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ABSTRACT
Objective  Glaucoma is an optic neuropathy and the 
leading cause of irreversible blindness worldwide. 
However, the early detection of glaucoma remains 
challenging, as chronic forms of glaucoma remain largely 
asymptomatic until considerable irreversible visual field 
deficits have ensued. Thus, biomarkers that facilitate early 
diagnosis and treatment for glaucoma patients with a high 
risk of progression are pressing.
Methods and analysis  Human disease–biomarker 
interactions network and human disease–target–drug 
interactions network were first constructed based on 
multiomics data. The greedy search algorithm was 
used to search for the hub biomarkers and drug targets 
for glaucoma. Genome-wide association studies and 
epidemiological data from the UK Biobank were used 
to verify our results. Biological network and functional 
analysis was conducted to find common network features 
and pathways.
Results  We identified 10 hub biomarkers/drug targets 
for the diagnosis, treatment and prognosis for glaucoma. 
These results were verified by text mining and genomic/
epidemiology data. We also predicted the new application 
of BMP1 and MMP9 to diagnose glaucoma and confirm 
the theory of hub biomarkers with multiple clinical 
applications. Further, relevant pivotal pathways for these 
hub biomolecules were discovered, which may serve as 
foundations for future biomarker and drug target prediction 
for glaucoma.
Conclusion  We have used a network-based approach 
to identify hub diagnostic and therapeutic biomarkers for 
glaucoma and detected relationships between glaucoma 
and associated diseases. Several hub biomarkers were 
identified and verified, which may play more important 
roles in the diagnosis and treatment of glaucoma.

INTRODUCTION
Glaucoma is one of the leading causes of 
irreversible blindness globally, character-
ised by retinal ganglion cell loss, retinal 
nerve fibre layer thinning and optic disc 
cupping.1 2 Glaucoma affects 80 million 
people and is undiagnosed in 9 of 10 affected 
people worldwide.1 Despite the considerable 
health burden attributable to glaucoma, the 
accurate diagnosis and treatment of glaucoma 
remain far from optimal3–5; indeed, elevated 
intraocular pressure is the only risk factor 

that can be treated with medications, laser 
procedures or glaucoma surgery at present.6 
Further research to identify biomarkers crit-
ical to the early diagnosis and appropriate 
therapy for glaucoma is imperative in allevi-
ating its associated burden of disease.7

The pathogenesis of glaucoma is mediated 
by multiple genes, while the encoded biomol-
ecules have cross-interactions that are best 
studied as networks.8 A wide body of litera-
ture has attempted to elucidate the clinical 
correlations among genetic information, 
biomarkers and the pathogenesis of glau-
coma. Several genes (eg, CDKN2B-AS1, CAV1 
and CAV2, TMCO1, ABCA1, AFAP1, GAS7, 
TXNRD2, ATXN2, SIX1 and SIX6) associ-
ated with quantitative glaucoma-related traits 
(eg, intraocular pressure, central corneal 
thickness and optic disc size) have been iden-
tified in genome-wide association studies 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Glaucoma is the leading cause of irreversible blind-
ness worldwide. Early detection remains challeng-
ing because chronic forms of glaucoma are largely 
asymptomatic until significant visual field loss oc-
curs. Biomarkers that enable early diagnosis and 
treatment for patients at high risk of progression are 
urgently needed.

WHAT THIS STUDY ADDS
	⇒ This study identified 10 hub biomarkers and drug 
targets for the diagnosis, treatment and prognosis 
of glaucoma using disease–biomarker and dis-
ease–target–drug interaction networks. BMP1 and 
MMP9 were proposed as novel diagnostic biomark-
ers, and key pathways relevant to these hub biomol-
ecules were discovered.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The identified biomarkers and pathways provide 
a foundation for future glaucoma biomarker and 
drug target prediction. This research may guide 
early diagnostic efforts, influence clinical treatment 
strategies and inspire further studies in the field of 
glaucoma.
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(GWAS).9–19 However, there is yet to be one clear pathway 
that best characterises this. It is likely the multifactorial 
pathogenesis of glaucoma best lends itself to network 
studies.

Besides intraocular pressure, oxidative stress, systemic 
and ocular vascular factors, elevated glutamate concentra-
tion, nitric oxide levels and an autoimmune process have 
also been implicated in glaucoma pathogenesis.1 20–25 

Many biomarkers for glaucoma have been identi-
fied, including crystallins, heat shock protein 60 (HSP 
60) and HSP 90, myotrophin, apolipoprotein B and 
apolipoprotein E, endothelial leucocyte adhesion mole-
cule-1, myoblast determination protein 1, myogenin, 
vasodilator-stimulated phosphoprotein, ankyrin-2 
and transthyretin.26–29 Additionally, a growing body of 
evidence supports targets including oxidative stress, and 

Figure 1  Study pipeline. This study contained two parts: the biomarker analysis and the drug–target analysis. The biomarker 
analysis came from downloading and integrating biomarkers–diseases interaction information to construct the human 
disease–biomarker interactions network (HDBIN). Then the greedy search was implemented to find the glaucoma-related 
hub diseases-biomarkers interaction network (GHDBIN). Several close diseases were found on the GHDBIN, and we used 
genome-wide association studies (GWAS) data from GWAS Catalog, text data from PubMed and epidemiology data from UK 
Biobank to verify the result. Based on the GHDBIN, we extracted the glaucoma hub biomarker network (GHBN). Further, the 
application information collected from PubMed and protein–protein interaction (PPI) information from STRING were added to 
the hub biomarker network. Gene expression data from GEO was used to verify the diagnosis value of hub biomarkers. Further, 
biological functional analysis was conducted to find key pathways for glaucoma hub biomarkers. The drug–target analysis 
started with constructing the human disease–target–drug interactions network (HDTDIN), and the glaucoma hub targets 
network (GHTN) was selected by the greedy form HDTDIN. PPI information was also annotated to GHTN and critical pathways 
for glaucoma drug targets were identified (cGMP-PKG signalling pathway, KEGG Permission ID: 231472). TTD, Therapeutic 
Target Database.
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neuroinflammation might hold great potential for the 
treatment of glaucoma.30 31 However, given the heteroge-
neity of experiment samples and environments, it is hard 
to compare the statistical power and clinical effect for 
different biomarkers from different studies.

