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Differentially expressed
circRNAs in peripheral blood
samples as potential biomarkers
and therapeutic targets for acute
angle-closure glaucoma
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Glaucoma is the leading cause of irreversible blindness globally. Circular RNAs (circRNAs) play vital
roles in various biological processes as microRNA (miRNA) sponges and, thus, have been investigated
as potential biomarkers and therapeutic targets in numerous human diseases. However, the
underlying mechanisms of circRNAs in the pathogenesis of glaucoma remain unclear. Therefore,
transcriptome sequencing was performed to identify relevant circRNAs in peripheral blood samples
from patients with primary angle-closure glaucoma. Bioinformatics analysis was performed to
investigate the potential roles of differentially expressed circRNAs (DEcircRNAs) in the pathogenesis
of glaucoma. In total, 481 differentially expressed genes in addition to 345 DEcircRNAs were
identified in patients with glaucoma. Based on a public database, targeted gene analysis identified 11
DEcircRNAs that potentially regulate the expression of five genes as miRNA sponges in glaucoma. In
addition, quantitative reverse transcription PCR analysis verified that expression of the circRNA hsa-
circ-0000745 was positively correlated with the expression of NEAT1 as a potential target gene. These
results suggest that DEcircRNAs are involved in a gene expression regulatory network related to
immune cell function and progression of glaucoma. Thus, DEcircRNAs in peripheral blood are potential
biomarkers and therapeutic targets for glaucoma.

Glaucoma is a collective term for a group of degenerative diseases of the optic nerve, characterized by optic
nerve damage and visual field defects, and is currently the leading cause of irreversible blindness globally with
a prevalence of ~ 3.5% after the age of 40 years'. Common features of all forms of glaucoma include progressive
degeneration of the optic nerve and death of mature retinal ganglion cells (RGCs), which do not regenerate.
Hence, visual damage resulting from death of RGCs is irreversible®. Ethnicity is related to the prevalence of dif-
ferent forms of glaucoma, with primary angle-closure glaucoma being the dominant type affecting Asian people’.

Early diagnosis and treatment are essential to prevent the progression of glaucoma. The genetic testing results
of blood samples and primary or metastatic tumor specimens are generally in agreement for various diseases.
Therefore, it is reasonable that similar genetic methods could be useful to identify molecular markers in blood
samples for early diagnosis of glaucoma. Primary glaucoma usually affects both eyes as they share the same ana-
tomical features. Thus, biomarkers can be particularly helpful for diagnosing glaucoma in the second eye early
after a patient has had a glaucoma attack in one eye.

Circular RNAs (circRNAs) are a class of tissue- and cell-specific noncoding RNAs mainly synthesized by
back-splicing of post-transcription pre-mRNAs. They perform various biological functions by mainly acting as
sponges to bind microRNAs (miRNAs) or protein inhibitors to regulate protein function*. Numerous circRNAs
have been implicated in the development of glaucoma and investigated as potential biomarkers and therapeutic
targets™®. For example, a mouse study of glaucoma reported that circRNAs in the retinal tissue influence the
development of glaucoma by sponging miRNAs resulting in retinal nerve degeneration”®. Moreover, a study
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of glaucoma-associated circRNAs in the retinal tissues of a chronic ocular hypertension rat model identified
hsa_circ_0023826 as a potential biomarker for chronic high intraocular pressure (IOP)?, while an investigation
of circRNAs in the retinal tissues of a mouse model of retinal ischemia-reperfusion (I/R) injury suggested Wdr37
as a potential diagnostic or therapeutic target for retinal I/R-related diseases'®. However, relatively few studies
have investigated the expression profiles of circRNAs in peripheral blood or other samples to identify potential
diagnostic biomarkers for glaucoma.

Therefore, the aim of the present study was to identify circRNAs in peripheral blood samples as potential
diagnostic biomarkers for primary angle-closure glaucoma. Sequencing of circular RNA (circRNA-Seq) and
bioinformatics analysis were performed and a circRNA-mRNA regulatory network was constructed to examine
the roles of these circRNAs in the development of glaucoma. This study identified differentially expressed cir-
cRNAs (DEcircRNAs) in peripheral blood samples as potential biomarkers and therapeutic targets for primary
angle-closure glaucoma.

