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Background: Primary open-angle glaucoma (POAG), as one of the leading reasons for blindness, is 
mainly due to trabecular meshwork (TM) dysfunction. Bioinformatics analysis was used to find related genes 
involved in TM oxidative stress, which is a major cause of TM fibrosis.
Methods: A total of three datasets from the Gene Expression Omnibus (GEO) database were used 
to identify differentially expressed genes (DEGs). Gene expression relationships were enriched by the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Gene Ontology (GO) pathways. The 
interaction network was listed by the protein-protein interaction (PPI) network. The expression of adenosine 
A3 receptor (ADORA3) was validated in POAG tissue and human trabecular meshwork cells (HTMCs) by 
western blot (WB) and reverse transcription polymerase chain reaction (RT-PCR). Additionally, WB and 
RT-PCR were used to measure oxidative stress injury relative protein and gene expression, respectively, such 
as fibronectin (FN), collagen-I (Col-I), and α-smooth muscle actin (α-SMA). Cell migration function and 
vitality were tested via transwell migration assay and Cell Counting Kit-8 (CCK-8). The cell vitality was 
measured using CCK-8.
Results: A total of 61 significant DEGs among the three data sources were analyzed. Among all three 
different datasets, two significant DEGs [ADORA3 and DNA damage-inducible transcript 4 protein (DDIT4)] 
were identified. The dataset ADORA3 was selected for further analysis. In the POAG TM tissue, ADORA3 
was overexpressed at transcriptional and post-transcriptional levels. Overexpression of ADORA3 reduced 
TMC viability and migration but upregulated the extracellular matrix (ECM) proteins (FN, Col-I, and α-SMA) 
expression. It was found that ADORA3 can exacerbate oxidative stress injury in normal TMCs. These results 
indicated that ADORA3 might play an essential role in the occurrence and progression of POAG.
Conclusions: A total of 61 novel common DEGs identified are related to the development and prognosis 
of POAG. In the POAG, ADORA3 was verified as overexpressed; therefore, it may be associated with an 
oxidative stress injury in TMCs.
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Introduction

Glaucoma is characterized as a function loss of retinal 
ganglion cells and is the second leading cause of blindness 
worldwide (1). High intraocular pressure (IOP) is a risk 
factor for glaucoma (2). Under normal conditions, IOP is 
maintained by the dynamic balance between the production 
and excretion of the aqueous humor (AH) through the 
human trabecular meshwork (HTM) (3,4). Dysfunction of 
trabecular meshwork cells (TMCs) can decrease drainage 
in the AH, leading to high-IOP and further inducing 
primary open-angle glaucoma (POAG) (5). Therefore, 
understanding HTM pathology may help to treat POAG.

Studies have demonstrated that TMCs are the most 
sensitive cell type to oxidant insults (2,6,7). The ability 
of TMCs to counter oxidative stress damage is critical to 
their survival and function (1). Under normal conditions, 
the trabecular meshwork (TM) is exposed to a constant 
low concentration of oxidative stress (8). The TMCs are 
relatively resistant to oxidative damage due to the expression 
of antioxidant enzymes that neutralize active substances (9). 
An imbalance between oxidants and antioxidants or excessive 
reactive oxygen species (ROS) accumulation may lead to 
oxidative stress in TMCs (10). Progression of POAG may 
accompany a reduction in TMC antioxidant capacity (8). 
Also, oxygen free radicals cause a gradual increase in oxidative 
damage, extracellular matrix (ECM) accumulation, and 
cytoskeletal changes in the structure of TMCs (11). Oxidative 
stress damage to ECM adhesion results in TMC adhesion, cell 
loss, and HTM integrity damage (12). The pathomechanism 
of TMCs, including oxidative stress and ECM deposition, 
caused resistance in AH outflow and elevated IOP (1,13-16). 
Therefore, ascertaining the molecular link between oxidative 
stress and excessive ECM production in TMCs may be a 
promising avenue in POAG treatment.

The analysis of diseased biosamples or tissue was based 
on high throughput assessment; however, sequencing in 
several studies has shown more credibility (17). The past 
decade has witnessed the development of next-generation 
sequencing and bioinformatics analysis methods, which have 
enabled genome-wide analysis to identify possible genes 
and biomarkers affecting disease-associated phenotypes. 
These have provided an accessible and straightforward way 
for researchers to focus on possible research targets and 
pathways.