With the advent of the big data era, massive amounts 
of biomedical data are accumulated and stored on data-
bases. For example, the STRING Database includes the 
interaction relationships of 19 257 human proteins,32 
the Therapeutic Target Database (TTD) contains the 
interaction information between 1512 human diseases 
to 37316/3419 drugs/targets and 1313 biomarkers.33 
This interaction information has helped many studies 
to detect the relationships for specific biomolecules and 
explain their biological function. Also, integrated with 
the interaction information stored in STRING and TTD, 
new interactions and functions for biomolecules have 
been predicted and applied. Hence, it is feasible to inte-
grate the human disease–biomarker information and 
disease–target–drug information as networks to study 
them systematically. Our study aimed to fill the gap in 
analysing glaucoma biomarkers and drug targets based 
on complex biological interaction networks and found 
several hub (important points on networks) biomarkers 
and drug targets. We further identified hub pathways 
(important pathways) based on these hub biomarkers 
and drug targets, guiding future biomarkers and drug 
targets discovery for glaucoma. In addition, the multi-
morbidity network associated with glaucoma was fully 
assessed to provide possible underlying biomarkers and 
pathways.

MATERIALS AND METHODS
Figure 1 outlines the analysis pipeline for this study.

Data acquisition
Biomarker–disease interaction information, drug–target 
interaction information and target–disease interaction 
information were downloaded from the TTD (http://​
idrblab.net/ttd/).

Protein–protein interaction (PPI) information and 
pathway information were collected from the STRING 
Database (https://string-db.org/), the KEGG Database 
(https://www.genome.jp/kegg/),34 the Reactom Data-
base (https://reactome.org/)35 and the Gene Ontology 
Database (http://geneontology.org/).36

Disease-related GWAS data were downloaded from 
the GWAS Catalog Database (https://www.ebi.ac.uk/​
gwas/).37

The UK Biobank (UKB) Database (https://www.ukbio-
bank.ac.uk/) provided epidemiological data regarding 
the patients’ situation.38

Gene expression data were obtained from the 
GEO Database (https://www.ncbi.nlm.nih.gov/geo/, 
GSE2378, GPL8300 platform).39 40 The ‘GEOquery’ 
package in R language was used to download the gene 
expression data. GSE2378 contained four pairs of normal 
human eyes from MidAmerica Transplant Services (St. 

Louis, Missouri, USA), and two pairs of glaucoma from 
the Glaucoma Research Foundation (San Francisco, 
California, USA). All donors were Caucasians. Gene 
expression data were generated by cDNA microarray.

Construction of complex networks
Human disease–biomarker interactions network (HDBIN)
We integrated and normalised the human diseases and 
biomarkers information as standard interaction format 
in the graph, using the Human Disease Ontology Data-
base (https://www.ebi.ac.uk/ols/ontologies/doid)41 
and NCBI Protein (https://www.ncbi.nlm.nih.gov/​
protein/)42 and Gene (https://www.ncbi.nlm.nih.gov/​
gene/) databases.43 Based on their interactions, we 
created a network, which we designated as the HDBIN. 
Using Cytoscape V.3.8.2 software, diseases and biomarkers 
were marked as points and their relationships as edges.44

Human disease–target–drug interactions network (HDTDIN)
Meanwhile, the interaction data of biomarker–disease, 
drug–target and target–disease downloaded from TTD 
were also systematically reorganised to construct the 
HDTDIN. Using Cytoscape, diseases, drugs and drug 
targets were represented as distinct nodes, with edges 
illustrating the interactions between them. This network 
allowed for a comprehensive visualisation of how drugs 
and their molecular targets are connected to various 
diseases, providing a clearer understanding of potential 
therapeutic pathways.

Searching for hub networks
The ‘greedy search algorithm’, a clustering method that 
takes the best or optimal choice in the current state in 
each step of the selection, on the jActiveModules plugin 
of Cytoscape was used to find the most active network 
models (hub networks: the most active small network 
clustered from the big network) for glaucoma based on 
HDBIN and HDTDIN. Seven network topology features 
were selected in searching, and they were: topolog-
ical coefficient, average shortest path length, closeness 
centrality, clustering coefficient, radiality, betweenness 
centrality and neighbourhood connectivity. In greedy 
search cluster, the number of submodels was set as 1000, 
and the overlap threshold was 0.8. The jActiveModules 
plugin calculated the active levels of clustered networks, 
and we selected the glaucoma belonged active model as 
the glaucoma-related hub diseases-biomarkers interac-
tion network (GHDBIN).

The Pesca plugin on Cytoscape was then used to calcu-
late the shortest paths from other diseases to glaucoma 
on the GHDBIN, to find the diseases close to glaucoma 
on the network. We have hereafter termed these diseases 
as glaucoma network neighbour diseases (GNND).

Glaucoma-related diseases relationships verification test on 
GWAS data
In order to identify the gene-level relationships for glau-
coma and its closest diseases on HNDBIN (network 
distance very close to glaucoma) found on GHDBIN, 
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GWAS data was used to find the genes that were corelated 
to glaucoma and other diseases (designated hereafter as 
inter-genes). Biological network and functional analysis 
was subsequently conducted for these cospecific genes 
to explore their biological relationships and identify key 
pathways.

GNND verification test on epidemiological data
The GNND on HNDBIN were verified using the UKB on 
epidemiological level. The UKB is a population-based 
cohort of more than 500 000 participants aged 40–73 years 
who attended one of 22 assessment centres throughout 
the UK between 2006 and 2010. ORs and 95% CIs for 
diseases associated with glaucoma were evaluated using 

logistic regression model. Data analyses were conducted 
using SAS V.9.4 software for Windows (SAS Institute).

Hub biomarker analysis
We selected biomarkers from the GHDBIN to test their 
relationships on the PPI network. Biological functional 
analysis was conducted to identify pivotal pathways for 
glaucoma hub biomarkers.