Material and methods

Study approval and patient consent

The study protocol was approved by the Ethics Committee of Qinghai Provincial People’s Hospital (approval num-
ber: 2023-141) and conducted in accordance with the ethical principles for medical research involving human
subjects described in the Declaration of Helsinki in addition to relevant Chinese laws and institutional guidelines.
Prior to inclusion in this study, written consent was obtained from all participants after being informed of the
nature and possible consequences of the experiments.

Clinical information of patients

The study cohort consisted of 5 patients with primary angle-closure glaucoma and 5 patients with cataracts but
normal IOP, optic disc size, and anterior chamber angle as a control group. All participants underwent compre-
hensive evaluations that included visual acuity testing, IOP measurements, slit lamp examinations, color fundus
retinal imaging, and optic nerve examinations. Fundus examinations with fully dilated pupils were performed
by an ophthalmologist and images were captured with a fundus camera equipped with a 90D lens. A standard
questionnaire was used to collect medical history data regarding glaucoma, including the date of diagnosis and
current use of medications.

The inclusion criteria were age > 18 years, treatment for early to moderate glaucoma (visual field mean
deviation > — 10 dB) with visual acuity of at least 6/18, and reliable visual field test results (Swedish Interactive
Thresholding Algorithm-Standard 24-2; Humphrey 750i Visual Field Analyzer II; Carl Zeiss Meditec AG, Jena,
Germany) within the last 6 months (<33% fixation losses, false positives, and false negatives). The VCDR > 0.5
in either eye, VCDR asymmetry > 0.2'!. The only exclusion criterion was elevated IOP due to any other cause.

RNA extraction and quality control

Peripheral venous blood samples (5 mL) were collected from all participants into anticoagulant-coated tubes and
the white blood cells were extracted using a red blood cell lysis buffer. Total RNA was extracted from the whole
blood samples with TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MA, USA), in accordance with the
manufacturer’s protocol, and treated with RQ1 DNase (Promega Corporation, Madison, WI, USA) to remove
DNA. The quality and quantity of the purified RNA were determined by measuring absorbance at 260/280 nm
(A260/A280) using a NanoDrop™ One spectrophotometer (Thermo Fisher Scientific). RNA integrity was verified
by 1.5% agarose gel electrophoresis. The RNA samples were frozen at — 80 °C until assayed.

RNA sequencing (RNA-Seq)

RNA-Seq libraries were prepared from 1 ug of total RNA of each sample. Ribosomal RNAs were depleted using
the Ribo-off” rRNA depletion kit (product no. N406-01; Nanjing Vazyme Biotech Co., Ltd., Nanjing, China).
Directional RNA-Seq libraries were prepared from purified RNA using the KAPA Stranded mRNA-Seq Kit for
Ilumina® Platforms (product no. KK8544; Kapa Biosystems, Inc., Wilmington, MA, USA)*2. Polyadenylated
mRNAs were purified and fragmented.

Fragmented mRNAs were converted into double-stranded cDNAs. Following end repair and the addition
of poly(A) tails, the DNA was ligated with diluted adaptors (product no. KK8726; Kapa Biosystems, Inc.) and
then fractionated to 300-500 bp. The ligated and fractionated products were amplified, purified, quantified, and
stored at— 80 °C until sequencing. The cDNA strand marked with 2"-deoxyuridine, 5’-triphosphate was not
amplified, allowing for strand-specific sequencing. High-throughput sequencing of the libraries (150-nt paired-
end sequences) was performed with a NovaSeq 6000 system (Illumina, Inc., San Diego, CA, USA) in accordance
with the manufacturer’s instructions'*"

Cleaning and alignment of raw RNA-Seq data

Raw reads containing more than two N bases were discarded. The adaptors and low-quality bases were trimmed
from the raw sequencing reads using the FASTX-Toolkit (version 0.0.13; http://hannonlab.cshl.edu/fastx_toolk
it/). Short reads (< 16 nt) were also discarded. Following clean-up, the reads were aligned to the GRch38 genome
(https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.26/) using the TopHat2 alignment tool'* allowing for
four mismatches. The gene read number and fragments per kilobase of transcript per million fragments mapped
(FPKM) of uniquely mapped reads were calculated'®.
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Prediction and expression analysis of circRNAs

For the genome-wide identification of circRNAs, reads containing adapters or poly-N (unrecognized) bases and
low-quality reads were filtered from the raw sequencing reads utilizing in-house Perl scripts. The resultant clean
reads were mapped to the reference genome, thereby generating a sequence alignment map file. The sequence
alignment map files were used to predict circRNAs with find_circ software (version 1.2; https://github.com/
marvin-jens/find_circ) and default parameters'’. Based on genomic origins, the circRNAs were classified into
three major types: exonic, intronic, and intergenic. For quantification of circRNAs'8, the number of back-spliced
reads of each circRNA was normalized to the total sequencing reads in a corresponding sample data set and
defined as reads per million mapped reads.

