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Abstract
● AIM: To understand the molecular connectivity between 
the intraocular pressure (IOP) and glaucoma which will 
provide possible clues for biomarker candidates.
● METHODS: The current study uncovers the important 
genes connecting IOP with the core functional modules 
of glaucoma. An integrated analysis was performed using 
glaucoma and IOP microarray datasets to screen for 
differentially expressed genes (DEGs) in both conditions. 
To the selected DEGs, the protein interaction network was 
constructed and dissected to determine the core functional 
clusters of glaucoma. For the clusters, the connectivity of 
IOP DEGs was determined. Further, enrichment analyses 
were performed to assess the functional annotation and 
potential pathways of the crucial clusters.
● RESULTS: The gene expression analysis of glaucoma 
and IOP with normal control showed that 408 DEGs (277 
glaucoma and 131 IOP genes) were discovered from two 
GEO datasets. The 290 DEGs of glaucoma were extended to 
form a network containing 1495 proteins with 9462 edges. 
Using ClusterONE, the network was dissected to have 12 
clusters. Among them, three clusters were linked with three 
IOP DEGs [N-Myc and STAT Interactor (NMI), POLR3G (RNA 
Polymerase III Subunit G), and APAF1-interacting protein 
(APIP)]. In the clusters, ontology analysis revealed that RNA 
processing and transport, p53 class mediators resulting 
in cell cycle arrest, cellular response to cytokine stimulus, 
regulation of phosphorylation, regulation of type I interferon 
production, DNA deamination, and cellular response to 
hypoxia were significantly enriched to be implicated in the 
development of glaucoma. Finally, NMI, POLR3G, and APIP 

may have roles that were noticed altered in glaucoma and 
IOP conditions.
● CONCLUSION: Our findings could help to discover 
new potential biomarkers, elucidate the underlying 
pathophysiology, and identify new therapeutic targets for 
glaucoma.
● KEYWORDS: glaucoma; high intraocular pressure; 
biomarkers; gene expression; protein interaction; molecular 
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INTRODUCTION

G laucoma is one of the most common causes of blindness 
worldwide[1]. A diagnosis of glaucoma has been made 

based on the optic nerve examinations[2]. Diagnosis is difficult 
since most of the patients with progressing glaucoma have 
minor or no symptoms[3]. Nonetheless, glaucoma visual 
damage is progressive and irreversible; early detection and 
subsequent therapy can reduce disease development[4]. Notably, 
high intraocular pressure (IOP) is one of the major risk factors 
for glaucoma[5]. In addition to age, gender, ethnicity, and IOP, 
there are other molecular risk factors that include oxidative 
stress, systemic ocular vascular factors, and autoimmune 
components that contribute to the disease[6-7]. Drugs, lasers, 
and surgery all aim at lowering IOP to eliminate the main 
risk factor for glaucoma progression. Although the current 
glaucoma treatment strategies are useful, early detection will 
be beneficial for patients with glaucoma.
The recent development of omics technology produces 
enormous molecular data that provides molecular entities 
for complex diseases. However, these data required the 
implementation of computational procedures to retrieve 
meaningful information on pathogenesis[8]. Particularly, 
systems biology is an integrated computational approach 
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that merges multiple molecular entities, such as genomics, 
proteomics, and metabolomics, from a single biological system 
or disease condition to provide predictive models. These 
prediction models frequently express core disease mechanisms 
by dissecting the network into multiple clusters. Such 
systems biological approaches are driven to comprehend the 
pathogenesis and predict biomarkers as well as the drug targets 
that may guide us to prevent or treat human disease[8-9].
In principle, the pathogenesis of glaucoma is complex and 
is mediated by multiple risk factors and, more precisely, by 
the involvement of high IOP, which triggers glaucoma[5]. 
Assessing the connectivity between IOP and glaucoma may 
provide an opportunity to understand the disease mechanism, 
diagnosis, progression, and therapeutic effectiveness. The 
development of biomarkers for glaucoma is anticipated to 
make it simpler to examine the ocular matrix that provides the 
underlying molecular mechanisms of disease progression and 
pharmacological therapy. Micro- and macromolecules have 
been used as molecular biomarkers. Currently, a thorough 
ophthalmology examination can be given to suspect patients 
who have a family history of early diagnosis of glaucoma[10]. 
Despite several investigations into aqueous humor in animal 
models[11-12], a few studies have proposed using biomarkers 
or estimating the glaucoma risk in humans. Recently, it 
has been proposed that nitric oxide levels are helpful in 
the diagnosis of glaucoma[10,13-14]. Similarly, patients with 
glaucoma have reported elevated levels of antibodies against 
Sjögren’s syndrome-related antigens[15-16]. However, few of the 
suggested biomarkers were nonspecific enough to discriminate 
against glaucoma. For instance, nitric oxide is an oxidative 
stress marker that is critically altered in most inflammatory 
conditions. Therefore, biomarkers are needed to be sensitive 
and specific in detecting glaucoma.
Herein, we investigated the gene expression datasets to identify 
effective candidate biomarkers for glaucoma diagnosis. Using 
the gene expression dataset, the critical genes of glaucoma 
influenced by the IOP were determined such as APAF1 
interacting protein (APIP; a negative regulator of ischemic 
injury), N-Myc and STAT interactor (NMI; acts as a signalling 
pathway regulator involved in innate immune system 
response), and RNA polymerase III subunit G (POLR3G; 
enables chromatin binding activity and involved in positive 
regulation of innate immune response). Further incorporating 
these critical genes into a systems biological approach that 
uses a series of computational analyses to demonstrate possible 
biomarker candidates for glaucoma based on the IOP risk factor.
MATERIALS AND METHODS
Sources of Data  The gene expression data containing 
glaucoma, IOP, and normal healthy controls were searched in 
the NCBI Gene Expression Omnibus (GEO) repository, which 

