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Abstract

Purpose The purpose of this study was to interrogate the potential role of N6-methyladenosine (m6A) regulators
in the process of trabecular meshwork (TM) tissue damage in patients with primary open-angle glaucoma (POAG).

Methods Firstly, the expression profile of m6A regulators in TM tissues of POAG patients was comprehensively ana-
lyzed by bioinformatics analysis; Plasmid transfection and siRNA gene interference were used to enhance or weaken
the expression levels of YTHDC2 in human trabecular meshwork cells (HTMCs); Cell migration ability was detected
by transwell chamber assay; Immunofluorescence staining assay was used to evaluate the expression of extracellular
matrix (ECM) related proteins.

Results Through the analysis of GSE27276 database, 5 m6A regulators with different expression in POAG were
screened out. The results of random forest model showed that these 5 m6A regulators exhibited diagnostic poten-
tial and were characteristic genes of POAG. All POAG samples could be effectively divided into two groups based

on the expression levels of these 5 hub m6A regulators. Immune cell infiltration analysis indicated that the levels

of activated CD8* T cells and regulatory T cells were different in the two subtypes. HTMC oxidative stress cell model
and TGF-B2 stimulation cell model were further constructed to verify the expression of the aforementioned hub
m6A regulators, and it was found that YTHDC2 mRNA showed the same expression trend in both models. The
silencing of YTHDC2 enhanced the migration ability of HTMCs and increased the synthesis ability of ECM. However,
when YTHDC22Y™ which lacks the YTH domain, is overexpressed in HTMCs, there is no significant change in the ECM
synthesis ability.

Conclusions The differentially expressed m6A regulators in TM tissues may serve as potential diagnostic biomarkers
for POAG. And, in HTMCs, the expression level of YTHDC2 mRNA was changed under oxidative stress or TGF-32 inter-
vention, and then exerted its regulation on cell migration and ECM synthesis capability through mé6A modification,
which may be an important part of the disease process of POAG.
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Introduction
Glaucoma is characterized by optic nerve damage with
characteristic visual field impairment. According to sta-
tistics, it is the main cause of permanent vision impair-
ment [1]. More than 100 million people are expected to
suffer from glaucoma by 2040 [2]. Primary open-angle
glaucoma (POAG) is the most common type, account-
ing for about 74% of all glaucoma patients [2]. Its patho-
genesis is complex, still unclear, and there is no radical
cure, which is still a huge challenge for medical workers.
In the current study, elevated intraocular pressure (IOP)
is the only treatable risk factor for POAG [3]. The balance
between the secretion and outflow of aqueous humor
has important physiological significance for maintain-
ing normal IOP [4]. Aqueous humor in the human eye is
mainly filtered through the trabecular meshwork (TM),
a filter-like structure located in the angle of the anterior
chamber. Therefore, TM dysfunction will reduce aqueous
humor drainage, leading to ocular hypertension and fur-
ther induce POAG [5]. The treatment method to restore
the function of TM is the closest to restore the aqueous
humor circulation in physiological state, which is more
consistent with clinical needs in reducing IOP and pre-
venting functional vision loss, and is an important area
of research. However, currently approved drugs for the
treatment of glaucoma do not specifically target TM.
Therefore, the mechanism of TM dysfunction in POAG
needs to be further explored, which is conducive to the
development of targeted drugs to repair TM function.
More and more scholars began to focus on the role
of epigenetic regulation in POAG, such as methylation,
histone acetylation, non-coding RNA, etc. [6-8]. How-
ever, it has to be said that the epigenetic mechanisms
and therapies in maintaining the aqueous humor out-
flow remain to be defined. N6-methyladenosine (m6A)
RNA modification is the most conserved and predomi-
nant internal mRNA modification found in current
studies. It is one of the important ways to achieve the
post-transcriptional regulation of gene expression [9].
Three key regulatory factors are required for the regu-
lation of M6A modification: m6A methyltransferases
(such as RBM15/15B, WTAP, METTL3, METTL14 and
VIRMA), demethylases (such as ALKBH5 and FTO) and
m6A binding proteins (such as IGF2BP1/2/3, HNRNPC,
YTHDCI1/2, and YTHDF1/2/3). M6A methyltransferases
catalyze m6A, and it can be reversed by demethylases to
achieve homeostasis [10]. In addition, the m6A binding
protein can bind to the m6A modification site in RNA
and affect target genes expression by regulating RNA
transcription, cleavage, maturation, stability, translation,
etc. [11]. Recent studies have identified that m6A modi-
fication can regulate various biological processes such as
cell proliferation, T cell homeostasis and differentiation,
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antiviral, anti-tumor immune response, and anti-inflam-
matory response [12]. Thus, m6A modification plays a
significant role in the pathogenesis of various neoplastic
or non-neoplastic diseases [13, 14], but has rarely been
studied in glaucoma. Niu et al. [15] found that YTHDF2,
a m6A binding protein, is highly expressed in the mouse
RGCs. This study showed that YTHDEF2 inhibited RGC
dendrite development and suggested that YTHDF2 and
its target mRNAs might be potential therapeutic targets
for glaucoma.