Analysis of differentially expressed genes (DEGs) and differentially expressed circRNAs
(DEcircRNAs)

DEGs were screened with the Bioconductor package edgeR!" with the cut-off criteria of p-value <0.01 and fold
change (FC) > 1.5 or <2/3. DEGs and DEcircRNAs between the case group and control group were analyzed
using the R package “TCC” (an acronym for Tag Count Comparison)?. For each gene, the p-value and false
discovery rate (FDR) were obtained based on the negative binomial distribution model. FCs of gene expression
were estimated with the edgeR statistical package. The only criteria for DEcircRNAs were FC>2 and FDR <0.05.

Functional enrichment analysis

Gene ontology (GO) terms and enriched pathways from the Kyoto Encyclopedia of Genes and Genomes were
assigned to the DEGs to clarify the functional categories using the KOBAS 2.0 server?!. The hypergeometric test
and Benjamini-Hochberg FDR controlling procedure were used to define the enrichment of each term.

CeRNA network of DEGs with DEcircRNAs and miRNAs
The miRanda database (https://anaconda.org/bioconda/miranda) was searched to identify potential complemen-
tary pairs of miRNAs and circRNAs. All miRNA-circRNA pairings with a miRanda score > 150 were retained.
The rnahybrid tool (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) was also used to identify potential
miRNA-circRNA pairs, and all miRNA-circRNA pairs with p-values <0.05 were retained. Finally, the results
of the two methods were compared to obtain miRNA-circRNA pairs identified by both methods as the final
miRNA-circRNA target relationship.

The results of queries of the miRDB online database for prediction of functional miRNA targets (http://mirdb.
org) and the TargetScan web server to predict biological targets of miRNAs (http://www.targetscan.org) were
combined to identify the target DEGs of the differentially expressed miRNAs.

Validation of DEGs and DEcircRNAs

Quantitative reverse transcription PCR (RT-qPCR) analysis of some of the identified DEGs and DEcircRNAs
was performed to assess the validity of the RNA-Seq data. The primers used for RT-qPCR analysis are listed
in Supplementary Table S1. Total RNA remaining from preparation of the RNA-Seq libraries was used for RT-
qPCR analysis. Three technical replicates were used for the amplification of each DEG and DEcircRNA of each
sample. The expression levels of all genes were normalized against expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a reference gene using the 2724 method?®*.

Statistical analyses

All statistical analyses were performed using IBM SPSS Statistics for Windows, version 20.0. (IBM Corporation,
Armonk, NY, USA) and graphs were generated with GraphPad Prism 5 software (GraphPad Software, Inc., San
Diego, CA, USA). Continuous variables are presented as the mean + standard deviation. The Student’s ¢-test or
Mann-Whitney test was used as appropriate for comparisons of two groups of independent samples. Fisher’s
exact test or the chi-square test was employed for analysis of categorical variables.

Results

Basic clinical characteristics of the study participants

The patient and control groups were well matched in regard to age and sex. There were five cases of acute angle-
closure glaucoma and five cases of cataracts. The basic characteristics of all participants are summarized in
Table 1.

Characteristic Patient group | Controlgroup | X%t |p

Age, years 64.20+4.87 64.40+5.41 0.061 |0.953
Intraocular pressure, mmHg 48.20+17.70 13.60+1.82 4.475 |0.011
Optic disc size 0.68+1.30 0.44+0.55 3.795 | 0.005
Peripheral anterior chamber depth,CT 1.40+0.22 2.40+0.55 3.780 |0.012

Table 1. Basic clinical characteristics of all participants.
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RNA-Seq analysis of blood samples collected from patients with glaucoma

