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MicroRNA profiles in aqueous
humor between pseudoexfoliation
glaucoma and normal tension
glaucoma patients in a Korean
population

Hyun-kyung Cho'?*“, Hyemin Seong*3*, Changwon Kee®, Dae Hyun Song?*5,
Seong Jae Kim?*, Seong Wook Seo** & Sang Soo Kang?’

We aimed to obtain microRNA (miRNA) profiles of patients with pseudoexfoliation (PEX) glaucoma or
normal-tension glaucoma (NTG) compared to normal controls using individual aqueous humor (AH)
samples and investigate the role of miRNAs in the pathogenesis of PEX glaucoma compared to NTG
in Korean. AH (80-120 pl) was collected before cataract surgery or trabeculectomy from 26 Korean
subjects (eleven with PEX glaucoma, age-matched eight NTG, and seven controls). RNA sequencing
was conducted for RNA samples extracted from 26 AH samples. Bioinformatics analysis was
performed for targets and related pathways. A total of 334 and 291 discrete miRNAs were detected

in AH samples of PEX glaucoma and NTG patients, respectively. Two significantly upregulated
miRNAs (hsa-miR-30d-5p and hsa-miR-320a) and ten significantly downregulated miRNAs (hsa-miR-
3156-5p, hsa-miR-4458, hsa-miR-6717-5p, hsa-miR-6728-5p, hsa-miR-6834-5p, hsa-miR-6864-5p, hsa-
miR-6879-5p, hsa-miR-877-3p, hsa-miR-548e-3p, and hsa-miR-6777-5p) in PEX glaucoma patients
compared to control (fold-change >2, p<0.05) were found. In NTG patients, ten significantly
upregulated and two downregulated miRNAs compared to control were found. Only hsa-miR-
6777-5p was commonly downregulated in both PEX glaucoma and NTG patients. Related pathways
were proteoglycans in cancer, glioma, and TGF-beta signaling pathway in PEX glaucoma. These
differentially expressed miRNAs between PEX glaucoma and NTG samples suggest the possible role
of miRNA in the pathogenesis of glaucoma, further implying that pathogenic mechanisms may differ
between different types of glaucoma.

Glaucoma, the second most common cause of visual impairment in the world, can lead to blindness"* The
current estimated global population of primary open angle glaucoma (POAG) is 68.56 million (95% CI
59.99-79.98)". Besides, Asians account for half (53.81%) of POAG patients'. Glaucoma is a neurodegenerative
disorder. Its pathological feature is death of retinal ganglion cell (RGC)?. Pseudoexfoliation (PEX) syndrome is
the most common identifiable cause of secondary glaucoma, named PEX glaucoma*. PEX syndrome is a disorder
related with age and of the extracellular matrix (ECM) with the progressive accumulation and production of
characteristic small, white deposits of a fibrillar material in many intra- and extra-ocular tissues*. Microscopic
findings of this accumulation show granular amyloid-like protein fibers (glycoprotein). PEX glaucoma usually
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demonstrates higher intraocular pressure (IOP). It is characteristically more aggressive and less responsive
to hypotensive anti-glaucoma medications than POAG*. The etiology of PEX syndrome is not yet discovered
much, although there is speculation that it might have a genetic basis®”’. Genetic background differences among
individuals could explain the different worldwide prevalence of PEX syndrome and glaucoma®” to some extent.

The association between lysyl oxidase-like 1 (LOXLI) gene and PEX syndrome or glaucoma has been widely
investigated. Many single nucleotide polymorphisms (SNPs) in different ethnicities have also been researched>”*.
However, there is no single disease-associated variant existent in all ethnic populations. Moreover, the disease-
risk allele disagrees in diverse populations, particularly for LOXLI risk alleles. Some alleles are flipped in Asians
compared to Caucasians, while others are flipped in African descents compared to Caucasians®'. The frequency
of LOXLI disease-associated SNPs also does not have tendency with the prevalence of the disease either!'.
Therefore, it is difficult to explain the pathophysiology of PEX syndrome and glaucoma with LOXL1 gene alone.
Other than the role of one particular gene, epigenetic regulation of diverse gene expression is also thought to
play a role in the pathogenesis of PEX syndrome or glaucoma'.

MicroRNAs (miRNAs) are noncoding small (~ 18 to 22 nt) oligoribonucleotides that can regulate post-tran-
scriptional modulation of gene expression via the recognition of particular sequences in target mRNAs'?. These
miRNAs act principally to reduce the expression of target gene, which can eventually act as an epigenetic factor'.
In opposition to mRNAs, miRNAs have demonstrated remarkable stability within biofluids'®. Aqueous humor
(AH) has been proposed to have potential molecular biomarkers with substantial pathophysiologic relevance'®.
Former studies have detected microRNAs in the AH of normal subjects and patients with POAG'7-%. The expres-
sion of miRNAs in the AH of patients with exfoliation glaucoma or POAG has been reported*. However, that
study included mainly Caucasians and some African descents. Among open angle glaucoma, the prevalence of
normal-tension glaucoma (NTG) is higher in Asians than in other ethnicities, which is a distinguishing feature?.
We have previously reported miRNA profiles from AH of NTG compared to controls in Asians (Koreans)®.
However, no previous study has inspected miRNA expression in the AH of PEX glaucoma and NTG patients
compared to normal controls in a single ethnic group of Asians (Koreans).

The difference in the type of glaucoma among ethnicities implies that genetic factors are important in the
development of glaucoma?*-?%. Furthermore, glaucoma family history is broadly acknowledged as one of risk
factors for glaucoma®*-2%, Therefore, genetic background is regarded to be involved in the development of glau-
coma and its pathogenesis®* .

Preliminary previous studies pooled AH samples to acquire enough volume for analysis. Nevertheless, in
the present study, we used RNA sequencing to analyze microRNA expression in individual AH samples. In the
current study, we investigated the expression of miRNAs in the AH between PEX glaucoma and NTG patients
compared to normal controls in a single ethnic group of Koreans. We intended to see differentially expressed
miRNAs that might suggest a clue to the pathogenic mechanism of different types of glaucoma between PEX
glaucoma and NTG, which is especially prevalent in Asians. These differentially expressed miRNAs might also
provide a clue to the pathogenic mechanism difference between secondary glaucoma and primary glaucoma.

Results

Baseline characteristics and demographics of subjects.  After quality check test, eleven PEX patients
and age-matched eight NTG patients with seven control subjects were included in the final RNA sequencing.
Demographics of included subjects are demonstrated in Table 1. The mean age was 69.0 +£23.3 years for PEX
glaucoma subjects (n=11), 67.0 £25.6 years for NTG subjects (n=38), and 63.9+9.9 years for control subjects
(n=7). The mean baseline IOP was 25.4+9.2 mmHg for PEX glaucoma subjects, 14.4+1.9 mmHg for NTG
subjects, and 16.1+2.0 mmHg for control subjects. Baseline mean deviation (MD) was —5.9+4.8 dB in the
NTG group and —18.6+10.5 dB in the PEX glaucoma group. PEX glaucoma patients were using multiple topi-
cal anti-glaucoma medications before trabeculectomy. All NTG patients were using just one topical medication,
including fixed combination eye drops. These included subjects had no ocular comorbidities other than simple
cataracts.

Differential miRNA expression in aqueous humor from patients with pseudoexfoliation glau-
coma and normal tension glaucoma using RNA sequencing. Based on data from miRWalk 2.0,
miRNA targets were analyzed. A total of 2,588 miRNAs were tested by RNA sequencing. A total of 334 mature
miRNAs were identified in the AH of PEX patients (Fig. 1a). Up-regulated miRNAs are shown to the right
region of the plot (red) while down-regulated miRNAs are shown to the left region of the plot (green). Of
these, two miRNAs, hsa-miR-30d-5p and hsa-miR-320a, were significantly up-regulated compared to controls
(fold-change>2 or<-2, p<0.05). Ten miRNAs were significantly down-regulated compared to the controls
(fold-change>2 or<-2, p<0.05), which were hsa-miR-3156-5p, hsa-miR-4458, hsa-miR-6717-5p, hsa-miR-
6728-5p, hsa-miR-6834-5p, hsa-miR-6864-5p, hsa-miR-6879-5p, hsa-miR-877-3p, hsa-miR-548e-3p, and hsa-
miR-6777-5p.