This study aims to comprehensively explore the unique
pattern of m6A regulators in the TM of POAG patients
from the perspective of bioinformatics, and conduct pre-
liminary verification through cell experiments, in order
to provide new insights for the study of the pathogenesis
of POAG.

Materials and methods
Data resources and preprocessing
Retrieve POAG-related data sets through the Gene
Expression Omnibus (GEO) database. The following key-
words were used for the initial screen: “primary open-
angle glaucoma” or “POAG” and “trabecular meshwork”
with “homo sapiens” or “human” Two candidate data-
sets: GSE27276 [16] (platform: GPL2507) and GSE4316
[17] (platform: GPL570) were identified after searching.
In order to reduce the “platform effect’, GSE27276 was
reserved to perform bioinformatics analysis at last.
Probes were annotated according to the GPL2507
annotation file. Then, the genome-wide expression profile
was normalized through the corresponding R package.

The expression landscape of m6A regulators in POAG
Following pretreatment, the “limma package” was used
to identify differentially expressed m6A regulators in
the contrasting matrices: normal vs. POAG based on R
software (R version 4.1.3). Then “ggpubr” package was
used to draw a boxplot in order to show the expression
landscape of these regulators. In addition, a heatmap was
drawn using the “pheatmap” package in R. Spearman’s
correlation analysis was used to determine the correla-
tions between the m6A regulator expression levels and
POAG.

Screening the disease characteristic genes

To obtain more accurate POAG signature genes, the
“randomForest” and “kernlab” R package were utilized
respectively to build random forest tree model and
machine learning model. The reverse cumulative distri-
bution of residual plot was drawn using the “DALEX”
package in R. Additionally, the “ggplot2” R package was
used to draw the boxplot of residual. ROC curve analysis
was performed using the “pROC” package. The lower the
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residual value, the larger the area under the curve (AUC),
the higher the accuracy of the model. Then select a more
appropriate model for the next step of analysis. The “ran-
domForest” R package was applied to evaluate the signifi-
cance of m6A regulators in POAG [18]. Genes with gene
importance score greater than 2 were selected for subse-
quent analysis, and the corresponding gene importance
score plot was drawn.

Firstly, the selected disease characteristic genes were
used to construct the model. The “rms” package was used
to draw a nomogram and the corresponding Calibra-
tion curve. In addition, the “rmda” package was used to
carry out the Decision Curve Analysis (DCA) and draw
the Clinical Impact Curve further. The Calibration curve,
DCA and Clinical Impact Curve were all used for model
evaluation.

Sample clustering analysis

Clustering analysis was carried out for the identified m6A
regulators. In order to clarify the sum of clusters, “Con-
sensusClusterPlus” R package was used for consensus
clustering through resampling iteration (maxK=9) [19].
Use the “pheatmap” package to draw the corresponding
heatmap. Then the “limma package” was used to identify
differentially expressed m6A regulators in the contrasting
mo6Acluster subtypes: A vs. B with a threshold of p <0.05.
The boxplot was drawn with the “ggpubr” R package to
show the expression pattern of the selected m6A regula-
tors. Moreover, a heatmap was drawn using the “pheat-
map” package in R. Moreover, the principal components
analysis (PCA) was carried out to evaluate the cluster
distribution of m6A clustering, and the “ggplot2” pack-
age was utilized for visualization. Then the “limma pack-
age” was used to identify differentially expressed genes
(DEGs) between the m6Acluster subtype A and B with a
threshold of adj.P.Val.Filter <0.05 and |logFC|<0.5. And
then, in the same way, these DEGs were used to sub-clas-
sify the POAG samples. In addition, the PCA was used to
score each POAG sample according to the expression lev-
els of m6A-related genes, and then the m6A score results
of each sample were obtained. The “limma” package was
then used for comparison between groups and the result
was demonstrated in a boxplot using “ggpubr” package.
Finally, the Sankey diagram was drawn through “ggallu-
vial” package to compare the results of the two types of
clustering and the m6A scores.

