs.

correlation with glaucoma (r=0.37, p=4e-5). Additionally, correlation analysis of the tan module genes with glaucoma
features was performed, and we discovered a remarkable correlation between them (Figure 4F).

We performed GO and KEGG pathway analyses of genes in the tan module. The genes were primarily enriched in the
GO terms “actin filament organization” (BP), “focal adhesion” (CC), and “cadherin binding” (MF) (Figure 4G). The top
KEGG pathways enriched include “Ras signaling pathway”, “motor proteins”, and “sphingolipid signaling pathway”
(Figure 4H).

Hub Genes and Machine-Learning to Screen Out Candidates for Detection or

Treatment
Hub genes refer to highly connected genes in a co-expression or protein-protein interaction network, playing a central
regulatory role in biological processes.'®'® We extracted genes from the tan module, RCD genes, and DEGs between
glaucoma patients and controls, and presented them in a Venn diagram (Figure 5A). A total of 33 overlapping genes,
including PLEC, GPCl1, EIF4Gl, and GALK]1 etc., which are listed in Supplementary Table 4.

To further explore the 33 hub gene features, machine learning algorithms were used to screen for potential predictors.

Intriguingly, the ridge regression model emerged as the most prominent model, with the highest average AUC (0.889)
among all artificial intelligence algorithms (Figure 5B). To evaluate the diagnostic effectiveness of the cohort, we
employed receiver operating characteristic (ROC) curve analysis, which demonstrated the performance of the ridge
regression method. The AUC, which represents the area under the ROC curve, was determined to be 0.846 in the training
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specific traits across different samples. Red represents up-regulation and white represents down-regulation; (B) Choosing the best soft-threshold power; (C) Gene dendrogram and
module colors. The dendrogram illustrates the hierarchical clustering of genes based on their expression patterns. The associated color bar at the bottom represents different gene
modules identified through dynamic merging, with each color corresponding to a distinct module; (D) 13 modules revealed by the WGCNA. (E) Heatmap of Pearson correlation of 13
gene module features with glaucoma and normal features. Color corresponds to the size of the correlation. (F) Scatter plot of the correlation between genes in the tan module and gene
significance for glaucoma. (G) GO enrichment analysis of genes in tan module; (H) KEGG enrichment analysis of genes in tan module.
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Figure 5 Hub genes and machine-learning to screen out potential predictors. (A) Hub genes: intersection of genes identified by DEGs, RCD and WGCNA (tan module);
(B) Comparison of model performance metrics. AUC values are presented for various machine learning models applied to different cohorts. Ridge is the most effective
machine-learning model for glaucoma. Training data was obtained from GSE758, and testing data was obtained from GSE2378, GSE9944 GPL57and GSE9944 GPL8300; (C)

Receiver operating characteristic (ROC) curve for datasets; (D) Confusion matrix for datasets; (E) ROC curve for hub genes in machine-learning model Ridge.
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dataset (GSE758), indicating strong predictive performance. The validation cohorts (GSE2378:0.833, GSE9944
(GLP571): 0.991, and GSE9944(GLP8300): 0.885) showed similar results (Figure 5C). Glaucoma and control cases
are shown in each dataset (Figure 5D). Furthermore, the diagnostic efficacy of the 33-hub gene model and the individual
gene models was evaluated using ROC curves, as shown in Figure 5E. The top three genes with the highest ROC values,
indicating superior diagnostic or therapeutic potential, were PLEC, DLGAP4, and Glycosylphosphatidylinositol (GPI).

Gene Set Enrichment Analysis (GSEA)

Using R packages, we visualized the expression of the three hub genes with the highest AUC values in patients with
glaucoma and controls using a violin plot. The expression levels of PLEC, DLGAP4, and GPI in glaucoma patients were
downregulated (Figure 6A—C). Using GSEA, we explored the molecular mechanisms underlying glaucoma progression
by identifying the specific signaling pathways enriched by the three key hub genes. The pathways enriched in PLEC by
GSEA of KEGG analysis included focal adhesion, the MAPK signaling pathway, and oxidative phosphorylation
(Figure 6D). The pathways enriched with DLGAP4 by KEGG analysis included regulation of the actin cytoskeleton,
cell adhesion, and proteasomes e (Figure 6E). The pathways enriched with GPI by KEGG analysis included the
metabolism of butanoate, cytochrome P450, fatty acids, and pyruvate (Figure 6F).
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Figure 6 Gene set enrichment analysis (GSEA). (A—C) Violin plots of PLEC, DLGAP4 and GPI gene expression levels in glaucoma and non-glaucoma (control) group, ****pP <
0.0001 versus control; (D-F) GSEA analysis of PLEC, DLGAP4 and GPI. The upper panel shows the results enriched in high expression group. The lower panel shows the
results enriched in low expression group.
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Immune Cell Infiltration Landscape in Glaucoma Patients