Transcriptome sequencing analysis was performed to identify DEGs associated with glaucoma. Correlation
coefficients among the transcriptome sequencing data of the samples per group were calculated and cluster
analysis was performed. As shown in the cluster plot presented in Fig. 1A, the glaucoma and control samples
generally clustered into separate groups with the exception of one sample of each group, indicating differences
in the gene expression profiles of blood samples between the patient and control groups, as well as heterogeneity
among the participants. In total, 481 DEGs (350 upregulated and 131 downregulated) between the patient and
control groups met the criteria of FC=1.5 and p <0.01 (Fig. 1B,C). GO analysis revealed functional pathways
the DEGs were enriched in (Fig. 1D,E). Notably, complement and immune-related genes (e.g., CFD, IGHG1,
and IGHAL1) were enriched. In addition, SNORD3A, SNORD16, SNORA52, and SNORA23 were differentially
expressed in the patient group, thereby warranting further analyses.The full names of the genes are listed in
Supplementary Table S2.

Identification and characteristics of glaucoma-related circRNAs as potential biomarkers
Differences in circRNA sequencing data between the patient and control groups were identified using find-
circ software (v1.2; https://github.com/marvin-jens/find_circ). As shown in Fig. 2A, the glaucoma and control
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Figure 1. (A) Principal component analysis based on gene expression in glaucoma and control samples. (B)
Identification of differentially expressed genes (DEGs) between the patient and control groups. Volcano plot
shows upregulated and downregulated genes in red and blue, respectively. (C) Hierarchical clustering of DEGs
in the patient and control groups. The median log2(fragments per kilobase of transcript per million fragments
mapped) value was calculated for each gene. (D) The top 10 Gene Ontology (GO) biological processes of
upregulated genes. (E) The top 10 GO biological processes of downregulated genes.
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Figure 2. (A) Principal component analysis based on circRNA expression in glaucoma and control samples.

(B) Number of differentially expressed circRNAs (DEcircRNAs) between the patient and control groups. (C)
Hierarchical clustering of DEcircRNAs. The median log2(transcript per million) value was calculated for each
gene. (D) The top 10 Gene Ontology (GO) biological processes of the host genes of upregulated circRNAs. (E)
The top 10 GO biological processes of host genes of downregulated circRNAs. (F) Overlap analysis between host
genes of DEcircRNAs and differentially expressed genes. The black dots indicate the gene groups for overlap
analysis. The bars with numbers indicate the number of genes in each group or overlapped groups. (G) Bar plots
showing the expression pattern and statistical difference of selected DEcircRNAs determined by RNA-Seq (left)
and RT-qPCR (right) analyses of the patient and control groups. Error bars represent the mean + SD. GAPDH
was used as a reference gene for RT-qPCR analysis. The expression levels of each gene in the patient and control

groups were compared with the Student’s t-test (*p <0.05, **p <0.01, ***p <0.001).

samples formed separate clusters. In total, 345 DEcircRNAs (278 upregulated and 67 downregulated) were
identified in the patient group (Fig. 2B,C). Bioinformatics analysis was conducted to identify the host genes of
the DEcircRNAs, and GO analysis was performed to investigate the functions of these host genes. The results
showed that the host genes of the upregulated circRNAs were mainly enriched in the GO terms “mitotic cell
cycle” “mitosis;” “regulation of protein localization,” “translational regulation,” “cell cycle,” “ubiquitin-dependent
protein catabolism processes,” “cellular lipid metabolism processes,” and “post-translational protein modifica-
tion” (Fig. 2D). The host genes of the downregulated circRNAs were mainly enriched in the terms “DNA-
dependent positive transcriptional regulation,” “DNA-dependent negative regulation,” “DNA-dependent tran-
scription,” and “DNA-dependent transcriptional regulation” (Fig. 2E). Furthermore, seven host genes (NEAT],
SAMD12, KDM5D, ZFY, EIF1AY, TXLNGY, and DDX3Y) of nine DEcircRNAs (chr11:65435205/65435362, hsa_
circ_0135571, hsa_circ_0140781, hsa_circ_0001953, hsa_circ_0007907, hsa_circ_0140784, hsa_circ_0009024,
hsa_circ_ 0140779, hsa_circ_0005757) were also among the DEGs identified (Fig. 2F). The trend of differential
expression of these circRNAs and their host genes was consistent (Fig. 2G).
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Validation of glaucoma-associated DEGs

The DEGs presumptively associated with glaucoma were validated by qRT-PCR analysis. The results showed that
IGHG], CFD, IGHA1, TMEM107, SNHG3, OLIG1, SNORD3A, SNORD16, SNORA52, and SNORA23 were
significantly upregulated, while CLEC12A was significantly downregulated in the patient group. These findings
were consistent with the results of RNA-Seq (Fig. 3).