The association between m6A regulators and infiltrating
immune cells in POAG

Single-sample gene set enrichment analysis (ssGSEA)
was performed using the “GSVA” package to evaluate
the correlation between m6A regulators and infiltrating
immune cells in TM tissues of POAG patients [20][20].
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Different types of immune cells are labeled by a series of
different marker genes, which are collated in a “gmt” file
as the reference gene set. The ssGSEA enrichment scores
of these immune cells were then scaled and compared
between the m6Acluster subtype A and m6Acluster sub-
type B (or genecluster subtype A and genecluster subtype
B), and the association of m6A regulators with infiltrat-
ing immune cells was assessed by Spearman correlation
analysis.

Functional enrichment analyses

Gene Ontology (GO) analysis, including molecular func-
tion (MF), biologic process (BP), and cellular compo-
nents (CC), was realized by the “ClusterProfiler” package.

Culture of primary human trabecular meshwork cells
Primary human trabecular meshwork cells (HTMCs)
were isolated from non-glaucomatous donor tissue rings
by the tissue mass culture method [21]. All human tissue
specimens were obtained in accordance with the corre-
sponding guiding principles of the Declaration of Hel-
sinki. The TM tissues we used for primary culture was
derived from the excess corneoscleral rings after corneal
transplantation and were provided by the eye bank of
Changsha Aier Eye Hospital. This study was approved by
the ethics committee of Changsha Aier Eye Hospital (Eth-
ics approval No. KYPJ0010). The cell complete medium
was formulated as follows: 89% DMEM/F12, 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin
solution (Gibco). The passage of any validated TM cells
should be within 4—6 to retain the primary phenotypes.

TGF-B2 was purchased from Peprotech. Before the
treatment, the solution with a final concentration of
5 ng/ml in serum-free medium was prepared. The 5 ng/
ml TGF-B2 was introduced in the HTMCs and incubated
for 72 h. After the duration time, the TGF-p2 treatment
was stopped with phosphate-buffered saline (PBS, Gibco)
washing for further cell function test or RNA extraction.
30% Hydrogen peroxide (H,0,) was purchased from
Sigma-Aldrich. The reagent was diluted to different con-
centrations in serum-free medium by a stepwise dilution
method. After the appropriate time, the H,O, interven-
tion was stopped with twice PBS washing, and further
followed by RNA extraction.

Cell transfection

The over-expression plasmids of wild-type YTHDC2
(YTHDC2%T), mutant YTHDC2 without YTH domain
(YTHDC2%Y™) and their negative control (Empty)
were all designed by RiboBio. The HTMCs (4x10%
were inoculated into a six-well plate prior to transfec-
tion. Transfection was performed using Lipofectamine
3000 (Life Technologies) according to the manufacturer’s
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instructions. Cells were incubated for 24-48 h after
transfection before further experiments were performed.

RNA extraction and quantitative reverse-transcription
polymerase chain reaction

Total RNA extraction was performed using Trizol Rea-
gent (Invitrogen). The extracted RNA was dissolved in
RNase Free dH2O. Next, the genomic DNA elimina-
tion step was first performed using 4 X gDNA wiper Mix
(Vazyme) reagent and incubated at 42 °C for 2 min. Then,
first-strand cDNA was synthesized using the 5x HiScrip-
tIl qRT SuperMix II(Vazyme). Polymerase chain reac-
tion (PCR) for m6A-related genes was performed using
ChamQ Universal SYBR qPCR Master Mix (Vazyme).
The relative expression levels of m6A-related genes were
normalized to GAPDH or beta-actin. The primers were
designed by RiboBio. The relative folding changes of m6A
regulators were determined by the 2722 method.

Immunofluorescence staining

The cells were fixed with methanol at room tempera-
ture for 10 min and washed 3 times with PBS. Then,
the HTMCs were blocked by 5% bovine serum albumin
(Biosharp) for 1 h. After washing with PBS 3 times, add
the primary antibody diluted in PBS at a ratio of 1:100,
and incubate at 4 °C overnight. The primary antibodies
used were as follows: Collagen I (COL1A1, ZEN-BIO-
SCIENCE, R26615, monoclonal antibody), Smooth Mus-
cle Actin (ASMA, SANTA CRUZ, sc-53142, monoclonal
antibody) and Fibronectin (FN, SANTA CRUZ, sc-8422,
monoclonal antibody). The next day, after washing the
cells 3 more times, the secondary antibody (Alexa Fluro
488, SANTA CRUZ) was added and incubated at room
temperature for 1 h. Similarly, after washing the cells for
3 times, DAPI (Biosharp) was added to stain the cells for
1 min. After PBS washing, anti-fluorescence quencher
(Solarbio) was added and the images was obtained by
Nikon fluorescence microscope.