In this study, we explored novel related genes and 
potential biomarkers affecting the pathology of TM 
injury. Adenosine A3 receptor (ADORA3), a protein 

that belongs to the family of adenosine receptors, 
was selected for further analysis (18-21). Further, we 
validated this novel selected gene in POAG patients. We 
hypothesized that ADORA3 might promote ECM protein 
expression in TMCs under oxidative stress, contributing 
to high IOP that finally leads to the POAG. To test this 
hypothesis, we validated ADORA3 expression in POAG 
tissues and its function in promoting ECM expression 
and inhibiting migratory functions in the TMCs under 
oxidative stress. The results provided a novel pathogenic 
mechanism underlying POAG and a potential therapeutic 
target. We present the following article following the 
MDAR reporting checklist (available at http://dx.doi.
org/10.21037/atm-20-6154).

Methods

Ethics approval and consent to participate

All tissue samples in our study were collected according 
to the Declaration of Helsinki (as revised in 2013) on 
biomedical research involving human subjects. This study 
protocol was reviewed and approved by the Center for 
Medical Ethics Committees of the Third Xiangya Hospital 
of Central South University (Scientific Research Project: 
2016-S147). The cells were obtained post-mortem from 
anonymized donor tissue and tissue after ophthalmectomy. 
All donors and their guardians provided written informed 
consent. The biosamples were collected and stored in 
Xiangya Biobank, Central South University.

Participants and tissue specimens

We obtained TM tissue from five healthy people and 22 
POAG patients who underwent trabeculectomy between 
July 2018 and October 2019. The patients were diagnosed 
as POAG with elevated IOP according to the diagnosis 
and treatment guidelines of primary glaucoma in China. 
The control group consisted of age and sex-matched non-
glaucomatous samples donated for corneoscleral rims 
that were unsuitable for transplant and from patients who 
underwent eyeball enucleation.

Data source and quality control

Our datasets were collected from the Gene Expression 
Omnibus (GEO) (http://www.ncbi.nlm.nih.gov/geo/) and 
ArrayExpress (http://www.ebi.ac.uk/arrayexpress) databases 

http://dx.doi.org/10.21037/atm-20-6154
http://dx.doi.org/10.21037/atm-20-6154
http://www.ncbi.nlm.nih.gov/geo/
http://www.ebi.ac.uk/arrayexpress
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with the keywords: glaucoma, POAG, primary open-angle 
glaucoma, trabecular meshwork, and trabecular meshwork 
cell. After preliminary screening, five datasets (all from 
GEO) were included in our study: GSE4316, GSE27276, 
GSE126170, GSE27058, and GSE129183.

The GSE27058 and GSE129183 datasets were excluded 
from the later work. The GSE27058 dataset is a customized 
microarray chip using a custom Affymetrix Glyco v2 
GeneChips and produced only 4,682 sites resulting in  
752 human genes that could not be traced back to the 
samples in the dataset, which made it unsuitable for 
this analysis. The GSE129183 dataset uses methylation 
analysis; the data included 1 unpaired POAG sample and 
5 normal samples, which were not suitable for our study. 
Furthermore, the intersection of the 5 datasets estimated 
nonstatistical significance results, making it impossible to 
obtain intersecting results. After evaluation and filtering, 
3 gene expression profiles GSE27276 (13 controls and 
15 POAG cases), GSE126170 [3 control human TMCs 
(HTMCs), and 3 POAG HTMCs], and GSE4316 (3 
controls and 2 POAG cases) were downloaded from the 
GEO database and analyzed.

Identification of differentially expressed genes (DEGs)

The DEGs between different samples were analyzed using 
GEO2R. Acquired data were preprocessed and analyzed 
using the limma package for R (linear regression models), 
and the packages were available from Bioconductor (https://
www.bioconductor.org/). The hierarchical clustering was 
generated and performed by R package ggplots (vision 
2.2.1, http://cran.r-progect.org/web/Packages/ggplot 2). 
Moreover, the common DEG was performed by Venn 
diagram. The expression level with log2(fold-change) 
[log2(FC)] ≥1.5 and false discovery rate (FDR) <0.05 were 
considered statistically significant.