A total of 291 mature miRNAs were identified in the AH of NTG patients (Fig. 1b). Among these, ten miRNAs
(hsa-let-7a-5p, hsa-let-7c-5p, hsa-let-7f.-5p, hsa-miR-192-5p, hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-miR-375,
hsa-miR-4510, hsa-let-7b-3p, and hsa-miR-222-3p) were significantly up-regulated and two miRNAs (hsa-miR-
4639-5p and hsa-miR-6777-5p) were significantly down-regulated compared to those in controls (fold-change >2
or<-2, p<0.05). (fold-change >2 or < -2, p<0.05). Venn diagram (Fig. 2) showed the distribution of miRNAs
between PEX glaucoma and NTG groups. Values in the figure represent the number of unique miRNAs identified
within and between each group. Only hsa-miR-6777-5p, which was significantly down-regulated, was commonly
found in both PEX glaucoma and NTG groups compared to controls. Other significantly differentially expressed
miRNAs were not overlapped between the two groups of PEX glaucoma and NTG.
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Baseline IOP,

Subject Number | Disease STATUS | Age,yr | Sex Eye laterality | mm Hg Topical medication | Type of surgery
1 PEX G 69 Female | Right 31 Dorzolamide/timolol | Trab
2 PEX G 65 Male | Left 17 Dorzolamide/timolol, | .,

brimonidine

Dorzolamide/timolol,
3 PEX G 67 Male Right 17 brimonidine, bimato- | Trab

prost

Brinzolamide/
4 PEX G 55 Male Left 35 timolol, brimonidine, | Trab

Tafluprost

Dorzolamide/timolol,
5 PEX G 64 Male Left 37 brimonidine, travo- Trab

prost

Dorzolamide/timolol,
6 PEX G 83 Male Right 20 brimonidine, latano- | Trab

prost
7 PEX G 57 Male Right 36 Brinzolamide , timolol | Trab

Dorzolamide/timolol,
8 PEX G 89 Female | Right 25 brimonidine, bimato- | Trab

prost
9 PEX G 63 Male Right 18 Dorzolamide/timolol | Phaco+PCL
10 PEX G 78 Male Left 11 Dorzolamide/timolol | Phaco+PCL

Dorzolamide/timolol,
11 PEX G 86 Female | Right 32 brimonidine, latano- Trab

prost
12 NTG 56 Female | Left 13 Latanoprost Phaco+PCL
13 NTG 57 Male Left 13 Latanoprost Phaco+PCL
14 NTG 55 Male Left 17 Dorzolamide/timolol | Phaco+PCL
15 NTG 77 Female | Right 14 Dorzolamide/timolol | Phaco +PCL
16 NTG 72 Female | Right 15 Latanoprost Phaco+PCL
17 NTG 76 Female | Right 17 Tafluprost Phaco +PCL
18 NTG 76 Female | Right 14 Latanoprost Phaco+PCL
19 NTG 74 Female | Left 12 Dorzolamide/timolol | Phaco+PCL
20 Control 75 Female | Left 14 None Phaco +PCL
21 Control 57 Female | Right 14 None Phaco+PCL
22 Control 76 Female | Right 15 None Phaco+PCL
23 Control 54 Male Left 18 None Phaco +PCL
24 Control 53 Male Right 16 None Phaco+PCL
25 Control 71 Female | Right 17 None Phaco+PCL
26 Control 61 Male Right 19 None Phaco +PCL

Table 1. Baseline characteristics and demographics of subjects. IOP; Intraocular pressure, NTG; Normal
tension glaucoma, PEX; Pseudoexfoliation, G; glaucoma, Phaco + PCL; Phacoemulsification and posterior
intraocularlens insertion, Trab; trabeculectomy.

A heatmap diagram was prepared to demonstrate those 12 significantly differentially expressed miRNAs
in AH of PEX glaucoma patients (red, high relative expression; blue, low relative expression) compared to
control and NTG patients (Fig. 3a). Among these 12 miRNAs, five miRNAs (hsa-miR-320a, hsa-miR-4458, hsa-
miR-877-3p, hsa-miR-6879-5p, and hsa-miR-548e-3p) demonstrated opposite up/down regulated expression
between PEX glaucoma and NTG. Figure 3b shows those 12 significantly differentially expressed miRNAs in
AH of NTG patients compared to control and PEX glaucoma patients. Among these 12 miRNAs, two miRNAs
(hsa-miR-10a-5p and hsa-miR-4639-5p) demonstrated opposite up/down regulated expression between NTG
and PEX glaucoma.

microRNA validation and biological interpretation of differentially expressed miRNAs. To
verify results of RNA sequencing from the AH of PEX glaucoma and NTG patients, let-7c-5p was analyzed
using quantitative PCR (qQPCR) (n=11). Similar results were obtained (Table 2). The expression of let-7¢c-5p was
increased significantly in the AH of NTG patients compared to that in the control (33.03 +2.84-fold, p<0.001).
However, the expression of let-7c-5p in the AH of the PEX glaucoma patients showed no significant difference
compared to that in the control (0.90 +0.30-fold, p=0.67) (Fig. 3¢).

To explore effects of these significantly differentially expressed miRNAs, gene ontology (GO) analysis was
performed. Major GO categories of 15 were randomly chosen among many GO pathways. The percentage of
total significant number of genes with differences in expression among each GO-related gene is presented in
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Figure 1. Volcano plot of miRNA expression in aqueous humor from subjects with pseudoexfoliation glaucoma
and NTG compared to unaffected controls. (a) A total of 334 mature miRNAs were identified in the AH of PEX
patients. Up-regulated miRNAs are shown to the right region of the plot (red) and down-regulated miRNAs are
shown to the left region of the plot (green). Of these, two miRNAs, hsa-miR-30d-5p and hsa-miR-320a, were
significantly up-regulated (fold-change > 2, p <0.05) and ten miRNAs (hsa-miR-3156-5p, hsa-miR-4458, hsa-
miR-6717-5p, hsa-miR-6728-5p, hsa-miR-6834-5p, hsa-miR-6864-5p, hsa-miR-6879-5p, hsa-miR-877-3p, hsa-
miR-548e-3p, and hsa-miR-6777-5p) were significantly down-regulated (fold-change < -2, p <0.05) compared
to controls. (b) In NTG patients, a total of 291 mature miRNAs were identified in the AH. Among these, ten
miRNAs (hsa-let-7a-5p, hsa-let-7c-5p, hsa-let-7f.-5p, hsa-miR-192-5p, hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-
miR-375, hsa-miR-4510, hsa-let-7b-3p, and hsa-miR-222-3p) were significantly up-regulated (fold-change >2,
p<0.05) and two miRNAs (hsa-miR-4639-5p and hsa-miR-6777-5p) were significantly down-regulated (fold-
change < -2, p<0.05) compared to controls. Plots were prepared with ExXDEGA v1.2.1.0 software. NTG: normal
tension glaucoma, AH: aqueous humor, PEX: pseudoexfoliation.

Fig. 4. The percentage refers to the proportion of microRNA altered in AH of NTG patients compared to that in
the control in total miRNAs identified by research in each GO category. In PEX glaucoma, cell death-related cat-
egories, including autophagy (1.85%) and apoptosis (1.40%) occupied the greatest proportion (3.25%) (Fig. 4a).
Categories related to neurogenesis (2.35%), inflammatory response (1.68%), and aging (1.60%) also presented
significant proportions. Categories associated with cellular function, such as differentiation, migration, and
proliferation that might arise in any pathological condition accounted for 2.55%. Two miRNAs, hsa-miR-320a
and hsa-miR-877-3p, in PEX glaucoma were involved in all GO categories associated with biological processes
of autophagy, apoptosis, and neurogenesis. During the process of randomly selected GO category analysis, only
hsa-miR-30d-5p, hsa-miR-320a, and hsa-miR-877-3p were included among significantly differentially expressed
miRNAs in patients with PEX glaucoma. Many significantly differentially expressed miRNAs were not included
in GO category analysis, indicating that these miRNAs were not previously reported in the field of miRNA.

In NTG, cell death-related categories including autophagy (4.63%) and apoptosis (2.80%) also occupied the
greatest proportion (7.43%) (Fig. 4b). Categories associated with neurogenesis (5.88%), inflammatory response
(3.91%), and aging (3.21%) also presented significant proportions. Categories associated with cellular functions
such as differentiation, migration, and proliferation that might arise in any pathological condition accounted
for 6.85%. Three miRNAs (hsa-let-7c-5p, hsa-miR-192-5p, and hsa-miR-375) in NTG were involved in all GO
categories related to biological processes of autophagy, apoptosis, and neurogenesis. During the process of ran-
domly selected GO category analysis, most of those significantly differentially expressed miRNAs were included
except for hsa-miR-4639-5p and hsa-miR-6777-5p in NTG.

The leading Kyoto encyclopedia of genes and genomes (KEGG) pathways, including predicted gene targets
of each miRNA, for PEX glaucoma are presented in Table 3. The analysis of gene-annotation enrichment was
performed with the database for annotation, visualization, and integrated discovery (DAVID). Pathways related
to proteoglycans in cancer (9.66, enrichment score,—log10 (P value)), glioma (5.59), TGF-beta signaling pathway
(5.37), and signaling pathways regulating pluripotency of stem cells (5.26) were significantly associated with
significantly differentially expressed miRNAs in the AH of PEX glaucoma patients. Among them, proteoglycans
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1D Gene symbol

1hsa-let-7a-Sp
3hsa-let-7¢-5p
6hsa-let-7f-5p
46 hsa-miR-192-5p
59hsa-miR-10a-5p
60hsa-miR-10b-5p
166 hsa-miR-375
1059 hsa-miR-4510
1110 hsa-miR-4639-5p
1726 hsa-let-7b-3p
1800 hsa-miR-222-3p

NTG /Control PEX /Control
ID Gene symbol Fold change  p-value
55hsa-miR-30d-5p 82.070 0.019
132hsa-miR-320a 27.603 0.032
/ 690 hsa-miR-3156-5p 0430 0.034
991 hsa-miR-4458 0.198 0.036
1448hsa-miR-6717-5p 0.172 0.031
1460 hsa-miR-6728-5p 0.394 0.047
1566 hsa-miR-6834-5p 0.391 0.026
1598 hsa-miR-6864-5p 0.401 0.029
1613 hsa-miR-6879-5p 0.200 0.011
2055 hsa-miR-877-3p 0.263 0.001
2077 hsa-miR-548e-3p 0.162 0.020
Fold change p-value
2744 0.009 Fold change p-value
6081 0018 ID Gene symbol  NTG /Control PEX /Control NTG /Control ~ PEX /Control
4.570 0.044
6.564 0.031 1509 hsa-miR-6777-5p 0.208 0210 0.045 0.018
21.733 0.015

201.495 0.033
234233 0.005

3.083 0.012
0.161 0.040
2,522 0.043
12412 0.049

Figure 2. Venn diagram illustrating miRNAs significantly changed in PEX glaucoma and NTG samples
versus control. Venn diagram shows the distribution of miRNAs between PEX glaucoma and NTG groups. The
numbers in the figure represents the number of significant miRNAs detected within and between each group.
Only hsa-miR-6777-5p, which was significantly down-regulated, was in common between PEX glaucoma and
NTG groups. Other significantly differentially expressed miRNAs were not overlapped between the two groups
of PEX glaucoma and NTG. PEX: pseudoexfoliation; NTG: normal tension glaucoma.

in cancer showed the most significantly related KEGG pathway in PEX glaucoma (Fig. 5a). Pathways such as
adrenergic signaling in cardiomyocytes (5.14) and FoxO signaling pathway (4.84) were also associated with
significantly expressed miRNAs.