Cell migration assays

Cell migration ability was examined by the transwell
assay. After digestion, the HTMCs (4 x 10%) were resus-
pended with 250 pl serum-free medium and then
implanted in the upper chamber of the 24-well transwell
plate (Corning). 750 pl medium containing 10% FBS was
added to the lower chamber. After incubation for 36 h,
in order to assess the number of cells migrating to the
lower surface of the membrane, the chambers were first
impregnated with methanol at room temperature for
30 min to complete cell fixation, and then stained with
crystal violet after PBS washing. Images are obtained
with Nikon microscop and quantified with Image]
software.
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Statistics analysis

R software (version 4.1.3) was used for bioinformat-
ics analysis. SPSS software (version 22.0) and GraphPad
Prism software (version 9.0) were used for statistical
analysis and plotting. Continuous data were summarized
as mean * standard deviation. Student’s t-test and analysis
of variance were used to examine differences in continu-
ous variables. All in vitro experiments were performed
at least three technical and biological replicates. The p
value <0.05 was considered statistically significant.

Results

The mRNA expression landscape of m6A regulators

in POAG

More and more m6A regulators have been identi-
fied. First, the expression levels of 25 m6A regulators
between human TM tissue of normal subjects and those
of patients with POAG was scrutinized and compared.
Data of 19 normal, 17 POAG samples of TM tissues were
acquired from the GEO database (GSE27276) and these
samples were used to determine the expression levels
of m6A regulators in POAG. The expression patterns
of these m6A regulators were shown in Fig. 1A. Of the
25 m6A regulators, 5 showed significant differences in
expression between the two groups, including RBM15,
YTHDC2, YTHDF1, RBMX and ALKBH5. The heat-
map further showed the expression of the 5 m6A regu-
lators in the normal and POAG samples (Fig. 1B). This
suggested their possible participation in development
of POAG. Correlation analysis showed that the posi-
tive correlation coefficient between FTO and YTHDC1
was the highest (r=0.68), the negative correlation coef-
ficient between YTHDF2 and ALKBH5 was the highest
(r=-0.6) (Fig. 1C). The relative positions of these regula-
tors on chromosomes were shown in Fig. 1D.

Screening of the m6A-associated characteristic genes

of POAG

In order to more accurately screen the characteristic
genes of POAG, model selection was carried out first.
The Random Forest (RF) model and Support Vector
Machine (SVM) model were established respectively and
the corresponding boxplots of |residual|, reverse cumu-
lative distribution of |residual| and ROC curve analysis
were drawn (Figs. 2A-C). The results showed that the
|residual| of the RF model was lower, and the area under
the ROC curve (AUC) was larger, indicating that the RF
model was more precise. Subsequently, the RF model
was selected to screen the disease characteristic genes.
Find the point with the minimum cross-validation error,
the number of trees corresponding to this point is the
optimal number of trees (Fig. 2D), and then draw gene
importance scores diagram (Fig. 2E). The results showed
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Fig. 1 The mRNA expression landscape of 25 m6A regulators in POAG. A Boxplot showing 5 m6A regulators with significant difference in their
RNA expression between normal and POAG samples. B The heatmap of 5 differentially expressed m6A regulators’ expression among normal
and POAG samples. C Spearman correlation analysis of 25 m6A regulators expression in TM. (D)The relative positions of the 25 m6A regulators

on chromosomes* p<0.05; ** p<0.01

that the scores of the five differentially expressed m6A
regulators were all over 2, suggesting that all of them may
play a part in regulating the function of TM. Genes with
gene importance score>2 were selected for subsequent
analysis.

The generation and evaluation of nomogram based

on m6A genes

Based on gene importance score > 2, five important genes
were determined, which are YTHDF1, RBMX, ALKBHS5,
YTHDC2 and RBM15. The nomogram was drawn with
these 5 m6A genes, as shown in Fig. 3A. The individual
score of each gene can be obtained according to the
expression levels of these 5 m6A regulators in a patient.
Then, summing the scores of all genes can get the com-
prehensive score of the patient and realize the prediction
of the risk of POAG. In addition, the model was evaluated
using three different methods respectively (Figs. 3B-D),

showing that the model has a high accuracy. These results
demonstrated the successful establishment of nomogram
based on m6A genes for predicting risk of POAG.