Immune cell infiltration is an emerging driver of RGC damage in the glaucoma pathogenesis.”*>* We used CIBERSORT
analysis to determine the infiltration levels of the 22 immune cell types across the three datasets. Subsequently, we
compared the relative abundance of each immune cell type using Wilcoxon test. The results showed the proportion of
immune cells in each patient and the correlation between immune cells (Figure 7A). T cells, CD4 naive and NK cells
activated exhibited a statistically significant difference between glaucoma patients and controls (Figure 7B and C).

We further explored the relationship between key genes and immune cells. To investigate PLEC’s impact of PLECs
on the 22 immune cell types, we used dumbbell plots and correlation scatter plots to display the correlation between
immune cells and feature genes. MO macrophages (p=0.0013) showed a significant positive correlation with PLEC,
whereas eosinophils (p=0.038) were significantly negatively correlated (Figure 7D and E). In addition, we determined the
Spearman correlation between the 22 immune cell types and the top three genes with the largest AUC values (PLEC,
DLGAP4 and GPI) (Figure 7F). These results confirmed that these hub genes are closely related to the level of immune
cell infiltration and may play an important role in the immune microenvironment.

Molecular Docking

To investigate the gene-drug network of hub genes for the potential treatment of glaucoma, we conducted a molecular
docking analysis to identify possible therapeutic drugs. In our study, we selected PLEC, DLGAP4 and GPI as glaucoma
druggable gene sets and selected the top six scoring compounds. We then downloaded the structure of the plectin protein
encoded by PLEC and obtained the molecular structures of the six compounds (cytochalasin-d, bifonazole, levcroma-
kalim, vinorelbine, tranilast, and RS-56812). Finally, we obtained a molecular docking graph of plectin and the six
potential components (Figure 8A—F).

The Protein Level of Retinal PLEC in Glaucoma Mice Group

Using immunofluorescence, we attempted to confirm whether the expression level of PLEC differed between glauco-
matous mice and controls in the retina and optic nerve head. PLEC was primarily expressed in ganglion cells, retinal
neuron fiber layers, and the optic nerve, as shown in representative images (Figure 9A). Compared to the control, it was
significantly decreased in the DBA/2J glaucoma mouse group (Figure 9A and B). This trend was consistent with our
GSEA analysis of glaucoma patients (Figure 6A), suggesting that targeting PLEC expression may slow the pathological
progression of glaucoma.

Discussion

Currently, almost half of glaucoma patients have intraocular pressure in the normal range, and no available treatment can
restore vision loss from glaucoma.>** Thus, understanding the molecular mechanisms driving glaucoma development
and developing novel neuroprotective treatments are crucial for improving clinical outcomes. To the best of our
knowledge, this is the first study on the contribution of RCD to glaucoma pathogenesis using machine learning, infiltrated
immune cell profiling, and molecular docking analysis. Using WGCNA, we identified 33 genes differentially expressed
between patients with glaucoma and controls that were also associated with RCD. These 33 hub genes, identified using
75 distinct machine learning approaches, are considered crucial in the genetic underpinnings of glaucoma pathogenesis,
as evidenced by their consistent importance across the training and validation cohorts. Molecular docking analysis
showed that the top three hub genes with the largest AUC values (PLEC, DLGAP4, and GPI) were promising drugs.
These findings suggest novel targets for the detection and treatment of glaucoma.