KEGG pathways for NTG are presented in Table 4. Pathways related to ECM-receptor interaction (8.57,
enrichment score, —log10 (P value)), signaling pathways regulating pluripotency of stem cells (6.56), and TGF-
beta signaling pathway (5.10) were significantly associated with significantly differentially expressed miRNAs in
the AH of NTG patients. Among them, ECM-receptor interaction showed the most significantly related KEGG
pathway in NTG (Fig. 5b). Pathways such as glycosaminoglycan biosynthesis—keratan sulfate (3.81), and axon
guidance (3.81) were also associated with significantly expressed miRNAs.

Discussion

To the best of our knowledge, the present study was the first to report miRNAs significantly differentially
expressed in individual AH samples between PEX glaucoma and NTG patients compared to controls in a sin-
gle ethnic group of Koreans. The current study did not pool AH samples in spite of the scanty volume of each
sample. We performed RNA sequencing to identify microRNAs in each AH sample. A total of 334 miRNAs in
all PEX glaucoma AH samples and 291 miRNAs in all NTG AH samples were detected by RNA sequencing. We
found two significantly upregulated miRNAs (hsa-miR-30d-5p, hsa-miR-320a) and ten significantly downregu-
lated miRNAs (hsa-miR-3156-5p, hsa-miR-4458, hsa-miR-6717-5p, hsa-miR-6728-5p, hsa-miR-6834-5p, hsa-
miR-6864-5p, hsa-miR-6879-5p, hsa-miR-877-3p, hsa-miR-548e-3p, and hsa-miR-6777-5p) in PEX glaucoma
patients compared to controls. In NTG patients, we found ten significantly upregulated miRNAs (hsa-let-7a-5p,
hsa-let-7c-5p, hsa-let-7f.-5p, hsa-miR-192-5p, hsa-miR-10a-5p, hsa-miR-10b-5p, hsa-miR-375, hsa-miR-4510,
hsa-let-7b-3p, and hsa-miR-222-3p) and two significantly downregulated miRNAs (hsa-miR-4639-5p, and hsa-
miR-6777-5p) compared to controls. Only hsa-miR-6777-5p, which was significantly down-regulated, was found
in common between PEX glaucoma and NTG. Most of other individual miRNAs significantly differentially
expressed compared to controls were different between PEX glaucoma and NTG. Moreover, some of those sig-
nificantly differentially expressed miRNAs were regulated in an opposite way of up/down-regulation between
PEX glaucoma and NTG groups compared to controls.

It is known that miRNAs play a significant role in the post-transcriptional modulation of gene expression.
They are also involved in cellular functions such as cellular growth, differentiation, and cell death?’. The human
genome has about ~ 2500 mature miRNAs that modulate the expression of more than 60% of all protein-coding
genes'*28,

In a previous study, Drewry et al.?! have reported differentially expressed miRNAs in the AH of patients,
mainly Caucasians, with PEX glaucoma or POAG. They found that five miRNAs (miR-122-5p, miR-3144-3p,
miR-320a, miR-320e and miR-630) were significantly differentially expressed between PEX glaucoma and
controls?!. In the present study, all subjects were Koreans. Thus, significantly differentially expressed miRNAs
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Figure 3. Heatmap diagram illustrating significantly differentially expressed miRNAs in PEX glaucoma and NTG. (a)
A heatmap diagram demonstrates 12 significantly differentially expressed miRNAs in AH of PEX glaucoma patients
(red, high relative expression; blue, low relative expression) compared to controls. They are shown in comparison with
NTG patients. Among these 12 miRNAs, five miRNAs (hsa-miR-320a, hsa-miR-4458, hsa-miR-877-3p, hsa-miR-
6879-5p, and hsa-miR-548e-3p) demonstrated opposite up/down regulated expression between PEX glaucoma and
NTG. Although hsa-miR-320a was significantly up-regulated in PEX glaucoma, it was significantly down-regulated

in NTG compared to controls. In cases of hsa-miR-4458, hsa-miR-877-3p, hsa-miR-6879-5p, and hsa-miR-548e-3p,
significant expression of regulation showed opposite pattern between PEX glaucoma and NTG (i.e., they were
significantly down-regulated in PEX glaucoma, but significantly up-regulated in NTG compared to controls). (b) A
heatmap showing those 12 significantly differentially expressed miRNAs in AH of NTG patients compared to controls.
They are shown in comparison with PEX glaucoma patients. Among these 12 miRNAs, two miRNAs demonstrated
opposite up/down regulated expression between NTG and PEX glaucoma. Although hsa-miR-10a-5p was significantly
up-regulated in NTG, it was significantly down-regulated in PEX glaucoma compared to controls. In case of hsa-miR-
4639-5p, it was significantly down-regulated in NTG, but significantly up-regulated in PEX glaucoma compared to
controls. (c) Bar graphs showing validation qPCR results between PEX glaucoma and NTG compared to the control.
To validate the results of RNA sequencing from the AH of PEX glaucoma and NTG patients, let-7c-5p was used for
quantitative PCR (n=11). Similar results were obtained. The expression of let-7c-5p was increased significantly in the
AH of NTG patients (33.03+2.84-fold, p <0.001) compared to the control (1.00). However, the expression of let-7c-5p
in the AH of the PEX glaucoma patients (0.90 +0.30-fold, p=0.67) showed no significant difference compared to the
control (1.00). Data are presented as mean +S.E.M. They were analyzed using unpaired Student’s t-test (n=11). ***,
p<0.001 vs. control. PEX: pseudoexfoliation; NTG: normal tension glaucoma; AH: aqueous humor; PCR: quantitative
polymerase chain reaction; S.E.M: standard error of the mean.
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Fold change (Log2) | P value

miRNA Assay ID | Accession Number | PEX G /Control PEX G /Control | Expression change
hsa-miR-30d-5p 55 MIMAT0000245 82.070 0.019 Up
hsa-miR-320a 132 MI0000542 27.603 0.032 Up
hsa-miR-3156-5p 690 MIMAT0015030 0.430 0.034 Down
hsa-miR-4458 991 MI0016804 0.198 0.036 Down
hsa-miR-6717-5p 1448 MIMAT0025846 0.172 0.031 Down
hsa-miR-6728-5p 1460 MIMAT0027357 0.394 0.047 Down
hsa-miR-6777-5p 1509 MIMAT0027454 0.210 0.018 Down
hsa-miR-6834-5p 1566 MIMAT0027568 0.391 0.026 Down
hsa-miR-6864-5p 1598 MIMAT0027628 0.401 0.029 Down
hsa-miR-6879-5p 1613 MIMAT0027658 0.200 0.011 Down
hsa-miR-877-3p 2055 MIMAT0004950 0.263 0.001 Down
hsa-miR-548e-3p 2077 MIMAT0005874 0.162 0.020 Down

Assay Accession Fold change (Log2) | Pvalue Expression
miRNA D Number NTG /Control NTG /Control change
hsa-let-7a-5p 1 MIMAT0000062 2.744 0.009 Up
hsa-let-7c-5p 3 MIMATO0000064 6.081 0.018 Up
hsa-let-7f.-5p 6 MIMATO0000067 4.570 0.044 Up
hsa-miR-192-5p 46 MIMAT0000222 6.564 0.031 Up
hsa-miR-10a-5p 59 MIMAT0000253 21.733 0.015 Up
hsa-miR-10b-5p 60 MIMAT0000254 201.495 0.033 Up
hsa-miR-375 166 MI0000783 234.233 0.005 Up
hsa-miR-4510 1059 MI0016876 3.083 0.012 Up
hsa-miR-4639-5p 1110 MIMAT0019697 0.161 0.040 Down
hsa-miR-6777-5p 1509 MIMAT0027454 0.208 0.045 Down
hsa-let-7b-3p 1726 MIMAT0004482 2.522 0.043 Up
hsa-miR-222-3p 1800 MIMAT0000279 12.412 0.049 Up

Table 2. Differentially expressed miRNA in the Aqueous Humor of Pseudoexfoliation Glaucoma and Normal
Tension Glaucoma Patients. PEX; Pseudoexfoliation, NTG: normal-tension glaucoma.

between PEX glaucoma and controls were different from those of the previous study. However, one miRNA,
hsa-miR-320a, was in common with the previous study. This is interesting because we can speculate that hsa-
miR-320a may contribute to the pathogenesis of PEX glaucoma irrespective of all ethnicities. Additionally, it
may also indicate the validity of our results in PEX glaucoma. However, in the previous study, hsa-miR-320a
was significantly down-regulated in PEX glaucoma compared to control, while it was significantly up-regulated
in our study. Although these results are contradictory, we can still assume that hsa-miR-320a could play a role
in PEX glaucoma in both Caucasians and Koreans.