Pathway analysis

To identify the upregulated and downregulated genes 
within the functional pathway, we uploaded the genes to 
the Database for Annotation, Visualization, and Integrated 
Discovery (DAVID) (https://david.ncifcrf.gov/) to analyze 
with the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway and Gene Ontology (GO) function. This 
grouped the genes into biological processes (BP), molecular 
function (MF), and cellular component (CC). The pathways 
network was visualized using KOBAS 3.0 (http://kobas.cbi.

pku.edu.cn/). Next, we performed an overrepresentation 
analysis with a common cut-off criterion for the level of 
expression changes. This took the P value and absolute 
log2(FC) into consideration with gene expression. We 
set the threshold P at <0.05. The expression results were 
higher than 0.58, and P<0.05 was considered a significant 
expression change.

KEGG pathway

The pathways were performed from the free access pathway 
databases. In order to obtain more comprehensive pathway 
coverage, we took three datasets together. The pathway 
databases were analyzed by KEGG enrichment. The 
clustering of the pathways was performed by Cytoscape 
(www.cytoscape.org), an open-access tool, to visualize the 
genes and relatives between multiple categories.

GO analysis

We performed GO analysis to assess the pathology of 
glaucoma. The same functional terms were clustered 
together into functional categories. The results were 
obtained and compared with other genes in functional 
categories and visualized using KOBAS 3.0. The clusters 
were analyzed using DAVID and Metascape (http://
metascape.org/). A P value <0.05 was considered statistically 
significant.

Construction of the protein-protein interaction (PPI) 
network

The differential expression of genes and proteins plays a 
critical role in disease processes. Moreover, the function 
of processes performed by proteins is coded by genes. The 
relationship between DEGs associated with glaucoma was 
displayed using the PPI network with STRING (https://
string-db.org/) and viewed in Metascape.

Hematoxylin and eosin (HE) staining

Thin slices of TM tissue were obtained and fixed in 4% 
formaldehyde solution (pH: 7.0) for more than 24 h. 
Tissues were processed routinely for paraffin embedding, 
dehydrated using an alcohol gradient, cut into 4 μm thick 
sections, and placed on glass slides. Samples were stained 
with HE (Solarbio, Shanghai, China, No. G1120) and 
pathologists determined the histological type.

https://www.bioconductor.org/
https://www.bioconductor.org/
http://cran.r-progect.org/web/Packages/ggplot 2
https://david.ncifcrf.gov/
http://kobas.cbi.pku.edu.cn/
http://kobas.cbi.pku.edu.cn/
http://metascape.org/
http://metascape.org/
https://string-db.org/
https://string-db.org/
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Histology immunohistochemistry

The TM tissues were immunostained with ADORA3 
antibody (Abcam, Cambridge, MA, USA; Cat.ab203298). 
For immunohistochemistry (IHC), antigen retrieval was 
performed using a standard citrate buffer protocol. The 
expression was graded as follows: negative (score 0), 
weak (score 1), moderate (score 2), and strong (score 3). 
Percentage scores were assigned as 1, 1–25%; 2, 26–50%; 3, 
51–75%; and 4, 76–100%. The score grades were calculated 
by three people and evaluated by pathologists.

Cell culture and treatment

Primary HTMCs were isolated and expanded from donors, 
as mentioned previously. Rings of TM were cut into pieces 
after dissection from corneoscleral rims and placed with 0.2% 
collagen coated beads (Sigma-Aldrich, St. Louis, MO, USA) 
incubating with Dulbecco’s Modified Eagle Medium/Nutrient 
Mixture F-12 (DMEM/F12) (Gibco, Grand Island, NY, USA), 
15% fetal bovine serum (FBS; Gibco), 2 mM L-glutamine, 
and 1% penicillin-streptomycin (100 U/mL penicillin and  
100 ng/mL streptomycin, P/S) (22). An additional primary 
HTMC line was obtained from ScienCell Research 
Laboratories Inc. (Catalog#6590; Carlsbad, CA, USA) and 
cultured in DMEM/F12, 15% FBS and 1% P/S, incubating at 
37 ℃ in a 5% CO2 environment. We analyzed the protein level 
of myocilin after treatment with dexamethasone to identify the 
TM cells (Figure S1A). All experiments were conducted using 
primary HTMCs and cell lines within 6 passages. We named 
the cells as hTM-6, N49TM3, and N55TM4. The transwell 
migration assay was prepared as described previously (23).