Neuroinflammation is increasingly being recognized as a critical pathogenic event in glaucoma. Previous studies have
mainly focused on glial and Miiller cells.?*2® Our previous work also verified that targeting overactivated microglia
attenuates RGC loss through different signaling pathways.>” >’ Emerging evidence has implicated infiltrating immune
cells in neurodegenerative cascades. Peng et al established that CD4+ T cells were recruited to the retina and mediated
retinal neuron degeneration in experimental colitis in mice.** They subsequently identified that T cells from glaucoma
patients displayed enhanced activation and a bias towards T helper (Th) 1 responses, and that the infiltration of Thl cells

7264 https: International Journal of General Medicine 2025:18



Mou et al

3
100% B : 2 -
= Bcells naive i % 2 o N
= B cells memory s g £ §
= Plasma cells ¢ 5.3 £ £ %
0% = Tcells CD8 ESESS fFof [ ‘a%éri
- = Tcells CD4 naive s EQEST 852, $2.328¢8¢8
€ = T cells CD4 memory resting §3$3?3%§:25§“833"%%gg%
o # T cells CD4 memory activated 6£0225¢,088808efs88¢E2
o oy Logowocfe3 eg el 2u3 oecs
= T cells follicular helper g2902p5°827 2 2535223235 ¢
3 60% = Tcells regulatory (Tregs) 23388838, 88585588x88¢%
& -Tcellsgagmma‘?e’llaeg m»—s»—ssz»—z:is»—nnwo—zswg 1
NI€ cells rostl a0 028 a1 012 o 015 036 020 o8 022 001 006 .00 a3 -0 13 028038
g B NK celle aotiveand T cells €04 memory activated o[ oz o w10 w1212 10070500 00 4 0 a0 am-ar-scraor-eos W]
= = Monocytes am 001 a3 s oz ozarros [ "
© 0,
° 40% = Macrophages MO T cells CD4 memory resting os 00s -0.12) 012 006 008 o0 [0 -013 uw--mn 001 -0.14 007 022 01207 014
(4 . x:z:::::g:: m Macrophages M2 -us assam-oorjJl] a2 a2 a0 e aor 228888 o 1 000 0 o7 a1 ass ocz M 06
= Dendritic cells resting Mast cells activated oo -oom-0 os2 o2 [l ods 36 036 -010 010-013-010 003014 027 00 -001
20% = Dendritic cells activated Neutrophils a1s o1z -a1s-oos a2 et 046 048 000 268 005 -014-010 oosam | 04
= Mast cells resting T cells regulatory (Tregs) oz -u12-am oos oor 636 ase o003 -0 -13-038-010 o0t 007
. g‘s,‘ ce':;“‘"""*“ NK cells resting oas oss oos -aor oon 036 o 020031 015 003 015 awom | 0.2
= Noutrophils T cells CDA naive 4 -sor osn Ml oo -019-000
0% Plasma cells [l -012-010-010 022 010 a8 a21-2m o) 0
Monocytes -aas 10 oot 010 38 0. il-a3s-a1 024 oss
T cells CDB 022 os0 oos B o« -110-00s 000015 009 014 sl 013 010 020 000 006 008 000 022 | [-0.2
c Dendritic cells activated 0.0 025030 -0.01 001 -0.03 -0.14 -013 005 4038 005 005 0.13) 014 049 -0.02-002-0.41 0.7 002
Type ESControl BEGhaucoma Dendritic cells resting oss oos-ass aor -19-o14-018-028 415036 2037 010 a1a W 1 oas o -a0s (W 0.4
E0SINOPhilS -004-13-000 014006027508 010038 08 007 015 020 010
. % * T cells follicular helper & o0 o 007 422 -06
NK cells activated 07 008 012 -022 007,
Mast cells resting -o1s ocz 22 12010 08
0.4 B Cells MEMOrY 025 os7-017-017 016 008 006 006 014 007 0025038 020 017 -108-013 030 030 017 :
Macrophages M1 2032 .06 013014 002 -001 021 007 -009 006 030 018 022 002005 012 010 002 003 038 -
.
0.3
[ ®e
o .o
- s D
0.2
g . .o .« ° Macrophages MO —_— o0
s ., ] T cells CD4 memory resting —_— 0.188
01 e H T cells CD4 naive —_— 0.288
. - Macrophages M2 —_— 0.310
: [ . ii Mast cells activated R 0374 abs(cor)
0.0 —_— j K3 J— Monocytes D 0.400 ® 0.1
B cells naive —_— 0.430 0.2
\2 42 L
;§\ Iy} 06"0{\ QQQ @b\QQ QQ\Q\\’P ‘.eoq .@b ~d ,@b“'\\\" @b T cells CD4 memory activated — 0.581 @03
& N é’b‘g‘ &@'Db & 'c‘°°° & OQ OQ T cells gamma delta. - 0.762 0.4
0\\a & Q“ .\‘ fb&\é d\@\e‘ 'b‘} OQQ é‘° 0‘6 Mast cells resting L 0.868 05
& 27 S A O 'b& PN © 0y K & Plasma cells 0.943
Q¥ &R Qé‘ &o\\\ Q\’bag {_0 & L& T cells regulatory (Tregs) — 0761
L2 & & (;O S 0\\ & §D$ Neutrophils - 0685
& NS AV é T cells follicular helper — 0.680
> 2 A
O«° N NK cells resting —_ 0614 pvalue
«° NK cells activated —_ 0.600 0
A Macrophages M1 | — 0219 . 0.2
Dendritic cells resting *— 0.157 04
B cells memory [ — 0.138 06
E T cells CD8 *— 0.078 0.8
Dendritic cells activated r— 0.064 1
i (@} 0.038
.
R=-031,p=0.038 04 -02 00 . 04
Correlation Coefficient
0.04
7}
=
3 F B cells naive ® pvalue
€ o002 . B cells memory |0/ @ — Negative
] Plasma cells [l - |® Not
u°J . TcellsCD8 |0 - |
-] . T cells CD4 naive [0 |00 @ —— Postive
T cells CD4 memory resting |0 0 0 [l
0001 e - . T cells CD4 memory activated @ /o 0/ - |o|=|@
T cells follicular helper |[0J/0 @ - W o o abs(Cor)
T cells regulatory (Tregs) B o (0o 0o ol e DLGAP4 — <02
85 9.0 95 10.0 105 NK cells resting |@ |0 |0/o/0 - o W 0204
H NK cells activated = |0 = = /@/0o = 0270/
PLEC expression ; TmlalomEa e —04-06
' IEIEIEIEIR ololale
M1|0 =1 o HEIREE
fa .MZDDD\:. =] lele(@al- — ° GPI Cell-cell cor
o Dendritic cells resting |= | o = o o AL IEEIEIEE
01001 R=0.37,p=0.013 . Dendritic cells acti a|@f«[alm|-[o]-|of-[-[=]@ 04
Mast cells resting |0 0 o|c (0o - HOHE- &
Mast cells acti BEEERERCO0 EER ° 00
gows i EEREEREECOREDERRER EEE -4
" Neutrophils (2] [O/c (o[ o lEEENc 0/so/c/mEEe . }
[ PPV ROOT 5 ZF DT L2 N DT OIT 2 Y
oo . 2530258888332z
< CEC,CUST RS0 499Swses
S i . 0SBy EELCE LS 05502528528
Q002 . = Emmsgiwﬂt‘ﬂmogggﬂmﬂu'ﬁg
) FERRUE RS- PS4 P PR X
) mBa 2ESLEO0G 2229F9%
s QO ETSX O cooLop o
0000{ ® O s ot codee = @ ,‘_’Eg;%zx £§§E.2§‘&:
b4 =
3E2: = sE s
8z382 i
_ <
20~ 3 a K]
-0.025 Q8
85 9.0 95 100 105 : 3
PLEC expression Pt