Co-expression network of DEcircRNAs and DEGs associated with glaucoma

Numerous studies have shown that circRNAs can adsorb miRNAs to regulate expression of target genes. Potential
binding pairs of miRNAs and DEcircRNAs were retrieved from the miRanda database to determine whether
the DEcircRNAs may have contributed to the differential expression of DEGs we identified. The results showed
that nine upregulated and six downregulated DEcircRNAs potentially bind to 35 and 31 miRNAs, respectively
(Fig. 4A). Moreover, these DEcircRNAs and miRNAs could potentially form 67 interacting pairs (miRanda
score >500). Further analysis with the miRanda database revealed that these 64 miRNAs could target 823 genes.
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Figure 3. Bar plots showing the expression patterns and statistical differences of the selected differentially
expressed genes (DEGs) determined by RNA-Seq (upper rows) and RT-qPCR (lower rows) analyses of the
patient and control groups. Error bars represent mean + standard error of the mean (SEM). GAPDH was used as
a reference gene for RT-qPCR analysis. The expression levels of each gene in the patient and control groups were
compared with the Student’s ¢-test (*p <0.05, **p <0.01, ***p <0.001).
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Figure 4. Construction of a circRNA-miRNA-mRNA network. (A) Number of miRNA targets of up- and
downregulated differentially expressed circRNAs (DEcircRNAs) in the patient group. The miRNA targets of
DEcircRNAs were obtained from the miRanda database. (B) Overlap analysis between the mRNA targets of
miRNAs that are targeted by DEcircRNAs and differentially expressed genes (DEGs). The black dots indicate
the gene groups of the overlap analysis. The bars with numbers indicate the number of genes of each group or
overlapped group. (C) Network of DEGs, DEcircRNAs, and miRNAs. (D) Binding site of hsa-miR-4475 on
circRNA hsa-circ_0135571. (E) Bar plots showing the expression pattern and statistical difference of has-
circ_0135571 determined by RNA-Seq (left) and RT-qPCR (right) analyses of the patient and control groups.
(F) Bar plots showing the expression pattern and statistical difference of NEAT1 determined by RNA-Seq (left)
and RT-qPCR (right) analyses of the patient and control groups. Error bars represent mean + SEM. GAPDH
was used as a reference gene for RT-qPCR analysis. The expression levels of each gene in the patient and control
groups were compared with the Student’s ¢-test (*p <0.05, **p <0.01, ***p <0.001).
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Overlap analysis of the 823 genes and 481 DEGs identified 5 DEGs as potential targets of these miRNAs (Fig. 4B).
These results indicate that the DEcircRNAs could participate in the regulation of DEGs associated with glaucoma.

A binding-target network of DEcircRNAs-miRNAs-DEGs identified 11 DEcircRNAs that could potentially
regulate the expression of 5 DEGs (NEAT1, XIST, ARG1, SAMDI12, and SLC25A24P1) through 23 miRNAs.
Notably, NEAT1 was identified as a primary target of significant proportions of these miRNAs and DEcircRNAs
(Fig. 4C). For example, hsa_circ_0135571 may regulate the expression of NEAT1 by binding to hsa-miR-4775. In
addition, binding site analysis showed that hsa_circ_0135571 has three potential binding sites for hsa-miR-4775
(Fig. 4D).

Lastly, RT-qPCR analysis was conducted to validate the expression patterns of hsa_circ_0135571 and NEAT1
in blood sample of the patient and control groups. The results showed that the expression levels of both hsa_
circ_0135571 and NEAT1 were significantly upregulated in the patient group as compared with the control group
(Fig. 4E-F). These results suggest that hsa_circ_0135571 may regulate expression of NEAT1 though sponging
of miRNAs.

Discussion

Glaucoma is characterized by optic nerve damage and visual field defects. The lack of targeted biomarkers
adversely affects the quality of life of patients with glaucoma. In this study, high-throughput sequencing identified
481 DEGs in whole blood samples of glaucoma patients as compared with healthy controls. GO functional enrich-
ment analysis revealed that 350 upregulated DEGs were enriched in functional pathways such as the classical
complement activation pathway, immune response, and small molecule metabolic processes, while 131 down-
regulated DEGs were enriched in functional pathways such as extracellular matrix organization, innate immune
response, and signal transduction. Among these, the complement- and immune-related genes CFD, IGHGI, and
IGHA1 were significantly upregulated. Additionally, SNORD3A, SNORD16, SNORA52, and SNORA23 were
differentially expressed in patients with glaucoma.