Determine m6A regulator subtype

The mRNA expression of the 5 hub m6A regulators
were applied to consensus clustering analysis for dif-
ferent POAG samples in R with the B-values of probes.
The results showed that when k=9 gradually changed to
k=2, the clustering stability also gradually improved, so
the result when k=2 is optimal (Figs. 4A-B). Therefore,
the POAG samples could be divided into two subtypes.
The dark blue color displayed in the subtype indicated
a strong correlation among samples within the group,
while the white color was mainly displayed between
groups, indicating a weak correlation between differ-
ent subtypes (Fig. 4C). Therefore, it could be considered
that the POAG samples were effectively divided into two
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groups. The expression landscape of 5 hub m6A regula-
tors in the two different m6A subtypes was shown in
Fig. 4D. The expression levels of RBM15, a m6A meth-
yltransferase, and ALKBH5, a m6A demethylase, in
mo6Acluster subtype A were significantly higher than
those in m6Acluster subtype B, while the expression of
YTHDC2, YTHDF1 and RBMX were not significantly
changed between the two different m6Acluster subtypes.
The heatmap further showed the expression of the 5 m6A
regulators in both the m6Acluster subtype A samples and
mo6Acluster subtype B samples (Fig. 4E). PCA analysis
indicated that m6Acluster subtype A samples could be
easily distinguished from m6Acluster subtype B samples
(Fig. 4F).

Immune cell infiltration analysis of the two different m6A
subtypes

To further delve into the differences between the two
groups, the infiltration of immune cells between the
mo6Acluster subtype A and B was compared. SsGSEA
obtained the scores of immune cells in each sample,
and the results indicated that activated CD8" T cell

and regulatory T cell differed between the two differ-
ent m6Acluster subtypes, and these two kinds of cells in
m6Acluster subtype B was higher than those in subtype
A (Fig. 5A). Correlation analysis of immune cells and
m6A regulatory genes showed that the highest positive
correlation coefficient was detected between activated
CD4* T cell and RBM15 (r=0.58), the highest negative
correlation coefficient was detected between activated
CD8* T cell and ALKBHS5 (r=-0.61) (Fig. 5B). The sam-
ples were further divided into two groups according to
the expression levels of ALKBH5 and RBM15. It could be
seen that the content of activated CD8* T cells was low
in the high ALKBHS5 expression group, while the content
of activated CD4" T cells was high in the high RBM15
expression group, which was consistent with the above
correlation analysis.

Determine the landscape of gene subtype

To further explore the differences between the two sub-
types, DEGs between the m6Acluster subtype A and B
were identified with a threshold of adj.P.Val.Filter < 0.05
and |logFC|<0.5. Subsequently, the results of GO
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of the nomogram

enrichment analysis showed differences in gene expres-
sion between m6Acluster subtype A and B (Fig. 6A).
These genes were involved in nucleobase-containing
compound catabolic process, heterocycle catabolic pro-
cess, cellular nitrogen compound catabolic process, oxi-
doreduction-driven active transmembrane transporter
activity, primary active transmembrane transporter
activity and so on. Subsequently, these DEGs were used
to sub-classify the POAG samples in the same way. Of
note, k=2 was also considered to be the optimal out-
come (Fig. 6B). The expression of these regulators in
the two different gene subtypes was shown in Fig. 6C.
The same results seem to exist in gene clustering out-
comes. To further decipher differences between the two
geneCluster subtypes, the expression patterns of m6A
regulators were compared. The results suggested that
the expression of RBM15 and ALKBH5 in genecluster
subtype A were significantly higher than those in gene-
cluster subtype B, while the expression of YTHDC2,
YTHDF1 and RBMX were not significantly different
between the two different genecluster subtypes. The
heatmap further showed the expression landscape of
the 5 m6A regulators in both the genecluster subtype
A samples and genecluster subtype B samples (Fig. 6D).

In addition, immune cell infiltration of the two gene-
cluster subtypes was also compared. The resulting pro-
files showed that the levels of activated CD8" T cell and
regulatory T cell were both higher in genecluster sub-
type B than those in subtype A (Fig. 6E). Furthermore,
according to the expression patterns of m6A regula-
tors, the PCA method was used to score each sample
to obtain the m6A score result. The results of the com-
parison between subtypes were demonstrated in the
boxplots (Fig. 6F-G), which showed that there was
no significant statistical difference in the m6A score
between m6Acluster subtype A and B, and the same
result was found between genecluster subtype A and B.
Moreover, the Sankey diagram was drawn to compare
the results of the two types of typing and the landscape
of m6A score (Fig. 6H). It can be seen that the results
of the m6Acluster subtype and the results of the gene-
cluster subtype completely coincided, but in general,
the m6A scores of most samples in all subtypes were
high. Finally, in order to further determine the associa-
tion between typing results and clinical features, clini-
cal correlation analysis was performed. Unfortunately,
the results suggested that the typing was independent
of ethnicity, gender and age at diagnosis (Fig. 6I).
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Determine the m6A regulators that might be involved

in the regulation of cellular biological functions of HTMCs
under oxidative stress or TGF-2 stimulation