houses numerous curated gene expression data, including 
original series and platform records. Despite the availability of 
several gene expression profiles, only the data sets that match 
the following inclusion criteria were selected: 1) expression 
datasets containing a minimum of three samples in each 
group to perform statistical analysis; 2) datasets associated 
with glaucoma and ocular hypertension; 3) gene expression 
profiling in glaucomatous optic nerve heads. The study found 
the GSE45570 data, which contained glaucoma and ocular 
hypertension derived from optic nerve heads (ONH), to 
be appropriate. The dataset contained a significant number 
of samples in each group: six glaucoma samples, six IOP 
samples, and six normal samples that were executed using the 
GPL5175 Affymetrix Human Exon 1.0 ST Array platform. 
The GPL5175, employing in situ oligonucleotide technology, 
has a total of 316 919 spots in the array design category of the 
transcript cluster, presenting their unique identifiers for each 
exon.
Expression Analysis  The Limma R package was utilized to 
analyze the collected datasets to determine the differentially 
expressed genes (DEGs) between the groups. In our study, 
variations in gene expression were determined between 
SET-A: glaucoma and normal and SET-B: IOP and normal. 
The statistical significance of DEGs was set at P<0.05 while 
screening both SET-A and B.
Protein Interaction Network  In order to generate a protein 
interaction network, we use STRINGApp of Cytoscape 
software. The STRINGApp facilitates the functional 
associations between proteins from diverse sources, including 
STRING, STITCH, DISEASES, and PubMed text, into the 
Cytoscape platform. This allowed us to recover all of the 
possible links that could exist between the DEGs of glaucoma. 
The protein interaction arrived as a result of high-throughput 
research as well as information from biomolecular databases 
and published studies, which are used by STRING[17].
Cluster Analysis and Linking Hypertension  Next, the 
glaucoma protein-protein interation (PPI) data was dissected 
using clustering with overlap neighborhood expansion 
(ClusterONE) to derive core functional clusters of closely 
linked proteins from the network[18-19]. ClusterONE was found 
to have a minimum density of >0.05 with a minimum of four 
nodes. Glaucoma clusters with a P-value of less than 0.05 were 
identified. Further, the glaucoma clusters linking the IOP were 
determined by identifying the shared proteins between clusters 
and the IOP differential expression gene set (SET-B), which 
aids in determining the glaucoma core clusters associated with 
the IOP.
Cluster Pathways  The Enricher (http://biit.cs.ut.ee/gprofiler/) 
program was used to examine the functional profiles of 
proteins in selected clusters. The protein function was 
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determined based on the gene ontology function, which 
includes biological process (BP), molecular function (MF), 
and pathway enrichment. For gene ontology, we inputted the 
proteins of the clusters into the Enricher tool to determine their 
functions. Likewise, the molecular pathways associated with 
the clusters were determined using the Reactome database. 
The significance of the clusters associated with the ontology 
and pathways was set at a statistical significance of P-value 
<0.005.
RESULTS
According to differential gene expression analysis, the 294 
and 137 exons were differentially expressed in the glaucoma 
and IOP, respectively. These exons were mapped with the 
GPL5175 platform as a reference to identify the gene symbol 
corresponding to the probes. In glaucoma, 294 probes were 
attributed to 277 genes. Similarly, 137 probes in the IOP 
condition were matched with 131 genes. Among 277 glaucoma 
DEGs, 168 were up-regulated and 109 were down-regulated. 
Similarly, in 131 IOP DEGs, 77 were up-regulated and 54 were 
down-regulated. Further, the 277 DEGs in glaucoma were 
subjected to a protein interaction network.
Protein Interaction Network  The glaucoma protein network 
was built by obtaining all potential relationships between the 
seed proteins, with one node added as an external interacting 
neighbour. A total of 277 important genes retrieved from the 
expression analysis were queried in STRING, a cytoscape 
plug-in. Outliers like self-loops and duplicated edges were 
removed from the constructed protein network. A complex 
network was achieved, containing 1495 proteins with 9462 
interconnected edges. To evaluate the topological properties 
of the glaucoma network, the protein network was subjected 
to a network analysis module, which showed topology 
characteristics such as network density of 0.0007, characteristic 
path of 3.530, network centralization of 0.08, and clustering 
coefficient of 0.120.
Glaucoma Cluster Connects with the Intraocular Pressure  
Next, the network was dissected into multiple clusters that 
represent the core functional modules of the entire network. 
Notably, 12 clusters were identified based on the density 
and degree node filters using the ClusterONE algorithm. 
Additionally, IOP association with the glaucoma clusters was 
determined by looking for the presence of IOP DEGs in the 
glaucoma clusters. A total of three glaucoma clusters were 
identified with the presence of three IOP DEGs, namely NMI, 
POLR3G, and APIP. Further, these clusters were enriched 
using Enricher tools to determine the functional role of these 
clusters.
Cluster Glaucoma Enrichment  The results of the GO 
enrichment analysis of ten clusters having no involvement 
of IOP genes that demonstrate the association with 