There are several reports regarding hsa-miR-320a from blood samples of patients with different diseases.
However, hsa-miR-320a has not been implicated in glaucoma yet. In an international multicenter study by
Regev et al., serum hsa-miR-320a was significantly up-regulated in multiple sclerosis (MS) patients compared
to healthy controls®. MS is an autoimmune disorder that injures the central nervous system®>*!. It has been
reported that increased expression of hsa-miR-320a, hsa-miR-320b, and hsa-miR-320c might be related to MS
pathophysiology, with overexpression of miR-320 found in MS lesions®. Many previously reported hsa-miR-320
targets could be involved in MS progression and other diseases, for instance, cancer. These targets contain CD71,
MCL-1, MMP-9, NRP1, HDAC4, B-catenin, and MAPK*%°. miR-320 is also significantly increased in the sera
of patients with Alzheimer disease and asthma in comparison with healthy control samples (unpublished data®
and Raheja et al.*!). Based on these findings, up-regulation of hsa-miR-320a might be involved in neurologic
diseases since MS, Alzheimer disease, and glaucoma are all neurologic disorders. Moreover, one of major GO
category in PEX glaucoma was neurogenesis (2.35%) and one of the most significant related KEGG pathways in
PEX glaucoma was glioma in our study. In this regard, it may partly explain results of our study in PEX glaucoma.

Drewry et al. have also reported three significantly different miRNAs, miR-125b-5p, miR-302d-3p, and miR-
451a, between POAG and controls from the AH?'. These significantly differentially expressed miRNAs of POAG
in Caucasians are also different from our study results. They did not overlap with those of NTG in Asians (Kore-
ans), which have not been reported before.

A recent study has reported microRNAs in the AH from different types of glaucoma patients in Poland by
real-time polymerase chain reaction method*>. They found that hsa-miR-6722-3p and hsa-miR-184 were more
frequently expressed in PEX glaucoma and hsa-miR-1260b was more frequently expressed in POAG*.. These
miRNAs in PEX glaucoma in Polish are different from our significantly differentially expressed miRNAs in PEX
glaucoma compared to controls in Koreans by RNA sequencing. Moreover, hsa-miR-1260b in POAG in Polish is
also different from those significantly differentially expressed miRNAs in NTG compared to controls in Koreans
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Figure 4. Percentage and number of microRNAs with significantly changed expression among gene ontology
category-related microRNAs. Gene ontology categories of microRNAs with relatively large expression changes
were identified in (a) PEX glaucoma and (b) NTG. Up-regulated miRNAs are shown as red graph and down-
regulated miRNAs are shown as green graph. The percentage refers to the proportion of microRNA modified
in AH of PEX glaucoma and NTG patients compared to controls in total miRNAs identified by researches

in each GO category. (a) In PEX glaucoma, cell death-related categories including autophagy (1.85%) and
apoptosis (1.40%) occupied the greatest proportion (3.25%). Categories related to neurogenesis (2.35%),
inflammatory response (1.68%), and aging (1.60%) also presented significant proportions. In the process

of randomly selected GO category analysis, only hsa-miR-30d-5p, hsa-miR-320a, and hsa-miR-877-3p

were included among significantly differentially expressed miRNAs in PEX glaucoma. Many significantly
differentially expressed miRNAs were not included in GO category analysis, indicating that these miRNAs were
not previously reported in the field of miRNA. (b) In NTG, cell death-related categories including autophagy
(4.63%) and apoptosis (2.80%) also occupied the greatest proportion (7.43%). Categories related to neurogenesis
(5.88%), inflammatory response (3.91%), and aging (3.21%) also presented significant proportions. PEX:
pseudoexfoliation; NTG: normal tension glaucoma.

in our study. Based on results of these several studies, significantly differentially expressed miRNAs might be
different between different types of glaucoma. Moreover, these differentially expressed miRNAs may also differ
between different ethnicities.

One common miRNA, hsa-miR-6777-5p, was significantly differentially down-regulated in both PEX glau-
coma and NTG. This suggests that this miRNA might be related to the pathogenesis of both PEX glaucoma
and NTG in Asians (Koreans). However, there is no previous report on this miRNA. Since PEX glaucoma and
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KEGG pathway Pvalue (—logl0) | Genes predicted as target | Related miRNAs
Proteoglycans in cancer 9.66 88 10
Glioma 5.59 34 9
TGF-beta signaling pathway 5.37 41 9
Signaling pathways regulating pluripotency of stem cells | 5.26 66 11
Adrenergic signaling in cardiomyocytes 5.14 62 10
FoxO signaling pathway 4.84 64 9
Axon guidance 4.84 57 10
Ras signaling pathway 4.84 92 11
ErbB signaling pathway 4.83 44 10
PI3K-Akt signaling pathway 4.57 135 11

Table 3. Significant KEGG Pathways Potentially Influenced by MicroRNAs in the Aqueous Humor of
Pseudoexfoliation Glaucoma Patients. KEGG: Kyoto encyclopedia of genes and genomes, NTG: normal-
tension glaucoma, ECM: extracellular matrix.
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Figure 5. KEGG pathway. Enrichment score was represented as —1og10 (P value). The higher the enrichment
score value, the more significant the pathway. (a) Pathways related to proteoglycans in cancer (9.66, enrichment
score,—logl0 (P value)), glioma (5.59), TGF-beta signaling pathway (5.37) and signaling pathways regulating
pluripotency of stem cells (5.26) were significantly associated with significantly differentially expressed miRNAs
in the AH of PEX glaucoma patients. Among them, proteoglycans in cancer showed the most significantly
related KEGG pathway in PEX glaucoma. (b) Pathways related to ECM-receptor interaction (8.57, enrichment
score, —1logl0 (P value)), signaling pathways regulating pluripotency of stem cells (6.56), and TGF-beta
signaling pathway (5.10) were significantly associated with significantly differentially expressed miRNAs in the
AH of NTG patients. Among them, ECM-receptor interaction showed the most significantly related KEGG
pathway in NTG. Data were analyzed with DianaTools. KEGG: Kyoto Encyclopedia Genes and Genomes; PEX:
pseudoexfoliation; ECM: extracellular matrix; NTG: normal tension glaucoma.

KEGG pathway Pvalue (—logl0) | Genes predicted as target | Related miRNAs
ECM-receptor interaction 8.57 21 9
Signaling pathways regulating pluripotency of stem cells | 6.56 49 11
TGF-beta signaling pathway 5.10 25 10
Glycosaminoglycan biosynthesis—keratan sulfate 3.81 6 7
Axon guidance 3.81 36 10
‘Wht signaling pathway 3.22 40 11
Biotin metabolism 2.94 1 1
Glutamatergic synapse 2.94 27 12
MAPK signaling pathway 2.93 63 11
Cytokine-cytokine receptor interaction 2.32 39 10

Table 4. Significant KEGG pathways potentially influenced by MicroRNAs in the Aqueous Humor of
Normal Tension Glaucoma Patients. KEGG: Kyoto encyclopedia of genes and genomes, NTG: normal-tension
glaucoma, ECM: extracellular matrix.
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NTG are both glaucoma, there could be a common miRNA that is involved in the pathogenesis of glaucoma.
However, in our study, only one significant miRNA was in common between PEX glaucoma and NTG. Most
of other individual significant miRNAs showed different expression patterns between the two. Moreover, five
significantly differentially expressed miRNAs in PEX glaucoma compared to control showed opposite up/down
regulated expression between PEX glaucoma and NTG. It was found that the same miRNA, hsa-miR-320a,
was significantly up-regulated in PEX glaucoma while it was significantly down-regulated in NTG compared
to controls (Fig. 3a). There were also two significantly differentially expressed miRNAs (hsa-miR-10a-5p, and
hsa-miR-4639-5p) in NTG compared to control which showed opposite up/down regulated expression between
NTG and PEX glaucoma (Fig. 3b). We may assume that the action of related miRNAs and the pathogenesis may
differ between different types of glaucoma. It may further suggest that the pathogenic mechanism is different
between primary glaucoma and secondary glaucoma. Furthermore, it indicates that future gene therapy should
target different miRNAs according to different types of glaucoma.

Not only individual miRNAs were different between PEX glaucoma and NTG, but also individual related
KEGG pathways were different between them. The most significantly related KEGG pathways in PEX glaucoma
was proteoglycans in cancer (P value (—1ogl0) =9.66), followed by glioma (P value (-1logl0) =5.59) and TGF-
beta signaling pathway (P value (—1og10) =5.37). While in NTG, the most significantly related KEGG pathways
was ECM-receptor interaction (P value (—1log10) =8.57), followed by signaling pathways regulating pluripotency
of stem cells (P value (—1logl0) =6.56) and TGF-beta signaling pathway (P value (—1logl0) =5.10). Other than
the top KEGG pathway in PEX glaucoma, which was proteoglycans in cancer, other pathways showed similar P
values (—1og10) (Fig. 5a). This suggests that the top KEGG pathway may contribute to the pathogenesis of PEX
glaucoma more significantly than other pathways of similar degrees. In NTG, other than the top three KEGG
pathways, other pathways showed much smaller or similar P values (-1log10), (Fig. 5b). Thus, the top 3 KEGG
pathways seem to contribute to the pathogenesis of NTG more significantly than others. In these regards, major
related pathway and pathogenesis may differ between different types of glaucoma or between secondary glau-
coma and primary glaucoma.