H2O2 treatment model establishment

The HTMCs were  seeded  onto  a  96-we l l  p l a te  
(8×103 cells/well) and cultured in DMEM/F12 with 12% 
FBS and 1% PS for 24 h at 37 ℃. The oxidative stress injury 
model was established using H2O2. The HTMCs were treated 
with DMEM/F12 containing H2O2 for 2 h in incrementally 
different concentrations from 50–800 μM (50, 100, 200, 300, 
400, 600, 700, 800 μM). These cells were then compared 
with the non-treated cells. Next, the media was removed and 
replaced with 100 μL DMEM/F12 with 10 μL Cell Counting 
Kit-8 (CCK-8) reagent (Dojindo Laboratories, Kumamoto, 
Japan), and cells were incubated at 37 ℃ for 2 h. Absorbance 
was measured at 450 nm with the Tecan Infinite M200 
multimode microplate reader (Tecan Group Ltd., Männedorf, 

Switzerland). Cell viability was calculated by percentage, with 
normal controls representing 100%.

ADORA3 plasmid and transfection

The open reading frames of the human ADORA3 sequence 
(CCDS839.1) were downloaded from the National Center 
for Biotechnology (NCBI) and cloned into the pcDNATM 
3.1(+) by Tsingke technology company (Beijing, China). 
According to the manufacturer’s protocols, transfection was 
performed using Lipofectamine 3000 reagents (L3000015, 
Invitrogen, Eugene, OR, USA).

Total RNA isolation and quantitative reverse transcription-
polymerase chain reaction (qRT-PCR)

Trizol Reagent (Invitrogen, USA) was used to extract total 
RNA. This was reverse transcribed to cDNA using a Super 
First-Strand Synthesis System (Takara, Shangdong, China). 
RT-PCR assays followed the protocol of the SYBR Prime 
Script TM RT-PCR Kit (Takara). The relative expression was 
calculated as relative expression = 2 – ΔCT × 10,000 (ΔCT 
= CTAODRA3 – CTGAPDH). The primer pairs were listed as 
follows: ADORA3: 5'-CCTGGGCATCACAATCCACT-3', 
5'-ACCCTCTTGTATCTGACGGTA-3'; fibronectin 
(FN):  5'-GAGAATAAGCTGTACCATCGCAA-3', 
5'-CGACCACATAGGAAGTCCCAG-3'; collagen-I 
(Col-I) :  5 '-ATCAACCGGAGGAATTTCCGT-3’ ; 
5'-CACCAGGACGACCAGGTTTTC-3'; α-smooth muscle 
actin (α-SMA): 5'-CACCAGGACGACCAGGTTTTC-3'; 
5 '-AGAGACAGAGAGGAGCAGGA-3' ;  GAPDH: 
5 ' - A G A G A C A G A G A G G A G C A G G A - 3 ' ; 
5'-GTCTTCTGGGTGGCAGTGAT-3'.

Western blotting (WB)

Cells were rinsed and lysed using lysis buffer [Cell 
Signaling Technology (CST), Cat. 9803] that included 
a protease inhibitor cocktail (CST, Danvers, MA, USA; 
Cat.5871) and PhosSTOP phosphatase inhibitor cocktail 
[MedChemExpress (MCE), Monmouth Junction, NJ, USA; 
Cat.4906845001]. A total of 20 mg protein was separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Proteins were transferred to a polyvinylidene 
fluoride (PVDF) membrane (Millipore, Boston, MA, USA), 
incubated with 5% milk for 1 h at room temperature, and 
then incubated with a primary antibody at 4 ℃ overnight. 
Following this, the membrane was incubated with a secondary 

https://cdn.amegroups.cn/static/public/ATM-20-6154-Supplementary.pdf
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antibody for 2 h at room temperature. Antibodies were listed 
as follows: FN (Proteintech, Rosemont, IL, USA; Cat:15613-
1-AP); Col-I (Proteintech, Cat:14695-1-AP); α-SMA 
(Abcam Cat:ab5694); Tublin (Proteintech, Cat:11224-1-AP); 
Myocilin (Proteintech, Cat No. 14238-1-AP). Corresponding 
secondary antibodies, rabbit secondary antibody (CST, No. 
7074), and mouse secondary antibody (CST, No. 7076), were 
selected according to the manufacturer’s instructions.

Statistical analysis

The statistical results and analysis were performed using 
Excel software, and the experiment results were finally 
analyzed with SPSS statistical software (version 18.0, IBM, 
Armonk, NY, USA). The statistical description of data was 
expressed as mean ± standard error of the mean (SEM) or 
standard deviation (SD), and each experiment data had at 
least 3 replicates. A P value <0.05 was considered significant.