biological processes such as RNA polymerase II regulation 
(GO:0045944), deubiquitination (GO:0016579), cellular 
response to cytokine stimulus (GO:0071345), regulation 
of beta receptor signalling pathway (GO:0017015), nucleic 
acid-templated transcription (GO:1903507), cell population 
proliferation (GO:0042127), metabolic process (GO:0010604), 
programmed cell death (GO:0043067), and nuclear factor 
(NF)-kappaB transcription factor activity (GO:0051092; 
Figure 1). Similarly, these clusters contribute to molecular 
function, including ubiquitin-like protein ligase binding 
(GO:0044389), kinase (GO:0019900), DNA (GO:0003677), 
I-SMAD (GO:0070411), histone deacetylase (GO:0042826), 
nuclear receptor (GO:0016922), RNA (GO:0003723), cadherin 
(GO:0045296), sequence-specific DNA (GO:0043565), 
protease (GO:0002020) binding, histone acetyltransferase 
activity (GO:0004402), thioesterase binding (GO:0031996), 
TNF receptor binding (GO:0005164), translation initiation 
factor activity (GO:0003743), and NF-kappaB binding 
(GO:0051059; Figure 2). Finally, the cluster proteins were 
investigated, which showed involvement in a variety of 
molecular pathways, as demonstrated in Figure 3.
Clusters of Glaucoma with Intraocular Pressure  The 
ontological analysis of the glaucoma cluster (Cluster 1: TAB2, 
KIF5B, SKIL, CALM1, NFKBIE, YEATS4, RIPK2, BRCA1, 
ACTL6A, MEPCE, RBBP4, DDX5, CSNK2A1, HSP90AB1, 
RBL1, TUBA3D, VPS72, CSNK2A2, RELB, XRCC6, TAB1, 
KIF5C, PIAS3, HSPA5, CALM2, RPLP0, ZNHIT1, NR3C1, 
ACTR6, TUBA3C, HDAC1, TSG101, CALM3, MDM2, NMI; 
Cluster 2: APIP, CASP3, PLA2G4A, VIM, NIF3L1; Cluster 
3: POLR3C, POLR3H, POLR3D, POLR3G) containing 
IOP genes (NMI, POLR3G, and APIP) showed association 
with biological processes such as chromatin remodelling 
(GO:0043044), type I interferon production (GO:0032481), 
phosphoprotein phosphatase activity (GO:0032516), 
interferon-beta production (GO:0032648), phosphatase activity 
(GO:0010922), innate immune response (GO:0045088), 
cyclic-nucleotide phosphodiesterase activity (GO:0051342) 
calcium-release channel activity (GO:0060316), p53 mediator 
signal transduction (GO:1901796), cell communication by 
electrical coupling (GO:1901844), calcium-release channel 
activity (GO:0060315), substantia nigra development 
(GO:0021762), cell communication by electrical coupling 
(GO:0010649), cell cycle process (GO:0010564), cytokine 
production (GO:0001819), and NF-kappaB signalling 
(GO:0007249; Figure 4). In terms of molecular function, it is 
strongly associated with disordered domain-specific binding 
(GO:0097718), adenylate cyclase binding (GO:0008179), titin 
binding (GO:0031432), protein phosphatase activator activity 
(GO:0072542), nucleosomal DNA binding (GO:0031492), 
kinase activator activity (GO:0043539), calcium channel 
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activity (GO:0019855), ubiquitin ligase binding (GO:0031625), 
kinase activator activity (GO:0030295; Figure 5). Subsequently, 
the molecular pathway analysis showed involvement in 
cellular responses to stress, transport of mature transcripts 
to RNA polymerase, neurodegenerative disease pathway, 
cellular senescence, C-type lectin receptor signalling pathway, 
neurotrophin signalling pathway, dopaminergic synapse, 
cytosolic DNA-sensing pathway, NF-kappaB signalling 
pathway, amphetamine addiction, glioma, and pertussis (Figure 6).
Expression of Three Crucial Genes  The gene expression of 
NMI, POLR3G, and APIP was assessed from the GSE45570 
microarray datasets of glaucoma and ocular hypertension 