Figure 7 Immune Function Correlation Analysis. (A) Immune cell infiltration and percentage in glaucoma patients and non-glaucoma (control) patients; (B) Correlation
matrix showing relationships between various immune cell types; (C) Comparison of immune cell type fractions between glaucoma patients and controls, *P < 0.05 versus
control; (D) Correlation analysis of various immune cell types with glaucoma, dark green (0 < p value < 0.2), green (0.2 < p value < 0.4), Orange (0.4 < p value < 0.6) pink
(0.6 < p value < 0.8) yellow (0.8 < p value < |); (E) Correlation analysis between PLEC expression and eosinophils or macrophage MO0; (F) The relationships between
different immune cell type and top 3 hub genes (PLEC, DLGAP4 and GPI) for glaucoma.
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A

Figure 8 Molecular docking of drug with PLEC, DLGAP4 and GPI Protein. (A-F) Figures illustrating the interaction between PLEC protein and compounds including
cytochalasin-d, bifonazole, levcromakalim, vinorelbine, tranilast and RS-56812.

into the retina can integrate into the pro-inflammatory glial network.*' Gramlich et al demonstrated that T cell-deficient
Ragl—/— knockout mice are significantly protected from glaucomatous RGC loss. In this model, lymphocyte activity
contributes to approximately half of all RGC loss in eyes with elevated IOP and normotensive contralateral eyes.*> Our
CIBERSORT analysis revealed significant alterations in T cells CD4 naive and NK cells in human glaucoma patients and
controls. However, the precise characterization of infiltrating immune cell subpopulations and their spatiotemporal
dynamics in glaucomatous neurodegeneration remains poorly defined. Further mechanistic investigations are required
to elucidate the pathogenic cascade that may reveal novel druggable targets for developing glaucoma-modifying
interventions.