Results

Identification of significant differential genes

Only two genes intersected all three tested datasets. We used 
these intersection results for further statistical analysis. Among 
the tested mRNAs/genes, 293 and 335 were upregulated 
and downregulated, respectively, in the GSE27276 dataset 
(Figure 1A); there were 3,124 and 1,274 were upregulated 
and downregulated in GSE126170 (Figure 1B); and 650 
and 549 upregulated and downregulated, respectively, in 
GSE4316 (Figure 1C). A total of 15 DEGs were identified 
between GSE4316 vs. GSE126170. More DEGs (39 genes) 
were identified between GSE126170 vs. GSE27276. Only 
five DEGs were identified between GSE4316 vs. GSE27276. 
We focused on the common DEGs between these datasets. 
The 61 common DEGs are listed in Table 1. In this study, two 
genes were identified, as shown in a Venn diagram (Figure 1D); 
ADORA3 and DNA damage-inducible transcript 4 protein 
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Figure 1 The DEGs in datasets. Volcano plots of (A) GSE27276, (B) GSE126170, and (C) GSE4316. (D) Venn diagram of the DEGs in the 
three datasets. The coincident region represents the commonly expressed genes in all three sets. DEGs, differentially expressed genes.
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(DDIT4) were significantly dysregulated in the POAG TM 
samples compared with the healthy controls in three datasets.

Dysregulated DEGs in datasets

The 61 intersecting genes were subjected to GO and 
KEGG enrichment analysis. The top 10 enrichment 
pathways in GO and KEGG, including the BPs, CCs, and 
MFs, are listed in Figure 2.

The GO functional enrichment analysis results suggested 
that the most highly regulated genes were significantly 
enriched in “cellular process” (ontology: BP), “binding” 
(ontology: MF), and “cell part” (ontology: CC). The GO 
results are listed in Figure 2A. The results showed that the 
majority of BPs focused on “cellular process”, “response to 
stimulus”, and “single-organism process”. The “cell part”, 
“cell” and “membrane-bounded organelle” accounted for 
most CC terms. Furthermore, most enrichment MFs were 
reported as “binding”, “protein binding”, and “receptor 
binding”. The top10 DEGs in the MF pathways were 
associated with “apoptosis”, “cell adhesion molecules 
(CAMs)”, and “mTOR signaling pathway”.

Several genes were tightly related to several pathways, 
such as BIRC3, BCL2A1, CLDN1, CSF1R, GADD45A, 
FZD10, IFNA5, and MAOB. The gene BCL2A1 was 
enriched in the “mTOR signaling pathway”, “herpes 
simplex infection”, “hepatitis C”, and “cytokine-cytokine 
receptor interaction”. Furthermore, the top 10 DEGs were 
enriched in “apoptosis”, “transcriptional misregulation 
in cancer”, “mTOR signaling pathway”, and “PI3K-
Akt signaling pathway” (Figure 2B). Interestingly, the 
enrichment of apoptosis and the PI3K-Akt signaling 
pathway were associated with TM injury.

Cluster analysis, signaling pathways, and PPI network

To analyze the activation pathways of pathophysiological 

changes in TM during POAG progression, we used the 
61 intersecting genes to build the PPI network and cluster 
by MCODE. These results revealed that MCODE 1 was 
driven by ADORA3, CCXCL6, MCHR1, GRM2, and PENK 
(Figure 3A). The PPI network was built using STRING to 
demonstrate the inter-relationship of the 61 significantly 
expressed genes (Figure 3B). This analysis created a PPI 
network with 69 nodes and 187 edges. The relevance score 
cut-off was set as 0.8.

ADORA3 was upregulated in POAG specimens and the 
bioinformatics analysis

Dysregulated gene expression is considered a high-risk 
factor for diseases; therefore, ADORA3 was selected as our 
research target. The GO results showed that ADORA3-
relative pathways were focused on the “adenosine receptor 
signaling pathway”, “G protein-coupled receptor signaling 
pathway”, “inflammatory response”, and “negative 
regulation of nuclear factor kappa light chain enhancer 
of activated B cells (NF-κB) transcription factor activity” 
in non-tumor pathways. In cancer pathways, ADORA3 
showed a significantly negative regulation in “cell 
proliferation and migration” (Figure 4A). Additionally, we 
created a PPI network with ADORA3 as the independent 
factor, which incorporated 11 nodes and 55 edges 
(Figure 4B). We validated ADORA3 via RT-PCR based 
on the log2(FC) expression value using 10 samples of 
POAG TM tissue and 5 healthy controls. These results 
revealed significantly upregulated ADORA3 mRNA in 
the POAG TM specimens (100%) compared to healthy 
controls (Figure 4C). Furthermore, the HE results showed 
structural damage in the TM tissue in the POAG samples 
compared with the control tissue (Figure 4D). The IHC 
results confirmed the overexpression of ADORA3 in the 
HTM of POAG samples compared with healthy controls 
(Figure 4D).