Aberrantly expressed circRNAs in blood are potential biomarkers and therapeutic targets for a variety of
human diseases?. Analysis of the circRNA sequencing data with findcirc software identified 345 DEcircRNAs
(278 upregulated and 67 downregulated) as potential biomarkers of glaucoma. Database analysis revealed that
seven host genes (NEAT1, SAMD12, KDM5D, ZFY, EIF1AY, TXLNGY, and DDX3Y) of nine DEcircRNAs were
also differentially expressed in blood samples of patients with glaucoma, and the trend of differential expression
of circRNAs and host genes was consistent.

GO analysis revealed that the DEcircRNAs are involved in the development of glaucoma mainly through
regulation of the complement activation pathway and immune responses. The complement system is a major
component of the innate immune response and plays a crucial role as the first line of defense against invading
microorganisms, clearance of apoptotic cells, and regulation of the adaptive immune response?. Although rela-
tively few studies have investigated the role of the complement system in the pathogenesis of glaucoma, interac-
tions between the complement system and oxidative stress have been established. A previous study reported
that complement factors, either from local or systemic sources, protect against oxidative stress in cells and that
supplementation of exogenous complement factor proteins reduced cell death, complement activation, and
membrane and mitochondrial damage®.

However, few studies have investigated circRNAs in blood samples as potential biomarkers of glaucoma.
Although the biological functions and regulatory mechanisms remain unclear, hsa_circ_0001953 and hsa_
circ_0009024 were differentially expressed in peripheral blood samples of patients with glaucoma. CircRNAs
can function as miRNA sponges or as competitive endogenous RNAs to compete with other RNAs for pairing
to miRNAs?*2, CircRNAs can also regulate transcription by binding to transcription factors in the nucleus?.
CircRNAs are more abundant in the nervous system than in other tissues®, and more stable in tissues, longer
lived, and more resistant to RNase than miRNAs?. Various circRNAs have been implicated in the pathogenesis
of neurodegenerative diseases®. Most circRNAs act as molecular sponges that bind to miRNAs via multiple
binding sites, thereby inhibiting binding of the miRNAs to their target genes®!. A recent study®? suggested that
circRNAs play important roles in the pathogenesis of glaucoma, although the underlying mechanisms remain
unclear. In the present study, hsa_circ_0001953 and hsa_circ_0009024 were differentially expressed in blood
samples collected from patients with glaucoma. Analysis of a circRNA-miRNA-mRNA interaction network
found that hsa_circ_0000745 and DEcircRNAs could potentially form a regulatory relationship with ARGI and
NEAT1 through the miRNAs, which may affect immune cell function, thereby promoting the development of
glaucoma. Downregulation of ARG1, a member of the arginase family, has been associated with hyperargin-
emia and subsequent neurological impairment®.The mechanisms underlying upregulation of NEAT1 in human
malignancies are complex and involve multiple factors, including the adsorption of tumor-suppressive miRNAs®.
Notably, upregulation of NEAT1 is an independent marker of poor prognosis of human malignancies. Although
the specific roles of NEAT1 in glaucoma and the nervous system remain unclear, the results of the present study
offer useful information for future explorations of the role of hsa_circ_0000745 in the pathogenesis of glaucoma.

There were some limitations to the present study that should be addressed. First, the sample size was small
and all participants were from the same region, which may have biased the results. Second, quantification of
circRNAs could be influenced by the methods used for sample preparation and analysis. Therefore, large multi-
center studies are needed to validate these results and assess the impacts of multiple covariates.

Conclusions

In summary, we identified glaucoma-related DEGs and DEcircRNAs. Analysis of a circRNA-miRNA-mRNA
interaction network found that aberrant expression of hsa_circ_0000745 in patients with glaucoma may regulate
NEAT1 expression through hsa-miR-4659a-3p and hsa-miR-6873-3p. Hence, hsa_circ_0000745 is a potential

Scientific Reports |

(2023) 13:16928 | https://doi.org/10.1038/s41598-023-44073-y nature portfolio



www.nature.com/scientificreports/

biomarker for the early diagnosis of glaucoma. However, these results should be interpreted with caution, as a
larger study is needed to further verify the reliability and reproducibility of circRNAs, such as hsa_circ_0000745,
as biomarkers for the diagnosis and treatment of glaucoma.