derived from ONH. The NMI and POLR3G were noticed 
to be upregulated in glaucoma and IOP. Whereas APIP was 
downregulated in glaucoma and IOP conditions, suggesting its 
crucial role in glaucoma and ocular hypertension (Table 1).
DISCUSSION
Glaucoma is the main cause of visual impairment, which has a 
negative impact on quality of life and places a financial, social, 
and medical burden. Glaucoma is frequently brought on by 
trabecular meshwork and aqueous outflow system dysfunction, 
which result in excessive intraocular aqueous fluid build-up 
and IOP[5]. Therefore, it is crucial to understand the molecular 
interphase of high IOP leading to glaucoma to detect and/

Figure 1 Glaucoma clusters proteins contributing the biological process that describes the glaucoma functional mechanism.

Figure 2 Plot representing the molecular function attributed by the 12 glaucoma clusters.

Biomarker candidates connecting glaucoma with high IOP
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or treat this disease. Here, we implemented the systems 
biological approach to assess the IOP gene connectivity with 
the core functional module of the glaucoma network. Our 

series of investigations was initialized by screening DEGs 
in glaucoma and IOP compared to the control. At ONH, 
this initial screening reveals the critical genes that undergo 

Figure 3 Glaucoma clusters proteins contributing the molecular pathways that describes the glaucoma functional mechanism.

Figure 4 Glaucoma clusters with IOP proteins contributing molecular function with the P<0.005  IOP: Intraocular pressure.

Table 1 Comparative gene expression levels of APIP, NMI, and POLR3G

Gene symbol
Glaucoma High IOP

logFC (normal vs glaucoma) P Regulation logFC (normal vs IOP) P Regulation
APIP -0.69 0.041 Down -0.73 0.01 Down
NMI 0.40 0.03 Up 0.32 0.03 Up
POLR3G 0.42 0.03 Up 0.42 0.02 Up

APIP: APAF1 interacting protein; NMI: N-Myc and STAT interactor; POLR3G: RNA polymerase III subunit G; IOP: Intraocular pressure.
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alteration in each condition[3,8]. Assessing the gene expression 
change in ONH will directly reflect the pathological changes 
associated with glaucoma. Particularly, retinal nerve fibre 
layer damage is typically followed by alterations in the optic 
nerve head and significant changes in the visual field. This is 
due to the fact that the retinal nerve fibre layer (RNFL) is the 

layer that houses the nerve fibres of the retina[3,8]. Although the 
significant variation that exists in the normal morphology of 
the optic disc to the definitive glaucoma diagnosis is predicated 
on the morphology of the ONH, it depends on the observer’s 
experience and is therefore quite subjective. Hence, assessing 
the gene expression changes will demonstrate the molecular 

Figure 5 Plot representing the biological process attributed by the glaucoma clusters with IOP proteins connectivity  IOP: Intraocular pressure.