Table 1 The DEGs

Up/down-regulated Gene symbols

Up-regulated ADORA3, APBB3, AQP1, AREG, ARHGEF16, BCL2A1, BIRC3, CD83, CHI3L2, CLDN1, COLGALT2, CSF1R, 
GADD45A, GDF15, HBD, HOXC5, IFIT1, IFNA5, LEFTY2, MSX1, MT1X, NR4A2, PLXNC1, REXO2, RRAGD, 
S100A14, S100P, SCGB2A1, SFN, SLC16A9, SYBU, TAF13, TREM2

Down-regulated ARL4D, BTG1, CAPNS2, CDH2, CSRNP1, DDIT4, DUSP5, FZD10, GNA15, GPR75, ISG20, LY75, MAOB, MT1A, 
NAMPT, NDRG1, OSR2, OXCT2, PBXIP1, PRPH2, RASD1, S100A12, SDC4, SLC2A3, SLC6A14, TNFRSF21, 
ZNF281, ZNF549

DEGs, differentially expressed genes.
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ADORA3 leading to TM oxidative stress injury

To further investigate the functional role of ADORA3 
in the pathogenesis of POAG, we used the three sources 
of HTMCs (hTM-6, N49TM3, and N55TM4) and 
established an oxidative stress injury model via treatment 
with H2O2. We used CCK-8 to find the maximal nonlethal 
dose of H2O2 to treat HTMCs and found that 300 μΜ was 
the optimal concentration (Figure 5A and Figure S1B).  
First, we observed that ADORA3 overexpression reduced 
cell viability in H2O2-treated vs. nontreated cells in all 

three HTMCs (Figure 5B). Previous studies have shown 
that high IOP glaucoma damages the TM and leads to 
collagen deposition, cellular conformational changes, 
and induces the overexpression of FN, Col-I, and 
α-SMA (1,24,25). The mRNA expression of these genes 
was upregulated in the H2O2-treated cells compared 
with the nontreated cells in all 3 HTMCs (Figure 5C).  
The WB analysis revealed increased overexpression of 
ADORA3 was associated with a significant increase of 
FN, Col-I, and α-SMA protein expression (Figure 5D). 

A

B

Figure 3 Global view and features of the glaucoma-related PPI network. (A) Each color node represents a different MCODE of the 
network. The network of the top 61 differently expressed glaucoma-related proteins is shown. (B) Pathway enrichment analysis for the 61 
intersecting genes. PPI, protein-protein interaction.

https://cdn.amegroups.cn/static/public/ATM-20-6154-Supplementary.pdf
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Moreover, in the ADORA3 group overexpressions, the 
expression of FN, Col-I, and α-SMA showed a more 
significantly upregulated tendency in the ADORA3-
overexpressed H2O2 group. These results indicated that 
ADORA3 protein has a regulatory effect in the HTM 
oxidative injury of POAG.

The migration and mobility of HTMCs can directly 
affect AH outflow and IOP; therefore, we analyzed the 
migration capability of HTMCs in the oxidative injury 
model via transwell migration assay. A significant reduction 
of cell migration was observed in the H2O2-treated cells 
compared with the untreated groups. Moreover, the 
untreated ADORA3 overexpressed cells also showed 
decreased cell migration, and the greatest reduction of 
migration capability was in the ADORA3-overexpressed 
H2O2 group (Figure 5E).

Discussion

High IOP is an important factor of POAG (2,26). Oxidative 
stress is a major pathogenic causative factor of malfunction 
in the TM (9,10). The dysfunction blocks the dynamic 
equilibrium of AH flow, leading to elevated IOP (13). 
Previous studies have shown that the TMCs in POAG have 
a noticeable variation in autophagy dysfunction and immune 
inflammation (6,27). Additionally, ROS and oxidative stress 
are associated with HTMC dysfunction (28). Collagen 
and elastic fiber degeneration in the TM induces increased 
deposition of the ECM (28). Moreover, other characteristics, 
including non-coding RNAs (28), pathological genes, and 
related mutations (29), contribute to this injury.