Identification of biomarkers
In order to verify their diagnostic value on biological 
samples, the Wilcoxon test and receiver operating char-
acteristic curve (ROC) test were conducted using gene 
expression data by R language, using the gene expression 

Figure 2  Human disease–biomarker interactions network (HDBIN) and glaucoma-related hub diseases-biomarkers interaction 
network (GHDBIN) identified network-based close diseases to glaucoma. (A) HDBIN. Red points represented diseases and 
green points represented biomarkers. (B) GHDBIN. The purple point was glaucoma. BDNF and MMP9 were key glaucoma 
biomarkers connected with other diseases. (C) Glaucoma core network on GHDBIN. The shape of points represented a 
significant level of OR from UK Biobank data: diamond meant significant and rectangle meant not significant. Point size 
reflected patients number with glaucoma: the bigger the more. (D) Closest diseases to glaucoma on GHDBIN. This histogram 
reflected the sample size, related paper numbers, number of overlapping genes and pathways for glaucoma and these 
diseases.
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data of patients and controls downloaded from GSE2378. 
A p value<0.05 and ROC>0.7 were considered as the cut-
off for biomarker candidates.45

Glaucoma hub drugs-targets network (GHTN) analysis
The GHTN generated by application of the greedy search 
algorithm on HDTDIN was further analysed by biological 
network and functional analysis to find the critical path-
ways for the prediction of glaucoma drug targets.

Biological functional analysis
The STRING Database and clusterProfiler package on 
the R language conducted KEGG pathway enrichment 
analysis and Gene Ontology annotation.

The STRING Database also generated UniProt 
annotated keywords analysis and Reactome pathway 
enrichment analysis.

RESULTS
HDBIN and GHDBIN identified network-based close diseases 
to glaucoma
Human diseases and biomarkers interaction informa-
tion was integrated to construct the HDBIN. HDBIN 
contained 1480 nodes and 2512 edges, including 167 
Human diseases and 1313 of their related biomarkers. 
(figure  2A and online supplemental table S1) The 
GHDBIN identified by the greedy search was illustrated in 
figure 2B, which contained 68 glaucoma-related diseases 
and 123 of their related biomarkers. We calculated the 
shortest paths between other diseases to glaucoma on 
GHDBIN (online supplemental table S2). The 11 GNND 
(shortest path=2) was shown on figure 2C. We searched 
on PubMed to find the research related to glaucoma and 
these diseases and found that nine diseases have been 
reported together with glaucoma (figure 2D).

Verification test for GNND on GHDBIN
To facilitate further validation of our findings at a 
gene level, we downloaded GWAS data for each of the 
11 GNND and mapped out the overlap of their corre-
sponding inter-genes. GWAS data for glaucoma and eight 
other diseases were found, and three diseases (asthma, 
hepatitis B (HB) and myocardial infarction (MI)) had 
overlapped specific genes with glaucoma. Online supple-
mental figure S1 include the LocusZoom plot, which 
showed the single-nucleotide polymorphism distribution 
of GWAS data.

For asthma and glaucoma, 27 inter-genes were iden-
tified (figure  3A), among which only PTHLH-ETS1, 
ATXN2-RBFOX1 and ATXN2-HERC2 showed significant 
interaction in the PPI network (figure  3B). Biological 
functional analysis demonstrated that these genes were 
mapped on five cellular component pathways: cyto-
plasmic ribonucleoprotein granule, ribonucleoprotein 
granule, trans-Golgi network, cytoplasmic stress granule 
and histone deacetylase complex (figure 3C).

There were three overlapping genes (DERA, PLCL1 
and GLIS3) for HB and glaucoma (figure 3D,E), which 

were not demonstrated to connect on the PPI level 
(figure  3E). Gene Ontology analysis showed that these 
genes were associated with trans-Golgi network, cyto-
plasmic stress granule, cytoplasmic ribonucleoprotein 
granule, ribonucleoprotein granule and histone deacety-
lase complex (figure 3F). Reactome pathway enrichment 
analysis showed that these three genes were all related to 
the Metabolism pathway (figure 3G).

Nine genes (CDKN2B-AS1, AC003084.1, AC007568.1, 
GMDS, ATXN2, ZFPM2, FNDC3B, ABO and SMG6) 
overlapped by MI-specific and glaucoma-specific genes in 
GWAS data (figure  3H) and only GMDS and FNDC3B 
showed significant connections on the PPI network 
(figure 3I). No significant enriched pathways were found 
for these genes.

Online supplemental table S3 presents the verification 
results by the UKB data. There were five closest diseases 
for glaucoma from GHDBIN found on the UKB, and 
asthma (OR: 1.10, p value: 0.028) and dry eye disease 
(OR: 2.16, p value: 0.00171) showed significant relation-
ships with glaucoma.

Glaucoma hub biomarkers network (GHBN) presented 
essential biomarkers for glaucoma
From GHDBIN, we extracted the hub biomarkers (BNDF, 
CS, MMP9, SAA1, TUBA1A, DARC, BMP, CTAM, NOS3 
and GFAP) for glaucoma and integrated them with PPI 
information, application information (diagnosis, treat-
ment, prognosis) from published papers and area under 
the curve (AUC)s on diagnostic tests to construct the 
GHBN (figure 4A).

Meanwhile, in order to find common pathways for hub 
biomarkers, pathway enrichment analysis was conducted. 
Online supplemental table S4 presents the significant 
mapped pathways. On the biological process level, seven 
biomarkers (BMPER, NOS3, ACKR1, MMP9, SAA1, 
BDNF and GFAP) were mapped on the regulation of 
the multicellular organismal process and six biomarkers 
(BMPER, NOS3, MMP9, SAA1, BDNF and GFAP) were 
enriched on positive regulation of the multicellular 
organismal process and regulation of localisation. At the 
cellular component level, six biomarkers were mapped 
on the cytoplasmic vesicle and four were annotated on 
methylation by UniProt.

Diagnostic test results for glaucoma hub biomarkers
The GSE2378 (platform: GPL8300) gene expression 
dataset from the GEO Database was selected to conduct 
the diagnostic test for hub glaucoma biomarkers, 
which included seven glaucoma cases and six controls. 
Figure  4B presented the gene expression comparison 
between glaucoma and controls in different biomarkers. 
BMP1 (p value=0.035 in Wilcoxon text) showed signifi-
cant differences between patients and controls.

Diagnostic ROC tests were conducted to verify the diag-
nostic or prognostic values for these hub biomarkers, 
of which GFAP (AUC=0.786), MMP9 (AUC=0.619), 
TUBA1A (AUC=0.833) and BMP1 (AUC=0.857) showed 
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significant diagnostic effects (figure  4C). Earlier liter-
ature has previously reported the utility of GFAP6 and 
MMP946 as diagnostic biomarkers for glaucoma. BMP1 
has been reported as both therapeutic47 and prognostic45 
biomarkers, while TUBA1A has not been previously 
reported as any glaucoma biomarker. Previous studies 
have proven that specific biomarkers are likely to perform 
multiple functions in diagnosing, treating and prognosis 
of complex diseases.48 Therefore, we posit that BMP1 and 
TUBA1A may have future value as diagnostic biomarkers 
for glaucoma.