Data availability
The sequencing data generated in this study are registered with the GEO database (GEO ID GSE210783).

Received: 31 January 2023; Accepted: 3 October 2023
Published online: 07 October 2023

References
1. Roberti, G. et al. Steroid-induced glaucoma: Epidemiology, pathophysiology, and clinical management. Surv. Ophthalmol. 65(4),
458-472 (2020).
2. Yang, N, Young, B. K., Wang, P. & Tian, N. The susceptibility of retinal ganglion cells to optic nerve injury is type specific. Cells
9(3), 677 (2020).
3. Yu, X, Li, Z,, Zheng, H., Chan, M. T. & Wu, W. K. NEAT1: A novel cancer-related long non-coding RNA. Cell Prolif. 50(2), 12329
(2017).
4. Kristensen, L. S. et al. The biogenesis, biology and characterization of circular RNAs. Nat. Rev. Genet. 20(11), 675-691 (2019).
5. He, A. T, Liu, ], Li, F. & Yang, B. B. Targeting circular RNAs as a therapeutic approach: Current strategies and challenges. Signal
Transduct. Target Ther. 6(1), 185 (2021).
6. Moazzeni, H., Khani, M. & Elahi, E. Insights into the regulatory molecules involved in glaucoma pathogenesis. Am. . Med. Genet.
C 184(3), 782-827 (2020).
7. Rong, D. et al. Epigenetics: Roles and therapeutic implications of non-coding RNA modifications in human cancers. Mol. Ther.
Nucleic Acids 25, 67-82 (2021).
8. Wang, J. J. et al. Circular RNA-ZNF609 regulates retinal neurodegeneration by acting as miR-615 sponge. Theranostics 8(12),
3408-3415 (2018).
9. Wang, J. J. et al. Targeting circular RNA-ZRANBI for therapeutic intervention in retinal neurodegeneration. Cell Death Dis. 9(5),
540 (2018).
10. Chen, X. et al. Circular RNA expression profiling identifies glaucoma-related circular rnas in various chronic ocular hypertension
rat models. Front. Genet. 11, 556712 (2020).
11. Luo, Q. et al. Peripheral anterior chamber depth and screening techniques for primary angle closure disease in community elderly
Chinese. BMC Ophthalmol. 20(1), 353 (2020).
12. Kuznetsova, I. et al. Simultaneous processing and degradation of mitochondrial RNAs revealed by circularized RNA sequencing.
Nucleic Acids Res. 45(9), 5487-5500 (2017).
13. Marczyk, M. et al. The impact of RNA extraction method on accurate RNA sequencing from formalin-fixed paraffin-embedded
tissues. BMC Cancer 19(1), 1189 (2019).
14. Li, ], Fu, C,, Speed, T. P,, Wang, W. & Symmans, W. F. Accurate RNA sequencing from formalin-fixed cancer tissue to represent
high-quality transcriptome from frozen tissue. JCO Precis. Oncol. 2018, 1-9 (2018).
15. Kim, D. et al. TopHat2: Accurate alignment of transcriptomes in the presence of insertions, deletions and gene fusions. Genome
Biol. 14(4), R36 (2013).
16. Zhao, S., Ye, Z. & Stanton, R. Misuse of RPKM or TPM normalization when comparing across samples and sequencing protocols.
Rna 26(8), 903-909 (2020).
17. Memczak, S. et al. Circular RNAs are a large class of animal RNAs with regulatory potency. Nature 495(7441), 333-338 (2013).
18. Sun, J., Nishiyama, T., Shimizu, K. & Kadota, K. TCC: An R package for comparing tag count data with robust normalization
strategies. BMC Bioinform. 14, 219 (2013).
19. Marini, E, Linke, J. & Binder, H. ideal: An R/Bioconductor package for interactive differential expression analysis. BMC Bioinfor-
matics 21(1), 565 (2020).
20. Su, W, Sun, J., Shimizu, K. & Kadota, K. TCC-GUI: A Shiny-based application for differential expression analysis of RNA-Seq
count data. BMC Res. Notes 12(1), 133 (2019).
21. Song, X. et al. Identification of potential hub genes related to the progression and prognosis of hepatocellular carcinoma through
integrated bioinformatics analysis. Oncol. Rep. 43(1), 133-146 (2020).
22. Gaykara, B., Oztiirk, G., Alsaadoni, H., Otiingtemur, A. & Penge, S. Evaluation of microRNA-124 expression in renal cell carcinoma.
Balkan ]. Med. Genet. 23(2), 73-78 (2020).
23. Wen, G., Zhou, T. & Gu, W. The potential of using blood circular RNA as liquid biopsy biomarker for human diseases. Protein Cell
12(12), 911-946 (2021).
24. Conigliaro, P. et al. Complement, infection, and autoimmunity. Curr. Opin. Rheumatol. 31(5), 532-541 (2019).
25. Armento, A., Ueffing, M. & Clark, S. J. The complement system in age-related macular degeneration. Cell Mol. Life Sci. 78(10),
4487-4505 (2021).
26. Huang, A., Zheng, H., Wu, Z., Chen, M. & Huang, Y. Circular RNA-protein interactions: Functions, mechanisms, and identifica-
tion. Theranostics 10(8), 3503-3517 (2020).
27. Ashwal-Fluss, R. et al. circRNA biogenesis competes with pre-mRNA splicing. Mol. Cell 56(1), 55-66 (2014).
28. You, X. et al. Neural circular RNAs are derived from synaptic genes and regulated by development and plasticity. Nat. Neurosci.
18(4), 603610 (2015).
29. Kristensen, L. S., Hansen, T. B., Veng, M. T. & Kjems, J. Circular RNAs in cancer: Opportunities and challenges in the field. Onco-
gene 37(5), 555-565 (2018).
30. Chen, L. et al. The bioinformatics toolbox for circRNA discovery and analysis. Brief Bioinform. 22(2), 1706-1728 (2021).
31. Wu, Z. et al. Discovery and validation of hsa_circ_0001953 as a potential biomarker for proliferative diabetic retinopathy in human
blood. Acta Ophthalmol. 99(3), 306-313 (2021).
32. Chen, X,, Jiang, C., Sun, R., Yang, D. & Liu, Q. Circular noncoding RNA NR3ClI acts as a miR-382-5p sponge to protect RPE
functions via regulating PTEN/AKT/mTOR signaling pathway. Mol. Ther. 28(3), 929-945 (2020).
33. Bin Sawad, A. et al. Natural history of arginase 1 deficiency and the unmet needs of patients: A systematic review of case reports.