Proteoglycans are proteins that are heavily glycosylated. They are major components of animal ECM*. PEX
material is highly cross-linked glycoprotein-proteoglycan aggregate comprised of a various proteins, such as
fibronectin, laminin, vitronectin, fibrillin-1, extracellular chaperone clusterin, latent transforming growth factor-
b (TGF-b) binding protein (LTBP), and cross-linking enzymes like lysyl oxidase-like 1 (LOXL1)*-*6. Most of
these proteins are present in ECM of normal eyes. These aggregates are synthesized intracellularly in many
different types of cells in the anterior segment. These materials are then released into the extracellular space
and deposited around the cells that produce these materials*. The accumulation of PEX material in the ECM of
tissues can result in alteration of metabolism, thus, disturbing the structure and function. Considering that PEX
syndrome is a disorder of the ECM and that PEX material is associated with proteoglycans, it seemed reason-
able that the most significantly related top KEGG pathway in PEX glaucoma was “proteoglycans” in cancer in
the present study.

Malignant cancer cells can breach away from the primary tumor, attach to, and degrade proteins that com-
prise the surrounding ECM, which separates the tumor from adjacent tissues. Through degrading these ECM
proteins, cancer cells can break the ECM and escape®. The involvement of ECM during the process of metastasis
in cancer might have led to the result that the most significant KEGG pathway related with PEX glaucoma was
“proteoglycans in cancer” in the present study.

Transforming growth factor-beta (TGF-b) signaling pathway was one of top 3 related KEGG pathways in
both PEX glaucoma and NTG in our study. Many previous studies have suggested that TGF-b plays a major
role in the pathogenesis of glaucoma**=>2, Numerous studies have revealed increased level of TGF-b in the AH
of POAG patients*®-*2. TGF-b signaling has been invloved in the pathophysiology of vascular, neurodegenera-
tive, and ocular diseases, along with remodeling of ECM>***. The overlap in the pathogenesis of glaucoma and
cellular and tissue reactions due to TGF-b suggests that disturbed TGF-b signaling could be related with the
pathogenesis of glaucoma. Moreover, TGF-b1 and TGF-b2 can increase ECM production and inhibit the degra-
dation of ECM that is present™. The imbalance of matrix degrading enzymes aroused by elevated TGF-b might
contribute to the accumulation of PEX material in PEX syndrome, eventually bringing about the development
of PEX glaucoma®*’. Moreover, since PEX material is glycoprotein-proteoglycan aggregate composed of vari-
ous proteins including latent TGF-b binding protein (LTBP)*~*¢, TGF-b is considered to be closely related to
PEX glaucoma. These reports could partly explain results of our study that TGF-b signaling pathway was one
of top three significant related pathways, especially in PEX glaucoma associated with the accumulation of PEX
material in ECM.

Individual biologic processes in gene ontology category were different between PEX glaucoma and NTG.
However, cell death related mechanisms such as apoptosis, autophagy, and neurogenesis, inflammatory response
comprised a major proportion in both PEX glaucoma and NTG. These biologic processes might be commonly
associated with the pathogenesis of both types of glaucoma. However, autophagy dysfunction has been suggested
in relation to the pathogenesis of PEX syndrome at cellular organelles level'>. Autophagy is accountable for clear-
ance of protein aggregates, which is vital to cellular homeostasis®®. Considering the significance of autophagic
clearance of protein aggregates, autophagy-related gene variants might be associated with the pathogenesis of
PEX syndrome®. It has been reported that Tenon’s cells from PEX glaucoma patients compared to POAG coun-
terparts have different phenotypic signs of decreased clearance of autophagosomes attributable to autophagy
dysfunction®. Other than apoptosis, as a common pathological feature of RGC death? in all glaucoma, autophagy
might be more important in PEX glaucoma. However, the percentage of GO category from PEX glaucoma in
Fig. 4a was not very high and the number of miRNAs was just a few. This was because only three significantly
differentially expressed miRNAs were included in the GO analysis while most (nine) miRNAs were not included.
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It implied that these miRNAs were not previously reported in the field of miRNA. It further indicates that those
miRNAs found in this study can be rather new in this field, especially related to PEX glaucoma.

Individual biological processes or KEGG pathways associated with PEX glaucoma or NTG need to be con-
firmed thorough further clinical and experimental studies. However, our study was unique in that significantly
differentially expressed microRNAs were demonstrated in the individual sample of AH between PEX glaucoma
and NTG patients compared to controls in a single ethnic group of Koreans. The underlying miRNA-associated
pathways may further suggest novel targets for the pathogenesis of PEX glaucoma or NTG in Koreans.

Aging was one of the GO biological process categories possibly affected by microRNAs in the AH of NTG
patients, as well (Fig. 4a, b). Since glaucoma is an age-related disease and the prevalence of glaucoma increases
with age as shown in numerous population-based studies in the world and also in Asians including Koreans??,
results of the current study seem reasonable.

Other biologic processes categories of GO influenced by microRNA in the AH of NTG patients compared to
control included cellular cycle, migration, proliferation, differentiation, secretion, DNA repair, and angiogenesis.
These categories might function in common with any pathological conditions. They may not happen only in
glaucoma. In this aspect, such categories were not described in detail in the current study.

This exploratory study was limited by the relatively small sample size and the small volume of AH samples.
However, it emphasized the potential for further research in this field. As the volume of the AH samples was
not enough for all samples to undertake qPCR for validation, only hsa-let-7c-5p underwent qPCR. Results of
validation qPCR were consistent with results of RNA sequencing for both PEX glaucoma and NTG patients. The
expression of hsa-let-7c-5p was only significantly up-regulated in NTG patients (33.03 +2.84-fold), but not in
PEX glaucoma patients (0.90 +0.30-fold) compared to controls. These results partly imply the validity and the
reliability of our RNA sequencing results. The impact of hypotensive topical medications on microRNA expres-
sion within the AH of glaucoma patients has not been reported yet. The influence of using diverse hypotensive
anti-glaucoma topical medications on our results is not known. Further studies with large numbers of samples
would be advantageous in controlling the use of topical medications. However, glaucoma patients usually take
hypotensive topical medications, especially when they are decided to undergo ophthalmic surgery unless they are
found naive in clinic. Under circumstances that it is not ethical to just obtain AH of patients that are not under-
going ophthalmic surgery in operation rooms only for research nor to stop medications for glaucoma patients
just for research, it would not be easy to exclude the impact of hypotensive topical medications in accordance
with the approval of IRB. NTG patients were medically well controlled and AH was obtained during cataract
surgery, whereas most of PEX glaucoma patients underwent trabeculectomy due to uncontrolled IOP despite full
medication. Therefore, baseline MD was much worse in the PEX glaucoma group (-18.59 +10.54 dB) than in
the NTG group (- 5.85+4.81 dB). This difference in the stage of glaucoma might have influenced results of the
current study. However, PEX glaucoma usually presents with aggressive form with medically poorly controlled
high IOP frequently requiring filtering surgery such as trabeculectomy. Characteristics of PEX glaucoma are
considered to be reflected in the demographics of our study.

In conclusion, we found significantly differentially expressed microRNAs in the AH between PEX glaucoma
and NTG patients compared to controls in a single ethnic group of Asians (Koreans), which has not been previ-
ously reported. Differentially expressed miRNAs between PEX glaucoma and NTG samples compared to controls
indicate possible roles of miRNA in the pathogenesis of glaucoma. Differentially expressed miRNAs between
PEX glaucoma and NTG patients suggest that pathogenic mechanism and the individual role of miRNA might
differ between different types of glaucoma or between secondary glaucoma and primary glaucoma. Future studies
with more case numbers are required to reach conclusive answers. Our results can be further studied on a larger
scale to better investigate the Asian population. Moreover, microRNAs in individual AH might have potential
as novel biomarkers and also new targets for the pathogenesis of PEX glaucoma and NTG.

Methods

Ethics statement. This study was carried out in accordance with the tenets of the Declaration of Hel-
sinki for research regarding human subjects. The present study was approved by the Institutional Review Board
of Gyeongsang National University Changwon Hospital, Gyeongsang National University, School of Medicine
(GNUCH-2019-06-001-002). Written informed consent was acquired from all subjects included in the current
study. All methods were performed according to relevant guidelines and regulations.

Diagnosis of NTG and PEX glaucoma. Subjects were evaluated in the glaucoma clinic at Gyeongsang
National University Changwon Hospital by a single glaucoma specialist (H-K. C.). NTG was defined as the
following: an IOP of <21 mmHg without treatment and findings of glaucomatous optic disc injury and corre-
sponding VF defects, an open angle inspected by gonioscopy, and no other cause of optic disc impairment than
glaucoma.®! PEX glaucoma was defined with the presence of PEX material at the margin of the pupil and on the
anterior lens capsule after maximal pupil dilatation and all of the following: an initial intraocular pressure of at
least 22 mmHg, glaucomatous optic disc changes, visual field defects consistent with optic nerve damage, and
no evidence of other conditions causing secondary glaucoma’. All subjects went through standard ophthalmic
examinations including slit-lamp biomicroscopy, gonioscopy, and funduscopy.