HDTDIN identified essential drug targets for glaucoma
HDTDIN contains nodes and 33 385 edges, including 
1481 human diseases, 2833 drug targets and 29 071 drugs 
(figure 5A and online supplemental table S5).

The greedy search identified six hub glaucoma drug 
targets: ADRB3, REN, AKR1B1, CaC, ADR and ROCK, and 

we constructed the glaucoma hub drugs-target networks 
(GHTN) (figure  5B). We put these targets on the PPI 
network and found that ADRB3, REN and ADRB2 have 
been proven with strong relationships (figure 5C). Also, 
biological functional analysis found that signal transduc-
tion and developmental process on biological process 
were enriched by all hub protein targets (figure 5D).

DISCUSSION
Along with the development of both traditional and 
computational experiments, many biomarkers have 
been reported for glaucoma.49 Our study identified 
hub glaucoma biomarkers based on HDBIN, which 
collected all the human biomarkers–diseases interac-
tion information. Then relevant biological functional 
analysis was conducted, and we found several pivotal 
pathways for these hub biomarkers. These pathways may 

Figure 3  Genomic verification test results for glaucoma closest diseases on glaucoma-related hub diseases-biomarkers 
interaction network. (A) There were 27 overlapping genes for glaucoma and asthma from GWAS data. (B) Protein–protein 
interaction (PPI) network for glaucoma–asthma genes. Only PTHLH-ETS1 and ATXN2-RBFO1 showed significant connections. 
(C) Pathway enrichment analysis results for glaucoma–asthma genes. These genes were mapped mainly on cytoplasmic 
ribonucleoprotein granule, ribonucleoprotein granule, trans-Golgi network, cytoplasmic stress granule and histone deacetylase 
complex. (D) Glaucoma shared three disease-specific genes with hepatitis B. (E) No connection was identified for the three 
glaucoma–hepatitis B genes. (F) Pathway enrichment results for glaucoma–hepatitis B genes. These genes were mapped on 
the Metabolism pathway. (G) Nine genes were identified as glaucoma–myocardial infarction (MI) shared disease-specific genes. 
(H) PPI network for glaucoma–MI genes. (I) GMDS and FNDC3B showed a significant relationship on PPI network.
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be foundations for future hub biomarker discovery for 
glaucoma. Meanwhile, diseases relationships for glau-
coma were explored on HDBIN. Further, some hub 
drug targets and their essential pathways for glaucoma 
have been identified on HDTDIN. In summary, our study 
provides key pathways for hub biomarkers/drug targets 
which are important for clinical-based biomarker/drug 
discovery in glaucoma.

Analysing diseases and biomarkers in system networks 
could give a broader view for complex disease research: 
different from traditional methods, network analysis 
could investigate disease situation as a connected system.8 
To the best of our knowledge, this is the first study to 
identify hub biomarkers and related pathways in glau-
coma using a network medicine analytical approach. Our 
study finds 10 glaucoma hub biomarkers, compared with 
PubMed documentations, five have been used in a single 
application: GTAM,50 DARC51 and SAA152 have been 
used as treatment biomarkers, and CS53 and NOS354 
have been used as prognosis biomarker. Except TUBA1A 
not found in PubMed, other four hub biomarkers have 
been used in multiple ways: GFAP6 55 and MMP946 56 have 
been applied as diagnosis and treatment biomarkers, 

BMP47 48 has been reported as treatment and prognosis 
biomarkers and BDNF57 58 has been reported as diagnosis 
and treatment and prognosis biomarker. In addition to 
the biomarkers that have previously been identified in 
earlier research, we predict that BMP1 and TUBA1A 
could add their diagnosis ability in the future, which 
also conforms to our theory that hub biomarkers always 
conduct multiple uses in complex diseases.59

Several critical pathways for glaucoma hub biomarkers 
were identified. No previous studies have reported the 
definite relationships between glaucoma biomarker 
or positive regulation of the multicellular organismal 
process. Hence, we suggest that multicellular organismal 
process may play a key role in glaucoma and could be a 
new direction for glaucoma biomarker discovery. Many 
studies have proven the relationships between glaucoma 
biomarker with regulation of localisation60 and cyto-
plasmic vesicle.61 Four hub biomarkers were enriched on 
methylation, which add the evidence for DNA methyla-
tion is a universal biomarker for complex diseases.62

We also investigated the disease–disease association 
relationships on HDBIN in this study. We discovered 11 
glaucoma-closest diseases on GHDBIN and verified in 

Figure 4  Analysis of glaucoma hub biomarkers, including their network, expression levels and diagnostic performance. (A) 
Glaucoma hub biomarkers network. Different colours represented different applications for these hub biomarkers reported in 
published papers : diagnosis/treatment (blue), diagnosis/treatment/prognosis (purple), treatment (red), treatment/prognosis 
(orange) and prognosis (yellow). (B) Expression of hub biomarkers in glaucoma and controls. (C) Diagnosis receiver operating 
characteristic curves for hub biomarkers.
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genomic and epidemiology data results based on network 
topology analysis for the first time. Network analysis adds 
a new feature for detecting disease associations and could 
widely exclude the heterogeneity of experiments. Further, 
network relationships could reflect inside disease associ-
ations which may not be found by traditional statistical 
analysis.

Many drugs have been used in the treatment of glau-
coma. Based on drug–targets networks, finding the hub 
drug targets to predict new drugs may be a new strategy for 
glaucoma drug discovery. This study is the first to identify 
hub drug targets for glaucoma and found six hub targets: 
ADRB3, REN, AKR1B1, ADR, ROCK and CaC. These 
hub targets play important role in biological process: 
ADRB3 belongs to the beta-adrenergic receptors’ family, 
involved in the regulation of fat and thermogenesis. 
REN participates in regulating blood pressure and elec-
trolyte balance. AKR1B1 is involved in the development 
of diabetes complications by catalysing the reduction of 
glucose to sorbitol. ADR acts as a calcium release channel 
in the sarcoplasmic reticulum. ROCK plays an important 
role in cytokinesis. Pathway enrichment analysis found 
that signal transduction and developmental process were 
mapped by all five protein hub targets, which may be 

critical pathways for future glaucoma drug targets predic-
tion. Signal transduction pathway is used to transmit the 
information of the ligand to the change in the biological 
activity of the target cell.63 Our study adds evidence for 
signal transduction as an important platform for drug 
discovery.64

CONCLUSIONS
In conclusion, we have used a network-based 
approach to identify hub diagnostic and therapeutic 
biomarkers for glaucoma and detected relationships 
between glaucoma and associated diseases. Several 
hub biomarkers were identified and verified, which 
may play more important roles in the diagnosis and 
treatment of glaucoma. Our approach opened a new 
door for the biomarker comparison of glaucoma.