To avoid H,0O, decay during exposure, the exposure con-
centration of 0.5 mM H,O, for 1 h was selected as the
optimal condition for the subsequent experiments. Next,
the expression levels of the 5 differentially expressed
mo6A regulators obtained by bioinformatics analysis
were further verified in this model, and the results sug-
gested that the expression of YTHDC2 mRNA decreased
significantly in the oxidative stress model (Fig. 7A and
Supplementary Fig. 1A, beta-actin was used as the house-
keeping gene in Fig. 7A-B and GAPDH was used as the
housekeeping gene in Supplementary Fig. 1A-B), which
was consistent with the results of bioinformatics analy-
sis. In addtion, we also detected these genes expression
levels in HTMC:s treated with 5 ng/ml TGF-B2 for three
days and this experiment yielded similar result that the
expression of YTHDC2 mRNA decreased significantly
(Fig. 7B and Supplementary Fig. 1B).

The previously mentioned results provided evidences
suggesting that YTHDC2 might be involved in regulat-
ing the function of HTMCs in POAG patients. Then,
transwell migration experiments confirmed that TGF-2
stimulation caused an increase in the HTMC migration

ability (Fig. 7C) and the silence of YTHDC2 showed the
similar result (Fig. 7D). In addition, silencing YTHDC2
promoted the synthesis of ECM (FN, COL1Al and
ASMA) and overexpressing YTHDC2¥T showed the
reverse result. However, overexpression of YTHDC2AYTH
showed no significant changes in the synthesis of the
above indexes (Fig. 7E).

Discussion

The pathogenesis of glaucoma is quite complicated,
which likely results from a combination of genetics, epi-
genetics, and environmental factors, and it is difficult
to describe accurately with a single factor. Environmen-
tal factors can act on genomic DNA through epigenetic
regulation to regulate gene expression and produce long-
term phenotypic changes [22], ultimately leading to the
occurrence of diseases. That is, epigenetics provides a
bridge between the environment and disease [23]. For
example, DNA methylation, histone modification and
miRNAs participate in the pathogenesis of glaucoma by
affecting the specific expression of genes related to TM
and optic nerve [6-8]. It is worth noting that epigenetic
changes can be reversed [24], so the application of epige-
netic means to the intervention of glaucoma patients may
become the future direction of glaucoma treatment. M6A
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methylation is an important epigenetic modification
mode, and emerging evidences suggest that m6A meth-
ylation plays a crucial role in the regulation of various
biological processes of RNA and is involved in the patho-
genesis of numerous diseases [25-28]. In recent years,
some researchers began to pay attention to its important
role in pseudoexfoliation glaucoma [29]. However, its
role in the pathogenesis of POAG remains unclear. This
study is the first attempt to investigate the role of m6A
regulators in POAG.

In a first step, the expression of 25 m6A regulators in
19 normal human TM tissues and 17 human TM tissues
of patients with POAG screened out from GEO datasets
was analyzed. Results indicated that there were 5 dif-
ferentially expressed m6A regulators in POAG samples
compared to normal samples. Among 5 genes, YTHDF1
(m6A binding protein) was up-regulated, while RBM15
(m6A methyltransferase), YTHDC2 (m6A binding pro-
tein), RBMX (m6A binding protein), ALKBH5 (dem-
ethylase) were down-regulated. Further analysis showed

that the importance scores of these five differentially
expressed m6A regulators were all high, suggesting that
these genes might play a certain role in affecting the
function of TM. The molecular mechanism of action of
these genes in TM of POAG patients has not yet been
studied, but there have been some relevant studies in
other diseases. Numerous studies have shown that these
five m6A regulators depend on m6A modification to play
a role in a variety of biological processes, such as prolif-
eration, apoptosis, cell cycle regulation, migration, inva-
sion, ECM synthesis, etc., and widely participate in the
development and progression of multiple tumor or non-
tumor diseases [30—35]. The dysfunction of HTMCs is
known to play an important role in the pathogenesis of
POAG [36-39]. Hence, it is hypothesized that the differ-
entially expressed m6A regulators in TM tissues might be
involved in the pathobiological mechanisms underlying
POAG by causing cell dysfunction. And a nomogram for
predicting risk of POAG using these five genes was suc-
cessfully built, which further illustrated that the disorder
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of m6A regulator expression maybe cause a high risk of  patients have potential values as novel biomarkers for the
POAG. Therefore, it seems reasonable to infer that the diagnosis of POAG and may be candidates for targeted
levels of m6A regulators and related factors in TM of  therapeutic targets.
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Interestingly, the TM samples of POAG were success-
fully sub-classify into two groups in two ways and the
typing results using these two classification methods
completely coincided. This suggests that POAG patients
are not all homogeneous, which is a reminder that a per-
sonalized therapeutic concept is eagerly needed. Much
to our regret, no positive results were observed in fur-
ther correlation analysis of typing results and clinical
features. It was shown that the typing was independ-
ent of ethnicity, gender and age at diagnosis. The sam-
ple size, however, was not large enough, which could
lead to the presence of false-negative results. Moreover,
the GEO data set included in this study lacked detailed
patient-related clinical information, such as glaucoma