Patient selection and acquisition of aqueous humor samples. Samples of AH were acquired from
patients who received uneventful phacoemulsification for elective cataract surgery or trabeculectomy after
acquiring written informed consent. Eleven PEX glaucoma patients, age-matched eight NTG patients, and seven
control subjects agreed to participate in the current study. About 80 to 120 pl of AH was acquired by anterior
chamber paracentesis with a 30-gauge needle prior to the main cataract incision at the start of cataract surgery or
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during the process of paracentesis in trabeculectomy. Anterior chamber paracentesis was achieved under aseptic
sterile conditions in the operating room. The AH was acquired without trauma to subjects, hence eliminating
any probability of contamination with blood or cellular debris. All acquired samples were utterly anonymized,
instantly snap-frozen with liquid nitrogen, and thereafter transported to research laboratories. Clinical data were
collected from electronic medical records in an entirely anonymized way. Obtained clinical data were eye lateral-
ity, age, baseline IOP, sex, topical medications used, and other ocular comorbidities.

RNA isolation. Total RNA was extracted using Trizol LS reagent (Invitrogen, Carlsbad, CA, USA) following
the manufacturer’s instructions. The quality of RNA was assessed by an Agilent 2100 bioanalyzer using an RNA
6000 Pico Chip (Agilent Technologies, Amstelveen, The Netherlands). RNA quantification was performed using
a NanoDrop 2000 Spectrophotometer system (Thermo Fisher Scientific, Waltham, MA, USA).

Library preparation and RNA sequencing. Libraries were constructed employing NEBNext Multi-
plex Small RNA Library Prep kit (New England BioLabs, Inc., Ipswich, MA, USA) for control and test RNAs,
in accordance with the manufacturer’s instructions®?. Briefly, 180 pg of total RNA from each AH sample was
employed to ligate with 1 pg of adaptors. Afterwards, cDNA was synthesized using reverse-transcriptase with
adaptor-specific primers. PCR was done for library amplification. Libraries were cleaned-up using a QIAquick
PCR Purification Kit (Qiagen, Inc, Germany) and AMPure XP beads (Beckman Coulter, Inc., Pasadena, CA,
USA). The yield and size distribution of small RNA libraries were assessed with an Agilent 2100 Bioanalyzer
instrument and High-sensitivity DNA Assay (Agilent Technologies, Inc., USA). High-throughput sequences
were generated with a NextSeq500 system by single-end 75 sequencing (Illumina, San Diego, CA, USA).

microRNA validation by quantitative real-time PCR. c¢DNA synthesis and real-time PCR were con-
ducted with an miScript PCR system (Qiagen, Venlo, The Netherlands). cDNA was synthesized from 357 pg of
RNA using the miScript II RT Kit with HiSpec buffer according to the manufacturer’s instructions. The miRNA
cDNA was amplified with the following primer pair: hsa-let-7c-5p (Hs_let-7c_1, MS00003129) and internal
control hsa-U6 (Hs_RNU6-2_11, MS00033740). Real-time PCR was performed on a StepOnePlus™ Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA) employing a QuantiTect SYBR Green PCR Master mix
and an miScript Primer Assay (Qiagen) according to the manufacturer’s instructions. Thermal cycling condi-
tions were: 95 °C for 15 min followed by 40 cycles of 94 °C for 15 s, 55 °C for 30 s, and 70 °C for 30 s. Data were
analyzed with StepOne software v2.2.2 (Applied Biosystems). The level of expression of each miRNA was nor-
malized to the median Ct value and calculated using the 2744 method.

Data analysis. Sequence reads were mapped using the bowtie2 software tool to obtain bam files (alignment
file). Mature miRNA sequences were used as references. Read counts were employed to detect expression levels
of miRNAs. Read counts mapped on mature miRNA sequences were extracted from the alignment file using
bedtools (v2.25.0)°* and Bioconductor (EdgeR package) that employed R statistical programming language (R
Development Core Team, 2011, version 3.2.2). For quality control, trimming was performed with a BBDuk tool.
Mlumina TruSeq adapter was employed and phred quality threshold were over 20. The quantile normalization
method was used for the comparison between samples. For miRNA target study, DianaTools-mirPath v.3 (http://
diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/page&view=software) was used. DianaTools,
miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/php/search.php), miRWalk 2.0. (http://zmf.umm.uni-heide
Iberg.de/apps/zmf/mirwalk2/), and TargetScan (http://www.targetscan.org/vert_72/) were applied to predict
miRNA targets. Relevant KEGG pathways were analyzed in compliant with previous studies from Kanehisa
Laboratories®*%’. Data were demonstrated with ExXDEGA v1.2.1.0 software (EBIOGEN, Inc., Seoul, Korea).

Statistical analysis. Data of microRNA validation are shown as meantstandard error of the mean
(S.E.M.). The analysis for the validation was performed with Unpaired Student’s t-test (Prism 5; GraphPad Soft-
ware, La Jolla, CA, USA). P<0.05 was regarded to demonstrate a statistically significant difference. Enrichment
P values were modified for false discovery rate (FDR)®.

Received: 12 November 2021; Accepted: 3 March 2022
Published online: 13 April 2022

References

1. Zhang, N., Wang, J., Li, Y. & Jiang, B. Prevalence of primary open angle glaucoma in the last 20 years: A meta-analysis and sys-
tematic review. Sci. Rep. 11, 13762. https://doi.org/10.1038/s41598-021-92971-w (2021).

2. Tham, Y. C. et al. Global prevalence of glaucoma and projections of glaucoma burden through 2040: A systematic review and
meta-analysis. Ophthalmology 121, 2081-2090. https://doi.org/10.1016/j.0phtha.2014.05.013 (2014).

3. Weinreb, R. N. & Khaw, P. T. Primary open-angle glaucoma. Lancet 363, 1711-1720. https://doi.org/10.1016/50140-6736(04)
16257-0 (2004).

4. Ritch, R. Exfoliation syndrome-the most common identifiable cause of open-angle glaucoma. J. Glaucoma 3, 176-177 (1994).

5. Founti, P. et al. Ethnicity-based differences in the association of LOXLI polymorphisms with pseudoexfoliation/pseudoexfoliative
glaucoma: A meta-analysis. Ann. Hum. Genet. 79, 431-450. https://doi.org/10.1111/ahg.12128 (2015).

6. Chatzikyriakidou, A. et al. MicroRNA-related polymorphisms in pseudoexfoliation syndrome, pseudoexfoliative glaucoma, and
primary open-angle glaucoma. Ophthalmic Genet. 39, 603-609. https://doi.org/10.1080/13816810.2018.1509352 (2018).

7. Park, D.Y., Won, H. H., Cho, H. K. & Kee, C. Evaluation of lysyl oxidase-like 1 gene polymorphisms in pseudoexfoliation syndrome
in a Korean population. Mol. Vis. 19, 448-453 (2013).

Scientific Reports |

(2022) 12:6217 | https://doi.org/10.1038/s41598-022-09572-4 nature portfolio


http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/page&view=software
http://diana.imis.athena-innovation.gr/DianaTools/index.php?r=site/page&view=software
http://mirtarbase.mbc.nctu.edu.tw/php/search.php
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/
http://www.targetscan.org/vert_72/
https://doi.org/10.1038/s41598-021-92971-w
https://doi.org/10.1016/j.ophtha.2014.05.013
https://doi.org/10.1016/S0140-6736(04)16257-0
https://doi.org/10.1016/S0140-6736(04)16257-0
https://doi.org/10.1111/ahg.12128
https://doi.org/10.1080/13816810.2018.1509352

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

. Pasquale, L. R., Kang, J. H., Fan, B., Levkovitch-Verbin, H. & Wiggs, J. L. LOXL1 Polymorphisms: Genetic biomarkers that presage

environmental determinants of exfoliation syndrome. J. Glaucoma 27(Suppl 1), S20-S23. https://doi.org/10.1097/1JG.0000000000
000915 (2018).

. Fan, B.J. et al. DNA sequence variants in the LOXL1 gene are associated with pseudoexfoliation glaucoma in a U.S. clinic-based

population with broad ethnic diversity. BMC Med. Genet. 9, 5. https://doi.org/10.1186/1471-2350-9-5 (2008).

Ji, Q. S. et al. The association of LOXL1 polymorphisms with exfoliation syndrome/glaucoma: Meta-analysis. Int. . Ophthalmol.
8, 148-156. https://doi.org/10.3980/j.issn.2222-3959.2015.01.27 (2015).

Stein, J. D. et al. Geographic and climatic factors associated with exfoliation syndrome. Arch. Ophthalmol. 129, 1053-1060. https://
doi.org/10.1001/archophthalmol.2011.191 (2011).

Ghaffari Sharaf, M., Damyji, K. F. & Unsworth, L. D. Recent advances in risk factors associated with ocular exfoliation syndrome.
Acta Ophthalmol 98, 113-120. https://doi.org/10.1111/a0s.14298 (2020).

Bartel, D. P. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 116, 281-297. https://doi.org/10.1016/s0092-
8674(04)00045-5 (2004).