In this study, we applied systematic bioinformatics 
analysis to 3 individual RNA microarrays from the 
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Figure 4 ADORA3 is crucially upregulated in POAG samples and bioinformatics analysis. (A) The pathway enrichment analysis of ADORA3. 
(B) The PPI network of ADORA3. (C) Relative mRNA expression of ADORA3 in POAG TM tissue compared with normal TM tissues 
from 15 patients. The relative expression was calculated as 2 – ΔCT × 10,000 (ΔCT = CTAODRA3 – CTGAPDH). (D) Left panel: representative 
HE images of POAG and normal TM tissue (magnification: ×10, ×40); right panel: representative images of POAG and normal TM tissues 
stained using anti-ADORA3 (magnification, ×10, ×40). POAG, primary open-angle glaucoma; TM, trabecular meshwork; PPI, protein-
protein interaction; HE, hematoxylin and eosin.
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GEO database. We analyzed the significant DEGs in all  
3 datasets to obtain the intersecting genes that were high-
risk factors. We constructed a PPI network with 61 DEGs 
and analyzed the MCODE in the network from these data. 

The GSE4316 dataset contains genome-wide HTM tissue 
genes from three pairs of control and two pairs of POAG 
samples. The GSE27276 dataset contains samples from one 
patient with POAG with the myocilin mutation, limiting 

H2O2 concentration H2O2 concentration

A B

C

D E

Figure 5 ADORA3 leading to TM oxidative stress injury. (A) The cell proliferation rate was measured using a CCK-8 assay. The vertical 
scale represents the absorbance ratio of the corresponding cell. (B) The hTM-6 cell proliferation rate was measured using a CCK-8 assay. 
The vertical scale represents the absorbance ratio of the corresponding H2O2-treated cell minus the absorbance ratio of an untreated cell. 
(C) Relative mRNA expression of ADORA3, FN, Col-I, and α-SMA mRNAs expressed in the control, ADORA3-pcDNA3.1, H2O2 treated, 
and H2O2 + ADORA3-pcDNA3.1 groups. Relative expression was calculated as 2 – ΔCT × 10,000 (ΔCT = CTTarget – CTGAPDH). The figure 
lists by the order as each group in hTM-6, N55TM4, and N49TM3. (D) Representative images of ECM protein expression in the control, 
ADORA3-pcDNA3.1, H2O2 treated, H2O2 + ADORA3-pcDNA3.1 groups. The figure lists by the order as groups of hTM-6, N55TM4, 
and N49TM3. (E) Representative images of the transwell migration assay of each group under both normal and oxidative stress injury 
overexpression of ADORA3. The cells were fixed and stained with crystal violet at the end of transwell migration assay. The figure lists by 
the order as each line of hTM-6, N55TM4, and N49TM3. TM, trabecular meshwork; CCK-8, Cell Counting Kit-8; α-SMA, α-smooth 
muscle actin; ECM extracellular matrix.
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the statistical analysis for all DEGs; therefore, this dataset 
yielded the lowest results. The GSE126170 dataset mainly 
focused on the expression and role of expressed IncRNA; 
therefore, it provided the most DEGs in this analysis. Each 
dataset was analyzed using a different platform, which led 
to a significant difference in the number of DEGs extracted 
between datasets. To investigate the extracted intersecting 
genes’ function, we analyzed the network and found  
6 cluster modules (Figure 3A). The top 1 MCODE, which 
was driven by ADORA3, was correlated with downstream 
pathways, including G alpha (I) signaling events, GPCR 
ligand binding, and Class A/1 (rhodopsin-like receptors). 
In our screening and intersection results, two significantly 
dysregulated genes (ADORA3  and DDIT4) showed 
the highest probability to affect the function of HTM 
in POAG. Therefore, we hypothesized that ADORA3 
and DDIT4 might be TM regulators in POAG. The 
functioning of ADORA3 is related to adenosine receptor 
signaling, inflammatory response, and signal transduction 
(30-33). The function of DDIT4 is associated with hypoxia 
response, neuron migration, and apoptotic process.

The gene ADORA3 is an adenosine receptor subtype (34). 
Adenosine is a purine nucleoside that is ubiquitously present 
in extracellular spaces (34,35). A previous study assessing 
adenosine triphosphate ATP release mechanisms reported that 
the first step of AH dynamics in purinergic regulation is the 
cellular release of ATP. Also, ATP-derived adenosine affects 
the outflow pathway of IOP in purinergic regulation (36). 
Interestingly, adenosine agonists can reduce TM cell volume 
by targeting ATP-released adenosine (37), and purinergic 
receptors can influence the AH dynamics (38,39).