staging, sensitivity to IOP-lowering medications, and
rate of visual field progression, which prevented further
in-depth clinical analysis in this study. This suggests that
when sequencing non-tumor biological samples (such
as POAGQG), researchers should also record the clinical
information of the included objects in detail, which will
be more helpful to compare the personalized differences
among different patients. This no doubt contributes to
the development of personalized and precision medicine,
and also help clinical workers to judge the prognosis of
diseases. However, in clinical practice, for patients who
have not undergone surgery, we do not have access to the
patient’s TM tissues for testing. In contrast, the deter-
mination and analysis of small molecules in aqueous
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humor or blood may have more potential to be prom-
ising diagnostic markers. In addition, the tissue speci-
mens included in this study were obtained from African
American and Caucasian donors. Our research group is
collecting the TM tissues of the yellow race for further
study, in order to explore its general rule.

Changes in the immune microenvironment are cru-
cial in the pathogenesis of many diseases [40]. Moreo-
ver, m6A methylation has been shown to play a part in
immune regulation, such as T-cell homeostasis and
differentiation, anti-tumor and anti-viral immune
responses, and lipopolysaccharides-induced inflamma-
tory responses [12]. Accumulating evidences confirm
that TM interacts with the immune system in many dif-
ferent ways. The TM can participate in innate immune
responses [41], be targeted by immune-mediated damage
[42], undergo inflammation [43], and produce immuno-
suppressive factors [43]. Understanding these relation-
ships is important to unravel the complex mechanisms
underlying those diseases that involve dysfunction of
the TM, such as glaucoma. Therefore, in order to enrich
the understanding of the pathogenesis of POAG, the
immune characteristics were further explored. The
results of ssGSEA showed that activated CD8' T cell
and regulatory T cell differed between the two subtypes.
This suggested that the immune status of the TM micro-
environment was different in different subtypes, and the
immune system disorders might serve a function in the
initiation and/or sustainment of glaucomatous TM dam-
age in some patients. Notably, correlation analysis indi-
cated that the ALKBH5 and RBM15 might correlate with
the immune response. This was consistent with the dif-
ference in the expression of ALKBH5 and RBM15 in the
two subtypes, suggesting that patients might benefit from
different types of molecular idiotypic therapy.

The number of HTMCs in POAG patients is reduced
[37], and the cell function is impaired [38, 39]. However,
most traditional IOP-lowering medications in clinical
practice either increase the outflow of aqueous humor
unrelated to TM or reduce the production of aqueous
humor [44], which leads to a decrease in the amount
of aqueous humor passing through the avascular TM,
potentially stripping the metabolites of tissues and fur-
ther increasing cellular stress [45]. Therefore, there is an
urgent need to develop drugs with other mechanisms of
action to prevent or treat pathologic hypertension com-
prehensively and effectively to prevent the occurrence
and progression of glaucoma. In recent years, many
scholars have paid up the unity efforts for this goal, and
have gained some certain results. For example, some
scholars have proposed a new way to discharge aqueous
humor through the lymphatic channels in the human cili-
ary body, namely the “uveolymatic pathway’, which could
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be promising novel therapeutic targets in POAG [46];
Trabodenoson (INO-8875) can restore the elasticity and
contractility of HTMCs by promoting the degradation
of ECM debris or aged collagen, thereby remodeling the
old, stiff and thickened ECM structure in TM [47]; The
researches on Rho kinase inhibitor [48], EP2 receptor
agonist [49], Latanoprost/Nitric oxide combination [50],
small interfering RNA [51] and other novel antiglauco-
matous drugs are also in full swing, which hold a promise
for future clinical application. We theorize that the treat-
ment aimed at resisting TM injury, restoring TM func-
tion, and preventing or rescuing HTMC death is closest
to the restoration of aqueous humor circulation under
physiological state, and more consistent with the physi-
ological mechanism in terms of reducing IOP. Some lab-
oratories are also exploring new therapies to regenerate
HTMCs, such as stem cell transplantation [52—-54], which
have made some progress, but many difficulties still need
to be overcome before the translation of these discoveries
into clinical trials.