Author affiliations
1Medical Research Center, Guangdong Provincial People’s Hospital (Guangdong 
Academy of Medical Sciences), Southern Medical University, Guangzhou, People's 
Republic of China
2Guangdong Eye Institute, Department of Ophthalmology, Guangdong Provincial 
People’s Hospital (Guangdong Academy of Medical Sciences), Southern Medical 
University, Guangzhou, People's Republic of China

Figure 5  Network analysis and biological functional analysis of disease–target–drug interactions and glaucoma hub drug 
targets. (A) Human disease–target–drug interactions network. (B). Glaucoma hub drug targets network. (C) Protein–protein 
interaction network for glaucoma hub drug targets. (D) Biological functional analysis results. All five protein hub targets were 
mapped on signal transduction and development process.

B
M

J O
pen O

phthalm
ology: first published as 10.1136/bm

jophth-2024-001915 on 12 N
ovem

ber 2024. D
ow

nloaded from
 https://bm

jophth.bm
j.com

 on 3 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.



9Li M, et al. BMJ Open Ophth 2024;9:e001915. doi:10.1136/bmjophth-2024-001915

Open access

3Clinical Data Center, Guangzhou Women and Children's Medical Center, 
Guangzhou Medical University, Guangzhou, People's Republic of China
4Department of Ethicon Minimally Invasive Procedures and Advanced Energy, 
Johnson & Johnson Medical (Shanghai) Device Company, Shanghai, People's 
Republic of China
5School of Optometry, The Hong Kong Polytechnic University, Hong Kong, People's 
Republic of China
6Research Centre for SHARP Vision (RCSV), The Hong Kong Polytechnic University, 
Hong Kong, People's Republic of China
7Royal Victorian Eye and Ear Hospital, Melbourne, Victoria, Australia
8Department of Radiology, Guangdong Provincial People’s Hospital (Guangdong 
Academy of Medical Sciences), Southern Medical University, Guangzhou, People's 
Republic of China
9Guangdong Provincial Key Laboratory of Artificial Intelligence in Medical Image 
Analysis and Application, Guangzhou, People's Republic of China
10Center for Systems Biology, Department of Bioinformatics, School of Biology and 
Basic Medical Sciences, Soochow University, Suzhou, China
11Clinical Medical Research Center, Children’s Hospital of Nanjing Medical 
University, Nanjing, People's Republic of China
12School of Translational Medicine, Faculty of Medicine, Nursing and Health 
Sciences, Monash University, Melbourne, Victoria, Australia
13Artificial Intelligence and Modelling in Epidemiology Program, Melbourne Sexual 
Health Centre, Alfred Health, Melbourne, Victoria, Australia

Contributors  ML, HJ, YH, KK, KZ and GH: Writing—review and editing. SL: 
Writing—original draft and editing. SM: Data curation, formal analysis, validation 
and writing—original draft. XS: Validation and writing—review and editing. 
XiZ: Methodology and writing—review and editing. LZ and HY: Supervision 
and writing—review and editing. MH: Conceptualisation, supervision and 
writing—review and editing. XuZ: Conceptualisation, investigation, data curation, 
methodology and visualisation. XuZ is the guarantor.

Funding  This research was funded by the National Natural Science Foundation of 
China (32200545), the Guangdong Provincial Medical Research Fund (A2024494), 
the GDPH Supporting Fund for Talent Program (KJ012020633, KJ012019530) and 
the Guangdong Provincial Key Laboratory of Artificial Intelligence in Medical Image 
Analysis and Application (No. 2022B1212010011).

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Ethics approval  Not applicable.

Provenance and peer review  Part of a topic collection; not commissioned; 
externally peer reviewed.

Data availability statement  All data relevant to the study are included in the 
article or uploaded as online supplemental information. Network information 
can be found from the Therapeutic Target Database (http://idrblab.net/ttd/) and 
the STRING Database (https://string-db.org/). Pathway information can be found 
on the KEGG Database (https://www.genome.jp/kegg/), the Reactom Database 
(https://reactome.org/) and the Gene Ontology Database (http://geneontology.org/). 
Genomic data can be found on the GWAS Catalog Database (https://www.ebi.ac.​
uk/gwas/) and the GEO Database (https://www.ncbi.nlm.nih.gov/geo/). The UK 
Biobank Database (https://www.ukbiobank.ac.uk/) provided epidemiological data 
concerning the patients’ situation.

Supplemental material  This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer-reviewed. Any opinions or recommendations discussed are solely 
those of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability 
and responsibility arising from any reliance placed on the content. Where the 
content includes any translated material, BMJ does not warrant the accuracy and 
reliability of the translations (including but not limited to local regulations, clinical 
guidelines, terminology, drug names and drug dosages), and is not responsible 
for any error and/or omissions arising from translation and adaptation or 
otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 

properly cited, appropriate credit is given, any changes made indicated, and the 
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Min Li http://orcid.org/0009-0003-9757-6822
Honghua Yu http://orcid.org/0000-0002-0782-346X

REFERENCES
	 1	 Quigley HA, Broman AT. The number of people with glaucoma 

worldwide in 2010 and 2020. Br J Ophthalmol 2006;90:262–7. 
	 2	 Trouilloud A, Ferry E, Boucart M, et al. Impact of glaucoma on the 

spatial frequency processing of scenes in central vision. Vis Neurosci 
2023;40:E001. 

	 3	 Varma R, Ying-Lai M, Francis BA, et al. Prevalence of open-angle 
glaucoma and ocular hypertension in Latinos: the Los Angeles 
Latino Eye Study. Ophthalmology 2004;111:1439–48. 