Guo, H., Ingolia, N. T., Weissman, J. S. & Bartel, D. P. Mammalian microRNAs predominantly act to decrease target mRNA levels.
Nature 466, 835-840. https://doi.org/10.1038/nature09267 (2010).

Mitchell, P. S. et al. Circulating microRNAs as stable blood-based markers for cancer detection. Proc. Natl. Acad. Sci. U. S. A. 105,
10513-10518. https://doi.org/10.1073/pnas.0804549105 (2008).

Agnifili, L. et al. Molecular biomarkers in primary open-angle glaucoma: from noninvasive to invasive. Prog. Brain Res. 221, 1-32.
https://doi.org/10.1016/bs.pbr.2015.05.006 (2015).

Tanaka, Y. et al. Profiles of extracellular miRNAs in the aqueous humor of glaucoma patients assessed with a microarray system.
Sci. Rep. 4, 5089. https://doi.org/10.1038/srep05089 (2014).

Dunmire, J. J., Lagouros, E., Bouhenni, R. A., Jones, M. & Edward, D. P. MicroRNA in aqueous humor from patients with cataract.
Exp. Eye Res. 108, 68-71. https://doi.org/10.1016/j.exer.2012.10.016 (2013).

Wecker, T. et al. MicroRNA profiling in aqueous humor of individual human eyes by next-generation sequencing. Invest. Ophthal-
mol. Vis. Sci. 57, 1706-1713. https://doi.org/10.1167/iovs.15-17828 (2016).

Jayaram, H. et al. Comparison of MicroRNA expression in aqueous humor of normal and primary open-angle glaucoma patients
using PCR arrays: A Pilot study. Invest. Ophthalmol. Vis. Sci. 58, 2884-2890. https://doi.org/10.1167/iovs.17-21844 (2017).
Drewry, M. D. et al. Differentially expressed microRNAs in the aqueous humor of patients with exfoliation glaucoma or primary
open-angle glaucoma. Hum. Mol. Genet. 27, 1263-1275. https://doi.org/10.1093/hmg/ddy040 (2018).

Cho, H. K. & Kee, C. Population-based glaucoma prevalence studies in Asians. Surv. Ophthalmol. 59, 434-447. https://doi.org/10.
1016/j.survophthal.2013.09.003 (2014).

Seong, H. et al. Profiles of microRNA in aqueous humor of normal tension glaucoma patients using RNA sequencing. Sci. Rep.
11, 19024. https://doi.org/10.1038/s41598-021-98278-0 (2021).

Booth, A., Churchill, A., Anwar, R., Menage, M. & Markham, A. The genetics of primary open angle glaucoma. Br. J. Ophthalmol.
81, 409-414. https://doi.org/10.1136/bjo.81.5.409 (1997).

Wiggs, J. L. Genetic etiologies of glaucoma. Arch. Ophthalmol. 125, 30-37. https://doi.org/10.1001/archopht.125.1.30 (2007).
Khan, A. O. Genetics of primary glaucoma. Curr. Opin. Ophthalmol. 22, 347-355. https://doi.org/10.1097/ICU.0b013e32834922d2
(2011).

Gammell, P. MicroRNAs: recently discovered key regulators of proliferation and apoptosis in animal cells: Identification of miRNAs
regulating growth and survival. Cytotechnology 53, 55-63. https://doi.org/10.1007/s10616-007-9049-4 (2007).

Stoicea, N. et al. The MiRNA journey from theory to practice as a CNS biomarker. Front. Genet. 7, 11. https://doi.org/10.3389/
fgene.2016.00011 (2016).

Regev, K. et al. Identification of MS-specific serum miRNAs in an international multicenter study. Neurol. Neuroimmunol. Neu-
roinflamm. 5, e491. https://doi.org/10.1212/NX1.0000000000000491 (2018).

Compston, A. & Coles, A. Multiple sclerosis. Lancet 372, 1502-1517. https://doi.org/10.1016/S0140-6736(08)61620-7 (2008).
Weiner, H. L. Multiple sclerosis is an inflammatory T-cell-mediated autoimmune disease. Arch. Neurol. 61, 1613-1615. https://
doi.org/10.1001/archneur.61.10.1613 (2004).

Junker, A. et al. MicroRNA profiling of multiple sclerosis lesions identifies modulators of the regulatory protein CD47. Brain 132,
3342-3352. https://doi.org/10.1093/brain/awp300 (2009).

Cheng, Z. et al. MiR-320a is downregulated in patients with myasthenia gravis and modulates inflammatory cytokines production
by targeting mitogen-activated protein kinase 1. J. Clin. Immunol. 33, 567-576. https://doi.org/10.1007/s10875-012-9834-5 (2013).
Chen, L. et al. The role of microRNA expression pattern in human intrahepatic cholangiocarcinoma. J. Hepatol. 50, 358-369.
https://doi.org/10.1016/j.jhep.2008.09.015 (2009).

Chou, J., Shahi, P. & Werb, Z. microRNA-mediated regulation of the tumor microenvironment. Cell Cycle 12, 3262-3271. https://
doi.org/10.4161/cc.26087 (2013).

Wu, Y. Y. et al. miR-320 regulates tumor angiogenesis driven by vascular endothelial cells in oral cancer by silencing neuropilin 1.
Angiogenesis 17, 247-260. https://doi.org/10.1007/s10456-013-9394-1 (2014).

Fukushima, T., Taki, K., Ise, R., Horii, I. & Yoshida, T. MicroRNAs expression in the ethylene glycol monomethyl ether-induced
testicular lesion. J. Toxicol. Sci. 36, 601-611. https://doi.org/10.2131/jts.36.601 (2011).

Schaar, D. G., Medina, D. J.,, Moore, D. E, Strair, R. K. & Ting, Y. miR-320 targets transferrin receptor 1 (CD71) and inhibits cell
proliferation. Exp. Hematol. 37, 245-255. https://doi.org/10.1016/j.exphem.2008.10.002 (2009).

Hsieh, 1. S. et al. MicroRNA-320 suppresses the stem cell-like characteristics of prostate cancer cells by downregulating the Wnt/
beta-catenin signaling pathway. Carcinogenesis 34, 530-538. https://doi.org/10.1093/carcin/bgs371 (2013).

Feng, B. & Chakrabarti, S. miR-320 regulates glucose-induced gene expression in diabetes. ISRN Endocrinol. 2012, 549875. https://
doi.org/10.5402/2012/549875 (2012).

Raheja, R. et al. Correlating serum micrornas and clinical parameters in amyotrophic lateral sclerosis. Muscle Nerve 58, 261-269.
https://doi.org/10.1002/mus.26106 (2018).

Kosior-Jarecka, E. et al. MicroRNAs in the aqueous humor of patients with different types of glaucoma. Graefes Arch. Clin. Exp.
Ophthalmol. 259, 2337-2349. https://doi.org/10.1007/s00417-021-05214-z (2021).

Poole, J. J. A. & Mostaco-Guidolin, L. B. Optical microscopy and the extracellular matrix structure: A review. Cells https://doi.org/
10.3390/cells10071760 (2021).

Ovodenko, B. et al. Proteomic analysis of exfoliation deposits. Invest. Ophthalmol. Vis. Sci. 48, 1447-1457. https://doi.org/10.1167/
iovs.06-0411 (2007).

Challa, P. & Johnson, W. M. Composition of exfoliation material. J. Glaucoma 27(Suppl 1), S29-S31. https://doi.org/10.1097/T]G.
0000000000000917 (2018).

Zenkel, M. et al. Proinflammatory cytokines are involved in the initiation of the abnormal matrix process in pseudoexfoliation
syndrome/glaucoma. Am. J. Pathol. 176, 2868-2879. https://doi.org/10.2353/ajpath.2010.090914 (2010).

Nguyen, D. X. & Massague, ]. Genetic determinants of cancer metastasis. Nat. Rev. Genet. 8, 341-352. https://doi.org/10.1038/
nrg2101 (2007).

Prendes, M. A., Harris, A., Wirostko, B. M., Gerber, A. L. & Siesky, B. The role of transforming growth factor beta in glaucoma
and the therapeutic implications. Br. J. Ophthalmol. 97, 680-686. https://doi.org/10.1136/bjophthalmol-2011-301132 (2013).