Several factors, such as aging, oxidative stress, genetic
change, as well as environmental and endogenous fac-
tors contribute to TM damage. However, overwhelming
evidence suggests that oxidative stress is considered as
a major factor in such damage [55]. ROS are released
after mitochondrial damage caused by various diseases,
aging, oxidative stress and other stress conditions [56].
Studies have confirmed that a large number of ROS
exist in aqueous humor and TM of POAG patients,
confirming their long-term exposure to oxidative stress
[38]. Cellular or extracellular stimuli such as oxidative
stress can cause damage to TM tissues, causing inflam-
mation and death of HTMCs, thereby reducing aqueous
humor drainage and causing increased IOP, eventually
leading to glaucoma [36]. Also, TGF-P is proposed as
a major regulatory factor in regulating aqueous humor
outflow [57]. Evidence showed that TGF-p could inhibit
HTMC proliferation and then participate in the patho-
genesis of glaucoma [58]. The aim of this study is to
further explore the molecular mechanism of TM injury
and HTMC death to offer novel understanding of the
development of new therapeutic targets in POAG. In
order to verify whether the 5 m6A related genes previ-
ously screened play a role in TM damage, two cell mod-
els commonly used in glaucoma studies, namely HTMC
oxidative stress cell model and TGF-B2 stimulation cell
model as mentioned throughout this manuscript, were
constructed. Encouragingly, there were significant dif-
ferences in the expression levels of YTHDC2 mRNA
in both models. YTHDC2 is a m6A binding protein,
which is considered to be the last member of the YTH
protein family, and it identifies m6A through the YTH
domain [35]. Studies have shown that YTHDC2 can
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enhance the translation efficiency and decrease the
mRNA abundance of its targets [59]. In recent years,
the regulatory roles of YTHDC2 dependent on m6A
modification in a variety of biological processes have
been demonstrated, such as proliferation [60], inva-
sion [51], metastasis [52]. For example, studies have
found that the down-regulation of YTHDC2 induced
by smoking promoted the proliferation and migration
of lung cancer cells [60]. Moreover, our study presented
that TGF-B2 stimulation caused an increase in the
HTMCs migration ability and the silence of YTHDC2
showed the similar outcome. Some scholars believe
that excessive proliferation and migration of HTMCs
may obstruct drainage angle tissue [61]. Some research-
ers also believe that the decrease in cell migration abil-
ity will affect the compliance of TM, which may further
reduce the outflow of aqueous humor [62]. Anyway,
TGF-B2-YTHDC2 pathway may play a role in the devel-
opment of POAG by regulating the migration ability
of HTMC:s. In addition, silencing YTHDC2 promoted
the synthesis of ECM and overexpressing YTHDC2WT
showed the reverse result. However, overexpress-
ing YTHDC22Y™ showed no significant changes. We
know that YTHDC2 identifies m6A through the YTH
domain. However, when we overexpressed YTHDC2
without YTH domain in cells, the level of the ECM syn-
thesis did not change significantly. The above results
indicate that the regulation of ECM synthesis ability
by YTHDC2 may function through its YTH domain,
that is, through its recognition and binding of m6A
modified RNA, ultimately affect the fate of target RNA.
And it’s well known that oxidative stress and increased
TGEF-B2 are two important factors for TM dysfunction
in POAG. The ECM synthesis is increased in HTMCs
under oxidative stress, and TGF-P2 intervention can
also play a similar role. Therefore, we speculated that
there is a TGF-B2-YTHDC2 pathway in TM of POAG,
and it plays a certain role in the regulation of cell func-
tion. In addition, YTHDC2 also plays a part in the
altered function of HTMCs under oxidative stress.

This study provides insights into the epigenetic
mechanism of TM dysfunction in POAG and provides
a new possible regulatory mechanism for the mecha-
nistic study of POAG. Our research shows that m6A
regulators in TM may serve as potential diagnostic bio-
markers for POAG. In addition, in HTMCs, the expres-
sion level of YTHDC2 mRNA changed under oxidative
stress or TGF-B2 intervention, and then exerted its reg-
ulation on cell migration and ECM synthesis capability.
The above mechanisms may be an important part of the
disease process of POAG, and the specific regulatory
mechanisms still need to be further explored.
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Supplementary Material 1. Figure 1. (A) Expression levels of m6A related
factors in oxidative stress cell model. (B) Expression levels of m6A related
factors in TGF-B2 stimulation cell model. GAPDH was used as the house-
keeping gene.
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