	 4	 Baskaran M, Foo RC, Cheng C-Y, et al. The Prevalence and Types of 
Glaucoma in an Urban Chinese Population: The Singapore Chinese 
Eye Study. JAMA Ophthalmol 2015;133:874–80. 

	 5	 Quigley HA. The Prevalence of Glaucoma in a Population-Based 
Study of Hispanic Subjects. Arch Ophthalmol 2001;119:1819. 

	 6	 Von Thun Und Hohenstein-Blaul N, Kunst S, Pfeiffer N, et al. 
Biomarkers for glaucoma: from the lab to the clinic. Eye (Lond) 
2017;31:225–31. 

	 7	 Hood DC, Raza AS, de Moraes CGV, et al. Glaucomatous damage of 
the macula. Prog Retin Eye Res 2013;32:1–21. 

	 8	 Barabási A-L, Gulbahce N, Loscalzo J. Network medicine: a 
network-based approach to human disease. Nat Rev Genet 
2011;12:56–68. 

	 9	 Alward WL, Fingert JH, Coote MA, et al. Clinical features associated 
with mutations in the chromosome 1 open-angle glaucoma gene 
(GLC1A). N Engl J Med 1998;338:1022–7. 

	10	 Monemi S, Spaeth G, DaSilva A, et al. Identification of a novel adult-
onset primary open-angle glaucoma (POAG) gene on 5q22.1. Hum 
Mol Genet 2005;14:725–33. 

	11	 Thorleifsson G, Magnusson KP, Sulem P, et al. Common sequence 
variants in the LOXL1 gene confer susceptibility to exfoliation 
glaucoma. Science 2007;317:1397–400. 

	12	 Thorleifsson G, Walters GB, Hewitt AW, et al. Common variants near 
CAV1 and CAV2 are associated with primary open-angle glaucoma. 
Nat Genet 2010;42:906–9. 

	13	 Wiggs JL, Yaspan BL, Hauser MA, et al. Common variants at 9p21 
and 8q22 are associated with increased susceptibility to optic nerve 
degeneration in glaucoma. PLoS Genet 2012;8:e1002654. 

	14	 van Koolwijk LME, Ramdas WD, Ikram MK, et al. Common genetic 
determinants of intraocular pressure and primary open-angle 
glaucoma. PLoS Genet 2012;8:e1002611. 

	15	 Gharahkhani P, Burdon KP, Fogarty R, et al. Common variants 
near ABCA1, AFAP1 and GMDS confer risk of primary open-angle 
glaucoma. Nat Genet 2014;46:1120–5. 

	16	 Trikha S, Saffari E, Nongpiur M, et al. A Genetic Variant in TGFBR3-
CDC7 Is Associated with Visual Field Progression in Primary 
Open-Angle Glaucoma Patients from Singapore. Ophthalmology 
2015;122:2416–22. 

	17	 Aung T, Ozaki M, Lee MC, et al. Genetic association study of 
exfoliation syndrome identifies a protective rare variant at LOXL1 
and five new susceptibility loci. Nat Genet 2017;49:993–1004. 

	18	 Springelkamp H, Höhn R, Mishra A, et al. Meta-analysis of genome-
wide association studies identifies novel loci that influence cupping 
and the glaucomatous process. Nat Commun 2014;5:4883. 

	19	 Springelkamp H, Mishra A, Hysi PG, et al. Meta-analysis of Genome-
Wide Association Studies Identifies Novel Loci Associated With 
Optic Disc Morphology. Genet Epidemiol 2015;39:207–16. 

	20	 Tezel G, Yang X, Luo C, et al. Oxidative stress and the regulation of 
complement activation in human glaucoma. Invest Ophthalmol Vis 
Sci 2010;51:5071–82. 

	21	 Yanagi M, Kawasaki R, Wang JJ, et al. Vascular risk factors in 
glaucoma: a review. Clin Exp Ophthalmol 2011;39:252–8. 

	22	 Dreyer EB, Zurakowski D, Schumer RA, et al. Elevated glutamate 
levels in the vitreous body of humans and monkeys with glaucoma. 
Arch Ophthalmol 1996;114:299–305. 

	23	 Neufeld AH. Nitric oxide: a potential mediator of retinal ganglion cell 
damage in glaucoma. Surv Ophthalmol 1999;43 Suppl 1:S129–35. 

	24	 Bell K, Gramlich OW, Von Thun Und Hohenstein-Blaul N, et al. Does 
autoimmunity play a part in the pathogenesis of glaucoma? Prog 
Retin Eye Res 2013;36:199–216. 

	25	 Wax MB. The case for autoimmunity in glaucoma. Exp Eye Res 
2011;93:187–90. 

B
M

J O
pen O

phthalm
ology: first published as 10.1136/bm

jophth-2024-001915 on 12 N
ovem

ber 2024. D
ow

nloaded from
 https://bm

jophth.bm
j.com

 on 3 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://idrblab.net/ttd/
https://string-db.org/
https://www.genome.jp/kegg/
https://reactome.org/
http://geneontology.org/
https://www.ebi.ac.uk/gwas/
https://www.ebi.ac.uk/gwas/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ukbiobank.ac.uk/
http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0009-0003-9757-6822
http://orcid.org/0000-0002-0782-346X
http://dx.doi.org/10.1136/bjo.2005.081224
http://dx.doi.org/10.1017/S0952523822000086
http://dx.doi.org/10.1016/j.ophtha.2004.01.025
http://dx.doi.org/10.1001/jamaophthalmol.2015.1110
http://dx.doi.org/10.1001/archopht.119.12.1819
http://dx.doi.org/10.1038/eye.2016.300
http://dx.doi.org/10.1016/j.preteyeres.2012.08.003
http://dx.doi.org/10.1038/nrg2918
http://dx.doi.org/10.1056/NEJM199804093381503
http://dx.doi.org/10.1093/hmg/ddi068
http://dx.doi.org/10.1093/hmg/ddi068
http://dx.doi.org/10.1126/science.1146554
http://dx.doi.org/10.1038/ng.661
http://dx.doi.org/10.1371/journal.pgen.1002654
http://dx.doi.org/10.1371/journal.pgen.1002611
http://dx.doi.org/10.1038/ng.3079
http://dx.doi.org/10.1016/j.ophtha.2015.08.016
http://dx.doi.org/10.1038/ng.3875
http://dx.doi.org/10.1038/ncomms5883
http://dx.doi.org/10.1002/gepi.21886
http://dx.doi.org/10.1167/iovs.10-5289
http://dx.doi.org/10.1167/iovs.10-5289
http://dx.doi.org/10.1111/j.1442-9071.2010.02455.x
http://dx.doi.org/10.1001/archopht.1996.01100130295012
http://dx.doi.org/10.1016/s0039-6257(99)00010-7
http://dx.doi.org/10.1016/j.preteyeres.2013.02.003
http://dx.doi.org/10.1016/j.preteyeres.2013.02.003
http://dx.doi.org/10.1016/j.exer.2010.08.016


10 Li M, et al. BMJ Open Ophth 2024;9:e001915. doi:10.1136/bmjophth-2024-001915

Open access

	26	 Thanos S, Böhm MRR, Meyer zu Hörste M, et al. Role of crystallins 
in ocular neuroprotection and axonal regeneration. Prog Retin Eye 
Res 2014;42:145–61. 