JIMD Rep. 63(4), 330-340 (2022).

Author contributions

R.G.: study concept, literature research, clinical studies, data analysis, experimental studies, and manuscript
writing and review. L.L. and Z.K.: study design, literature research, and manuscript editing. X.Y. and S.A.: clinical
studies, data acquisition, and statistical analysis. R.G. and S.A. contributed equally to this work.

Scientific Reports |

(2023) 13:16928 | https://doi.org/10.1038/541598-023-44073-y nature portfolio



www.nature.com/scientificreports/

Funding
This work was financially supported by the Department of Science and Technology of Qinghai Province (grant
no. 2020-zj-780), the Kunlun Talents program of Qinghai Province.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-44073-y.

Correspondence and requests for materials should be addressed to L.L. or Z.K.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

ov License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:16928 | https://doi.org/10.1038/s41598-023-44073-y nature portfolio


https://doi.org/10.1038/s41598-023-44073-y
https://doi.org/10.1038/s41598-023-44073-y
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Differentially expressed circRNAs in peripheral blood samples as potential biomarkers and therapeutic targets for acute angle-closure glaucoma
	Material and methods
	Study approval and patient consent
	Clinical information of patients
	RNA extraction and quality control
	RNA sequencing (RNA-Seq)
	Cleaning and alignment of raw RNA-Seq data
	Prediction and expression analysis of circRNAs
	Analysis of differentially expressed genes (DEGs) and differentially expressed circRNAs (DEcircRNAs)
	Functional enrichment analysis
	CeRNA network of DEGs with DEcircRNAs and miRNAs
	Validation of DEGs and DEcircRNAs
	Statistical analyses

	Results
	Basic clinical characteristics of the study participants
	RNA-Seq analysis of blood samples collected from patients with glaucoma
	Identification and characteristics of glaucoma-related circRNAs as potential biomarkers
	Validation of glaucoma-associated DEGs
	Co-expression network of DEcircRNAs and DEGs associated with glaucoma

	Discussion
	Conclusions
	References