Moreover, hypoxia and mechanical stress increase the 
release of adenosine (35). The upregulation of ADORA3 plays 
a role in the pathogenesis of a variety of diseases, including 
cell apoptosis and ischemia-reperfusion injury in chronic heart 
failure (40,41), Wnt signaling pathway in cancer (42), apoptosis 
in hepatocellular carcinoma (43), and pro-inflammatory 
regulation in pulmonary ischemia-reperfusion injury (44). 
Inhibition of ADORA3 in a diabetic rat model’s kidneys serves 
as an upstream factor that influences downstream factors’ 
expression in the inflammatory response (19). Additionally, 
ADORA3 is expressed at a low level in the TM in Rhesus 
monkeys under normal conditions (45). The upregulation of 
ADORA3 has been observed in pseudoexfoliation syndrome, 
which can be a complication of POAG, suggesting that 
ADORA3 may participate in the pathogenies of HTM (46).

Moreover, elevated expression of ADORA3 may 
participate in the oxidative stress response (32). Our study 

used RT-PCR and IHC methods to reveal an upregulation 
of ADORA3 in POAG HTMC at the transcriptional and 
post-transcriptional levels compared with control samples. 
We hypothesized that this overexpression induces cellular 
injury and alterations of HTM tissue structure.

The transwell cell migration assay was used to evaluate 
HTMC injury. In pigmentary glaucoma, the migration of 
HTMCs was largely inhibited through the Rho signaling 
pathway (47). A decrease in cell migration influences the 
compliance of HTM, which may further decrease the 
outflow of AH and increase IOP (48). Moreover, oxidative 
stress could also damage the cell proliferation and migration 
function of HTMCs (23,48). In this study, upregulated 
ADORA3 in HTMCs inhibited cell migration. These data 
suggest that ADORA3 influences the migration of HTMCs 
and the outflow of AH, which may be plausible pathogenesis 
for POAG.

Fibrosis of HTM is a characteristic pathologic hallmark of 
POAG; therefore, we hypothesized that aberrant ADORA3 
expression would lead to HTM fibrosis. A previous study 
reported that ADORA3 antagonism could reduce kidney 
fibrosis injury in diabetic rats (20). The deposition of ECM, 
including FN, Col-I, and α-SMA, may lead to intracellular 
and extracellular cell contractility changes, cytoskeleton 
collapse, collagen production, and deposition (1,28). 
Additionally, excessive ECM deposition increases AH outflow 
resistance and elevates IOP, which occurs in the POAG 
(49,50). Our results revealed that profibrotic ECM protein 
expression was upregulated in the POAG overexpressed 
HTMCs, indicating that ADORA3 participated in POAG.

In our study, the experimental in vitro POAG model 
we established used an H2O2 oxidative stress injury model 
in HTMC, which has been previously reported in TM 
injury studies (23). Moreover, we performed further 
experiments on HTMCs using the H2O2-treated model and 
untreated controls. We overexpressed ADORA3 via plasmid 
transfection in normal and H2O2-treated cells, which 
was confirmed via an increase in ADORA3 mRNA and 
protein expression. Next, we explored the dysregulation of 
ADORA3 and the relative injury factors in POAG and TM 
injury’s inflammatory response progression. The RT-PCR 
and WB results showed an increase in mRNA and protein 
expression of FN, Col-I, and α-SMA, which was associated 
with ADORA3 overexpression in each group.

Conclusions

In conclusion, we analyzed three datasets to identify the 
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intersecting regulators of the pathological process of 
POAG. We extracted the DEGs and found that upregulated 
ADORA3 showed an inflammatory response function 
during TM oxidative stress injury. Our results provide 
a viable molecular target of the underlying pathological 
mechanism of TM damage in POAG.
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Supplementary

Figure S1 Myocilin protein expression and the CCK-8 assay. (A) The expression of myocilin protein in HTMCs (hTM-6, N55TM4, 
and N49TM3) under normal conditions and following treatment with dexamethasone. (B) N49TM3 and N55TM4 cell proliferation 
was measured using a CCK-8 assay. The vertical scale represents the absorbance ratio of the corresponding H2O2-treated cell minus the 
absorbance ratio of an untreated cell. HTMCs, human trabecular meshwork cells; CCK-8, Cell Counting Kit-8.
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