	27	 Lütjen-Drecoll E, May CA, Polansky JR, et al. Localization of the 
stress proteins alpha B-crystallin and trabecular meshwork inducible 
glucocorticoid response protein in normal and glaucomatous 
trabecular meshwork. Invest Ophthalmol Vis Sci 1998;39:517–25.

	28	 Saccà SC, Centofanti M, Izzotti A. New proteins as vascular 
biomarkers in primary open angle glaucomatous aqueous humor. 
Invest Ophthalmol Vis Sci 2012;53:4242–53. 

	29	 Grus FH, Joachim SC, Sandmann S, et al. Transthyretin and 
complex protein pattern in aqueous humor of patients with primary 
open-angle glaucoma. Mol Vis 2008;14:1437–45.

	30	 Adornetto A, Russo R, Parisi V. Neuroinflammation as a target for 
glaucoma therapy. Neural Regen Res 2019;14:391–4. 

	31	 Petriti B, Williams PA, Lascaratos G, et al. Neuroprotection in 
Glaucoma: NAD+/NADH Redox State as a Potential Biomarker and 
Therapeutic Target. Cells 2021;10:1402. 

	32	 Szklarczyk D, Gable AL, Nastou KC, et al. The STRING database 
in 2021: customizable protein-protein networks, and functional 
characterization of user-uploaded gene/measurement sets. Nucleic 
Acids Res 2021;49:D605–12. 

	33	 Wang Y, Zhang S, Li F, et al. Therapeutic target database 2020: 
enriched resource for facilitating research and early development of 
targeted therapeutics. Nucleic Acids Res 2020;48:D1031–41. 

	34	 Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and 
genomes. Nucleic Acids Res 2000;28:27–30. 

	35	 Gillespie M, Jassal B, Stephan R, et al. The reactome pathway 
knowledgebase 2022. Nucleic Acids Res 2022;50:D687–92. 

	36	 Aleksander SA, Balhoff J, Carbon S, et al. The Gene Ontology 
knowledgebase in 2023. Genetics 2023;224. 

	37	 Sollis E, Mosaku A, Abid A, et al. The NHGRI-EBI GWAS Catalog: 
knowledgebase and deposition resource. Nucleic Acids Res 
2023;51:D977–85. 

	38	 Sudlow C, Gallacher J, Allen N, et al. UK biobank: an open access 
resource for identifying the causes of a wide range of complex 
diseases of middle and old age. PLoS Med 2015;12:e1001779. 

	39	 Barrett T, Wilhite SE, Ledoux P, et al. NCBI GEO: archive for 
functional genomics data sets--update. Nucleic Acids Res 
2013;41:D991–5. 

	40	 Hernandez MR, Agapova OA, Yang P, et al. Differential gene 
expression in astrocytes from human normal and glaucomatous 
optic nerve head analyzed by cDNA microarray. Glia 2002;38:45–64. 

	41	 Schriml LM, Munro JB, Schor M, et al. The Human Disease Ontology 
2022 update. Nucleic Acids Res 2022;50:D1255–61. 

	42	 Wang Y, Anderson JB, Chen J, et al. MMDB: Entrez’s 3D-structure 
database. Nucleic Acids Res 2002;30:249–52. 

	43	 Maglott D, Ostell J, Pruitt KD, et al. Entrez Gene: gene-centered 
information at NCBI. Nucleic Acids Res 2011;39:D52–7. 

	44	 Shannon P, Markiel A, Ozier O, et al. Cytoscape: a software 
environment for integrated models of biomolecular interaction 
networks. Genome Res 2003;13:2498–504. 

	45	 Zhang DW, Zhang S, Wu J. Expression profile analysis to predict 
potential biomarkers for glaucoma: BMP1, DMD and GEM. PeerJ 
2020;8:e9462. 

	46	 Zukerman R, Harris A, Vercellin AV, et al. Molecular Genetics of 
Glaucoma: Subtype and Ethnicity Considerations. Genes (Basel) 
2020;12:55. 

	47	 Fuchshofer R, Yu AHL, Welge-Lüssen U, et al. Bone morphogenetic 
protein-7 is an antagonist of transforming growth factor-beta2 
in human trabecular meshwork cells. Invest Ophthalmol Vis Sci 
2007;48:715–26. 

	48	 Zhang X, Sun X-F, Cao Y, et al. CBD: a biomarker database for 
colorectal cancer. Database (Oxf) 2018;2018:bay046. 

	49	 Beykin G, Norcia AM, Srinivasan VJ, et al. Discovery and clinical 
translation of novel glaucoma biomarkers. Prog Retin Eye Res 
2021;80:100875. 

	50	 Arranz-Romera A, Davis BM, Bravo-Osuna I, et al. Simultaneous 
co-delivery of neuroprotective drugs from multi-loaded PLGA 
microspheres for the treatment of glaucoma. J Control Release 
2019;297:26–38. 

	51	 Yap TE, Shamsher E, Guo L, et al. Ophthalmic Research Lecture 
2018: DARC as a Potential Surrogate Marker. Ophthalmic Res 
2020;63:1–7. 

	52	 Rozsa FW, Reed DM, Scott KM, et al. Gene expression profile 
of human trabecular meshwork cells in response to long-term 
dexamethasone exposure. Mol Vis 2006;12:125–41.

	53	 Aydin B, Onol M, Hondur A, et al. The effect of oral magnesium 
therapy on visual field and ocular blood flow in normotensive 
glaucoma. Eur J Ophthalmol 2010;20:131–5. 