PLEC ranked first among the 33 hub genes for pathological alterations in glaucoma using machine learning
algorithms. It encodes plectin, a large cytoskeletal protein responsible for regulating signals from the extracellular
environment to the nucleus, thereby allowing cells to react to external mechanical stimuli and forces.*** In this study,
we observed significantly different expression levels of plectin in the retina and optic nerve head between the DAB/2J
mouse glaucoma model and control. Plectin is reported to be expressed in the majority of astrocytes; thus, researchers
have proposed that it plays important roles in a number of astrocyte processes, including regulating cell migration, ion
and water homeostasis, and modulating synaptic plasticity.>°>° By utilizing plectin-deficient astrocytes, Zugec et al
discovered that the absence of plectin leads to the collective migration of astrocytes and decreases the dynamics of
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Figure 9 PLEC expression level in mice model of glaucoma. (A) Representative images of immunofluorescence staining of anti-Tujil and anti-plectin in DAB/2) mice and
control. The dashed rectangle boxes display the immunofluorescence staining in the retinal ganglion cell layer (GCL) and retinal nerve fiber layer (NFL); (B) Plectin
decreased significantly in DAB/2) mice compared to control, ***P < 0.001 versus control.

cytoplasmic volume changes in peripheral cell regions.>> Astrocytes residing in the mammalian retina play crucial roles
in maintaining retinal homeostasis and modulating neuron degeneration.***' Despite their functional significance, the
expression patterns and functional significance of the cytolinker protein plectin in retinal astrocytes, particularly in
glaucoma pathogenesis, remain unexplored . We speculated that PLEC potentially link their cytoskeletal regulatory
functions to axonal transport deficits and ONH remodeling. Future investigations should focus on delineating PLEC
functions in glaucomatous neurodegeneration.

Among the 33 hub genes identified, DLGAPS5 and GPI ranked second and third, respectively, as indicated by
bioinformatics analysis. The family of Discs large associated proteins (DLGAPs) are important scaffold proteins in
postsynaptic density (PSD) and are expressed in the synaptic terminals of postsynaptic neurons.*> DLGAP4 is also
required for the organization of glial cell adherens junction components and actin cytoskeleton dynamics at the apical
domain, as well as during neuronal migration.*> Our previous study confirmed synaptic loss and axonal transport deficits
in a mouse model of glaucoma.”®** However, there is currently no research focusing on the involvement of DLGAP4 in
synaptic remodeling and neuroinflammatory glial activation in glaucoma pathobiology. GPI is a glycol-lipid that anchors
several proteins to the cell surface and serves as a critical signaling nexus through interactions with G protein-coupled
receptors and lipid raft-associated kinases.*> GPI-anchor proteins and pathways are crucial for numerous biological
processes through interactions with signaling effectors at the cell surface, and they are fundamental in early neurogenesis
and neural development by shaping the properties of various types of synapses and circuits.*> 7 Still. However, little is
known about the role of GPI in the pathology of glaucoma. Further experiments are needed to clarify the roles of DLGAP
and GPI in glaucoma.

Conclusion

In conclusion, through analysis of RCD pathways in glaucomatous neurodegeneration, this study delineated a molecular
network comprising 33 hub genes combined with the WGCNA method. These genes were further validated as crucial to
the pathogenesis of glaucoma using 75 separate machine-learning algorithms. Among these genes, PLEC (a cytoskeletal
remodeling regulator), DLGAP4 and GPI (synaptic plasticity modifier) are strong candidates for glaucomatous neuro-
pathy, with possible drugs based on molecular docking analysis. Furthermore, infiltrated immune cells were observed,
suggesting potential immune-related mechanisms involved in glaucoma pathogenesis. However, further experiments are
required to validate the roles and mechanisms of these genes in immune cells. In summary, our study identified new
targets for the detection and treatment of glaucoma.
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