Figure 6 Glaucoma clusters with IOP proteins contributing the molecular pathways that describe the mechanism influenced by IOP in 

glaucoma  IOP: Intraocular pressure.

Biomarker candidates connecting glaucoma with high IOP
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status of diseases, which helps in diagnosis and avoids 
subjective bias.
To identify differential genes between glaucoma and control, 
the protein interaction network was constructed. Nowadays, 
protein interaction is the main strategy to determine biological 
function. Proteins control cellular and molecular functions, 
which in turn determine an organism’s state of health or 
disease. Additionally, they interact with other proteins and 
other kinds of molecules to perform functions. Choudhari et 
al[20] developed an online repository on interactions between 
protein-coding genes and trace elements related to glaucoma 
pathology. Recently, Ding et al[21] developed the glaucoma 
gene network to establish drug-regulated gene signatures to 
find the molecular indicators for drug-induced glaucoma. All 
of these studies gave significant information on the molecular 
mechanisms of glaucoma but did not explicitly address the role 
of risk factors in leading to the condition. In contrast, our study 
includes the critical IOP as one of the factors influencing the 
glaucoma network.
The identification of protein complexes or functional modules 
has emerged as a primary area of investigation within the 
field of systems biology. Numerous studies have shown that 
clustering of protein interaction networks is an efficient method 
to understand disease mechanisms[18-19]. Here, we dissected the 
synthesised glaucoma protein network into multiple clusters 
to identify the core functionality of the network. We identified 
twelve clusters with varying numbers of nodes and edges. On 
enrichment analysis, most of these clusters were associated 
with RNA synthesis, stability, processing, and metabolism, 
which reflected that RNA signalling was markedly altered in 
glaucoma. This was in agreement with the previous study[22]. 
Among 12, three crucial clusters were selected, containing 
three genes (NMI, POLR3G, and APIP) that were differentially 
expressed in IOP (Figure 6). Among these interlinked genes, 
NMI is involved in immune response[23], POLR3G is associated 
with transcription by RNA polymerase III[24], and APIP is 
linked with pyroptosis[25]. More particularly, the IOP belonging 
clusters were linked with RNA polymerase, neurodegenerative 
disease pathway, cellular senescence, C-type lectin receptor 
signalling pathway, NF-kappaB signalling pathway, 
neurotrophin signalling pathway, dopaminergic synapse, 
cytosolic DNA-sensing pathway, amphetamine addiction, 
glioma, and pertussis. The systematic process behind how 
these genes affect glaucoma is largely understood, despite the 
widespread reporting of similar molecular pathways in cancer, 
immunity, and neurodegeneration (Figures 3 and 6). Therefore, 
it is necessary to conduct further research to comprehend the 
functioning of these genes. However, our analysis of these 
genes revealed significant changes in gene expression in both 
glaucoma (SET-A) and IOP (SET-B). Both glaucoma and IOP 

showed upregulation of NMI and POLR3G. However, APIP 
was downregulated in both glaucoma and IOP. Hence, these 
genes are crucial and could guide us in detecting glaucoma. 
The study identifies a new group of genes that associated with 
glaucoma and IOP in comparison to Xie et al[13].
In conclusion, this study employed a series of systems biology 
techniques to identify the DEGs associated with glaucoma and 
IOP. The DEGs were used to form a network, which ultimately 
led to the identification of the essential genes NMI, POLR3G, 
and APIP that connect glaucoma and IOP. These genes have 
a strong correlation with the molecular causes of glaucoma, 
which is important in the progression of the disease. These 
genes exhibit similar changes in expression in both glaucoma 
and IOP. Further investigation is required to effectively employ 
these genes as biomarkers. As genetic data become more 
publicly accessible, it is anticipated that similar approaches 
will become increasingly popular for future investigations.
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