Scientific Reports |

(2022) 12:6217 | https://doi.org/10.1038/s41598-022-09572-4 nature portfolio


https://doi.org/10.1097/IJG.0000000000000915
https://doi.org/10.1097/IJG.0000000000000915
https://doi.org/10.1186/1471-2350-9-5
https://doi.org/10.3980/j.issn.2222-3959.2015.01.27
https://doi.org/10.1001/archophthalmol.2011.191
https://doi.org/10.1001/archophthalmol.2011.191
https://doi.org/10.1111/aos.14298
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1016/s0092-8674(04)00045-5
https://doi.org/10.1038/nature09267
https://doi.org/10.1073/pnas.0804549105
https://doi.org/10.1016/bs.pbr.2015.05.006
https://doi.org/10.1038/srep05089
https://doi.org/10.1016/j.exer.2012.10.016
https://doi.org/10.1167/iovs.15-17828
https://doi.org/10.1167/iovs.17-21844
https://doi.org/10.1093/hmg/ddy040
https://doi.org/10.1016/j.survophthal.2013.09.003
https://doi.org/10.1016/j.survophthal.2013.09.003
https://doi.org/10.1038/s41598-021-98278-0
https://doi.org/10.1136/bjo.81.5.409
https://doi.org/10.1001/archopht.125.1.30
https://doi.org/10.1097/ICU.0b013e32834922d2
https://doi.org/10.1007/s10616-007-9049-4
https://doi.org/10.3389/fgene.2016.00011
https://doi.org/10.3389/fgene.2016.00011
https://doi.org/10.1212/NXI.0000000000000491
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1001/archneur.61.10.1613
https://doi.org/10.1001/archneur.61.10.1613
https://doi.org/10.1093/brain/awp300
https://doi.org/10.1007/s10875-012-9834-5
https://doi.org/10.1016/j.jhep.2008.09.015
https://doi.org/10.4161/cc.26087
https://doi.org/10.4161/cc.26087
https://doi.org/10.1007/s10456-013-9394-1
https://doi.org/10.2131/jts.36.601
https://doi.org/10.1016/j.exphem.2008.10.002
https://doi.org/10.1093/carcin/bgs371
https://doi.org/10.5402/2012/549875
https://doi.org/10.5402/2012/549875
https://doi.org/10.1002/mus.26106
https://doi.org/10.1007/s00417-021-05214-z
https://doi.org/10.3390/cells10071760
https://doi.org/10.3390/cells10071760
https://doi.org/10.1167/iovs.06-0411
https://doi.org/10.1167/iovs.06-0411
https://doi.org/10.1097/IJG.0000000000000917
https://doi.org/10.1097/IJG.0000000000000917
https://doi.org/10.2353/ajpath.2010.090914
https://doi.org/10.1038/nrg2101
https://doi.org/10.1038/nrg2101
https://doi.org/10.1136/bjophthalmol-2011-301132

www.nature.com/scientificreports/

49. Tripathi, R. C,, Li, ., Chan, W. E. & Tripathi, B. ]. Aqueous humor in glaucomatous eyes contains an increased level of TGF-beta
2. Exp. Eye Res. 59, 723-727. https://doi.org/10.1006/exer.1994.1158 (1994).

50. Ochiai, Y. & Ochiai, H. Higher concentration of transforming growth factor-beta in aqueous humor of glaucomatous eyes and
diabetic eyes. Jpn. . Ophthalmol. 46, 249-253. https://doi.org/10.1016/s0021-5155(01)00523-8 (2002).

51. Min, S. H., Lee, T. I, Chung, Y. S. & Kim, H. K. Transforming growth factor-beta levels in human aqueous humor of glaucomatous,
diabetic and uveitic eyes. Korean J. Ophthalmol. 20, 162-165. https://doi.org/10.3341/kjo.2006.20.3.162 (2006).

52. Inatani, M. et al. Transforming growth factor-beta 2 levels in aqueous humor of glaucomatous eyes. Graefes Arch. Clin. Exp. Oph-
thalmol. 239, 109-113. https://doi.org/10.1007/s004170000241 (2001).

53. Das, P. & Golde, T. Dysfunction of TGF-beta signaling in Alzheimer’s disease. J. Clin. Invest. 116, 2855-2857. https://doi.org/10.
1172/JCI30284 (2006).

54. Mehta, J. L. & Attramadal, H. The TGFbeta superfamily in cardiovascular biology. Cardiovasc. Res. 74, 181-183. https://doi.org/
10.1016/j.cardiores.2007.03.011 (2007).

55. Gottanka, J., Chan, D., Eichhorn, M., Lutjen-Drecoll, E. & Ethier, C. R. Effects of TGF-beta2 in perfused human eyes. Invest.
Ophthalmol. Vis. Sci. 45, 153-158. https://doi.org/10.1167/i0vs.03-0796 (2004).

56. Schlotzer-Schrehardt, U., Zenkel, M., Kuchle, M., Sakai, L. Y. & Naumann, G. O. Role of transforming growth factor-betal and
its latent form binding protein in pseudoexfoliation syndrome. Exp. Eye Res. 73, 765-780. https://doi.org/10.1006/exer.2001.1084
(2001).

57. Konstas, A. G. et al. Latanoprost therapy reduces the levels of TGF beta 1 and gelatinases in the aqueous humour of patients with
exfoliative glaucoma. Exp. Eye Res. 82, 319-322. https://doi.org/10.1016/j.exer.2005.07.004 (2006).

58. Dikic, I. Proteasomal and autophagic degradation systems. Annu. Rev. Biochem. 86, 193-224. https://doi.org/10.1146/annurev-
biochem-061516-044908 (2017).

59. de Juan-Marcos, L. et al. Investigation of Association between Autophagy-Related Gene Polymorphisms and Pseudoexfoliation
Syndrome and Pseudoexfoliation Glaucoma in a Spanish Population. Semin. Ophthalmol. 33, 361-366. https://doi.org/10.1080/
08820538.2016.1247177 (2018).

60. Want, A. et al. Autophagy and mitochondrial dysfunction in tenon fibroblasts from exfoliation glaucoma patients. PLoS ONE 11,
€0157404. https://doi.org/10.1371/journal.pone.0157404 (2016).

61. Cho, H. K, Lee, ], Lee, M. & Kee, C. Initial central scotomas vs peripheral scotomas in normal-tension glaucoma: Clinical char-
acteristics and progression rates. Eye 28, 303-311 (2014).

62. Jang, M. G., Ko, H. C. & Kim, S. J. Effects of p-coumaric acid on microRNA expression profiles in SNU-16 human gastric cancer
cells. Genes Genomics 42, 817-825. https://doi.org/10.1007/s13258-020-00944-6 (2020).

63. Quinlan, A. R. & Hall, I. M. BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841-842.
https://doi.org/10.1093/bioinformatics/btq033 (2010).

64. Kanehisa, M. & Goto, S. KEGG: Kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 28, 27-30. https://doi.org/10.1093/
nar/28.1.27 (2000).

65. Kanehisa, M. Toward understanding the origin and evolution of cellular organisms. Protein Sci. 28, 1947-1951. https://doi.org/
10.1002/pro.3715 (2019).

66. Kanehisa, M., Furumichi, M., Sato, Y., Ishiguro-Watanabe, M. & Tanabe, M. KEGG: Integrating viruses and cellular organisms.
Nucleic Acids Res. 49, D545-D551. https://doi.org/10.1093/nar/gkaa970 (2021).

67. Kanehisa, M. & Sato, Y. KEGG Mapper for inferring cellular functions from protein sequences. Protein Sci. 29, 28-35. https://doi.
org/10.1002/pro.3711 (2020).

68. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat.
Soc. Ser. B-Stat. Methodol. 29, 1165-1188 (1995).

Acknowledgements

This work was supported by the 2019 Korean Glaucoma Society Research Fund and the 2019 Cheil-Nammyung
Foundation Research Fund. This work was also supported by a National Research Foundation of Korea (NRF)
Grant (No. 2019R1G1A1007020) funded by the Korean government, Ministry of Science, and ICT (MSIT).

Author contributions

H.C., D.S., and S.S.K. contributed to the design of the study; H.C., H.S., D.S., and S.S.K. conducted the study;
H.C,CK,D.JS,, HS,SJK,S.S., and S.S.K. contributed to the collection, analysis, management, and interpreta-
tion of data; and H.C., H.S., C.K,, S.J.K,, and S.S.K. prepared the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.C.

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

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) 2022

Scientific Reports |

(2022) 12:6217 | https://doi.org/10.1038/s41598-022-09572-4 nature portfolio


https://doi.org/10.1006/exer.1994.1158
https://doi.org/10.1016/s0021-5155(01)00523-8
https://doi.org/10.3341/kjo.2006.20.3.162
https://doi.org/10.1007/s004170000241
https://doi.org/10.1172/JCI30284
https://doi.org/10.1172/JCI30284
https://doi.org/10.1016/j.cardiores.2007.03.011
https://doi.org/10.1016/j.cardiores.2007.03.011
https://doi.org/10.1167/iovs.03-0796
https://doi.org/10.1006/exer.2001.1084
https://doi.org/10.1016/j.exer.2005.07.004
https://doi.org/10.1146/annurev-biochem-061516-044908
https://doi.org/10.1146/annurev-biochem-061516-044908
https://doi.org/10.1080/08820538.2016.1247177
https://doi.org/10.1080/08820538.2016.1247177
https://doi.org/10.1371/journal.pone.0157404
https://doi.org/10.1007/s13258-020-00944-6
https://doi.org/10.1093/bioinformatics/btq033
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1093/nar/28.1.27
https://doi.org/10.1002/pro.3715
https://doi.org/10.1002/pro.3715
https://doi.org/10.1093/nar/gkaa970
https://doi.org/10.1002/pro.3711
https://doi.org/10.1002/pro.3711
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	MicroRNA profiles in aqueous humor between pseudoexfoliation glaucoma and normal tension glaucoma patients in a Korean population
	Results
	Baseline characteristics and demographics of subjects. 
	Differential miRNA expression in aqueous humor from patients with pseudoexfoliation glaucoma and normal tension glaucoma using RNA sequencing. 
	microRNA validation and biological interpretation of differentially expressed miRNAs. 

	Discussion
	Methods
	Ethics statement. 
	Diagnosis of NTG and PEX glaucoma. 
	Patient selection and acquisition of aqueous humor samples. 
	RNA isolation. 
	Library preparation and RNA sequencing. 
	microRNA validation by quantitative real-time PCR. 
	Data analysis. 
	Statistical analysis. 

	References
	Acknowledgements