	54	 Wang H-W, Sun P, Chen Y, et al. Research progress on human 
genes involved in the pathogenesis of glaucoma (Review). Mol 
Med Rep 2018;18:656–74. 

	55	 Krishnan A, Kocab AJ, Zacks DN, et al. A small peptide 
antagonist of the Fas receptor inhibits neuroinflammation and 
prevents axon degeneration and retinal ganglion cell death in 
an inducible mouse model of glaucoma. J Neuroinflammation 
2019;16:184. 

	56	 Zaleska-Żmijewska A, Strzemecka E, Wawrzyniak ZM, et al. 
Extracellular MMP-9-Based Assessment of Ocular Surface 
Inflammation in Patients with Primary Open-Angle Glaucoma. J 
Ophthalmol 2019;2019:1240537. 

	57	 Ghaffariyeh A, Honarpisheh N, Heidari MH, et al. Brain-derived 
neurotrophic factor as a biomarker in primary open-angle 
glaucoma. Optom Vis Sci 2011;88:80–5. 

	58	 Shimazawa M, Ito Y, Inokuchi Y, et al. An alteration in the lateral 
geniculate nucleus of experimental glaucoma monkeys: in vivo 
positron emission tomography imaging of glial activation. PLoS 
ONE 2012;7:e30526. 

	59	 Zhang X, Sun X-F, Shen B, et al. Potential Applications of 
DNA, RNA and Protein Biomarkers in Diagnosis, Therapy and 
Prognosis for Colorectal Cancer: A Study from Databases to AI-
Assisted Verification. Cancers (Basel) 2019;11:172. 

	60	 Drewry MD, Challa P, Kuchtey JG, et al. Differentially expressed 
microRNAs in the aqueous humor of patients with exfoliation 
glaucoma or primary open-angle glaucoma. Hum Mol Genet 
2018;27:1263–75. 

	61	 Klingeborn M, Dismuke WM, Bowes Rickman C, et al. Roles of 
exosomes in the normal and diseased eye. Prog Retin Eye Res 
2017;59:158–77. 

	62	 Levenson VV. DNA methylation as a universal biomarker. Expert 
Rev Mol Diagn 2010;10:481–8. 

	63	 Needleman HL. Behavioral toxicology. Environ Health Perspect 
1995;103 Suppl 6:77–9. 

	64	 Signal transduction as a drug-discovery platform. Nat Biotechnol 
2000;18:IT37–9. 

B
M

J O
pen O

phthalm
ology: first published as 10.1136/bm

jophth-2024-001915 on 12 N
ovem

ber 2024. D
ow

nloaded from
 https://bm

jophth.bm
j.com

 on 3 July 2025 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

http://dx.doi.org/10.1016/j.preteyeres.2014.06.004
http://dx.doi.org/10.1016/j.preteyeres.2014.06.004
https://pubmed.ncbi.nlm.nih.gov/9501861
http://dx.doi.org/10.1167/iovs.11-8902
https://pubmed.ncbi.nlm.nih.gov/18682810
http://dx.doi.org/10.4103/1673-5374.245465
http://dx.doi.org/10.3390/cells10061402
http://dx.doi.org/10.1093/nar/gkaa1074
http://dx.doi.org/10.1093/nar/gkaa1074
http://dx.doi.org/10.1093/nar/gkz981
http://dx.doi.org/10.1093/nar/28.1.27
http://dx.doi.org/10.1093/nar/gkab1028
http://dx.doi.org/10.1093/genetics/iyad031
http://dx.doi.org/10.1093/nar/gkac1010
http://dx.doi.org/10.1371/journal.pmed.1001779
http://dx.doi.org/10.1093/nar/gks1193
http://dx.doi.org/10.1002/glia.10051
http://dx.doi.org/10.1093/nar/gkab1063
http://dx.doi.org/10.1093/nar/30.1.249
http://dx.doi.org/10.1093/nar/gkq1237
http://dx.doi.org/10.1101/gr.1239303
http://dx.doi.org/10.7717/peerj.9462
http://dx.doi.org/10.3390/genes12010055
http://dx.doi.org/10.1167/iovs.06-0226
http://dx.doi.org/10.1093/database/bay046
http://dx.doi.org/10.1016/j.preteyeres.2020.100875
http://dx.doi.org/10.1016/j.jconrel.2019.01.012
http://dx.doi.org/10.1159/000500527
https://pubmed.ncbi.nlm.nih.gov/16541013
http://dx.doi.org/10.1177/112067211002000118
http://dx.doi.org/10.3892/mmr.2018.9071
http://dx.doi.org/10.3892/mmr.2018.9071
http://dx.doi.org/10.1186/s12974-019-1576-3
http://dx.doi.org/10.1155/2019/1240537
http://dx.doi.org/10.1155/2019/1240537
http://dx.doi.org/10.1097/OPX.0b013e3181fc329f
http://dx.doi.org/10.1371/journal.pone.0030526
http://dx.doi.org/10.1371/journal.pone.0030526
http://dx.doi.org/10.3390/cancers11020172
http://dx.doi.org/10.1093/hmg/ddy040
http://dx.doi.org/10.1016/j.preteyeres.2017.04.004
http://dx.doi.org/10.1586/erm.10.17
http://dx.doi.org/10.1586/erm.10.17
http://dx.doi.org/10.1289/ehp.95103s677
http://dx.doi.org/10.1038/80076

	Network-­based hub biomarker discovery for glaucoma
	Abstract
	Introduction﻿﻿
	Materials and methods
	Data acquisition
	Construction of complex networks
	Human disease﻿–﻿biomarker interactions network (HDBIN)
	Human disease﻿–﻿target﻿–﻿drug interactions network (HDTDIN)

	Searching for hub networks
	Glaucoma-related diseases relationships verification test on GWAS data
	GNND verification test on epidemiological data
	Hub biomarker analysis
	Identification of biomarkers
	Glaucoma hub drugs-targets network (GHTN) analysis
	Biological functional analysis

	Results
	HDBIN and GHDBIN identified network-based close diseases to glaucoma
	Verification test for GNND on GHDBIN
	Glaucoma hub biomarkers network (GHBN) presented essential biomarkers for glaucoma
	Diagnostic test results for glaucoma hub biomarkers
	HDTDIN identified essential drug targets for glaucoma

	Discussion
	Conclusions
	References


