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KEYWORDS Abstract There are many complex eye diseases which are the leading causes of blindness,
Degeneration; however, the pathogenesis of the complex eye diseases is not fully understood, especially
Eye diseases; the underlying molecular mechanisms of N6-methyladenosine (m6A) RNA methylation in the
Fibrosis; eye diseases have not been extensive clarified. Our review summarizes the latest advances
Inflammation; in the studies of méA modification in the pathogenesis of the complex eye diseases, including
m6A RNA cornea disease, cataract, diabetic retinopathy, age-related macular degeneration, prolifera-
methylation; tive vitreoretinopathy, Graves’ disease, uveal melanoma, retinoblastoma, and traumatic optic
Tumor neuropathy. We further discuss the possibility of developing méA modification signatures as
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biomarkers for the diagnosis of the eye diseases, as well as potential therapeutic approaches.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.

org/licenses/by-nc-nd/4.0/).

Introduction

RNA methylation has become an important and rapidly
developing in biomedical research.’ In the last five years,
the study of RNA methylation, especially méA methylation,
has greatly promoted research on the expression of mé6A
content, the distribution of m6A modification factors in
human tissues, and the significance of méA modifications in
cellular functions, and its potential as a biomarker. Physi-
ologically, m6A RNA methylation plays a crucial role in
regulating several biological processes, including gene
expression, homeostasis maintenance, stem cell pluripo-
tency and reprogramming, cell differentiation, prolifera-
tion, lipid and glucose metabolism, circadian rhythm, DNA
damage repair, and stress responses.*~® Furthermore, mé6A
modification also regulates pathological processes
(including inflammation, angiogenesis, fibrosis, metabolic
diseases, degeneration, tumorigenesis, etc.) and contrib-
utes to numerous human diseases.”” "2

There are numbers of factors which control the process
of mé6A methylation, including m6A writers (METTL3,
METTL14, METTL16, WTAP, KIAA1429, RBM15, and ZFP217),
m6A erasers (FTO and ALKBH5), and readers (YTHDF1,2,3,
YTHDC1,2, elF3, IGF2BP1,2,3, HNRNPA2B1, FMR1, and
LRPPRC). METTL3 (methyltransferase-like 3) forms a com-
plex with other méA writers that catalyze méA methylation.
FTO (fat mass and obesity-associated protein) and ALKBH5
(AlkB homolog 5, RNA demethylase) remove the methylase.
The reader proteins recognize methylated RNA. One of the
important points is that the méA modifications are dynamic
and reversible."® The basic principles of mé6A modification
as well as its role in normal cellular function,™ "> and the
role in the development of the complex human disease
have been extensively reviewed in general.*'¢~%'

Although eye diseases and systemic diseases share
many common characteristics, the eye has its own physi-
ological characteristics, including tissue transparency, the
transparency of the cornea, lens, and vitreous humor, the
absence of blood vessels, and immune privilege that
provides homeostatic mechanisms to limit immune re-
sponses in the eye. In addition to the cornea, the toler-
ance to the foreign antigen can be attributed to the
blood—aqueous barrier, blood—retinal barrier (BRB),
retinal pigmental epithelium (RPE), and anterior cham-
ber-associated immune deviation.?>?* The two circulation
systems in the retina have high metabolic rates and,
therefore, the retina is at high risk for oxidative stress
damage. Another unique feature of the eye is the special
function of RPE cells that is essential for maintaining
normal retinal function of transporting nutrition from the
choroid to the retina and waste products to the choroidal
circulation. Under pathological conditions, RPE cells may
transdifferentiate into macrophage-like, immune-related

and smooth muscle-like cells and overproduce cytokines
and growth factors. Finally, the eye also has its own
lymphatic system,?*?° suggesting that the eye has unique
physiological and pathological characteristics. Therefore,
it is crucial to uncover the role of m6A modifications,
especially to gain insights into the pathogenesis of com-
plex eye diseases (Fig. 1).

The roles of m6A modification in the individual
complex eye diseases

m6A modification and fungal keratitis

Corneal infections can be caused by bacterial, viral, or
fungal invasion. Fungal keratitis is the most serious corneal
infection associated with severe vision loss. Corneal fungal
infections are complex and involve a variety of factors,
including innate and adaptive immune responses and fungal
virulence.?*~%° Fungal infection leads to corneal necrosis
and remarkable loss of vision. Current understanding of
fungal pathogenicity is limited, however, epigenetic factors
may influence the pathogenesis of fungal infections.3%>'
Another important aspect of the pathogenesis of fungal
infections, especially in the cornea, is m6A modification.
This is supported by the finding that the m6A transcript was
altered after corneal fungal infection.*” The expression of
total m6A and the methylase METTL3 was significantly
increased in the cornea of Fusarium solani-infected mice,
compared with the cornea in the absence of fungal infec-
tion.* This suggests that the increased total mé6A methyl-
ation is due to the up-regulated expression of METTL3, as
METTL3 is a key m6A methylase. A comprehensive analysis
of m6A changes in the cellular epitranscriptome revealed
that of the 1137 mé6A-modified mRNAs, 780 were hyper-
methylated, while 357 were hypomethylated under fungal
infection conditions. The predominance of methylated
mRNAs following fungal infection further supports the
observation of aberrant méA modifiers and a loss of balance
between m6A methylation and demethylation. Importantly,
in fungal-infected corneas, altered m6A modification was
associated with the increased expression of the C—C family
of chemotactic cytokines, particularly CCL8, CCL4, CCL2,
and CCR1. The severe inflammatory response and corneal
damage associated with fungal infections may be due to the
overproduction of C—C chemokine, which can activate
monocytes and T-cells, leading to a more severe inflam-
matory response in the cornea.?® Fungal infection also in-
duces phosphorylation of PI3K/Akt in the corneal tissue of
mice with fungal keratitis, which is associated with mé6A
modification.** There are two conclusions to be drawn from
the evidence presented here: mé6A modification plays a role
in the pathogenesis of fungal keratitis, and modulation of
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ocular diseases including inflammatory, angiogenetic, age, fibrotic, traumatic, metabolic, and tumorigenic eye diseases.

mé6A methylation may be another approach to the treat-
ment of this disease.

m6A modification and corneal neovascularization

Corneal neovascularization is characterized by the growth of
blood vessels in the cornea. Persistent new blood vessels
with scarring eventually threaten visual acuity due to the
loss of corneal transparency.®® Corneal neovascularization
can occur due to several reasons, including inflammation,
ischemia, degeneration, and trauma. To test the hypothesis
that corneal neovascularization is regulated by m6A
methylation, an animal model is required. Suture place-
ment, chemical burns, and transgenic mouse models are
commonly used to induce corneal neovascularization.3*” A
mouse model of corneal neovascularization induced by su-
ture was used to determine whether m6A modification plays
a role in the regulation of corneal neovascularization.>®
Strikingly, the expression of Fat mass and obesity-associated
protein (FTO) in the corneas showing neovascularization was
much higher than that in the control group, suggesting that
FTO is dominantly expressed in the tissues of the corneal
neovascularization model. Interestingly, total méA levels
were decreased in corneal neovascular lesions, and were
associated with a significant upregulation of FTO in the
cornea of the experimental mice. Furthermore, subcon-
junctival injection of short hairpin RNA (shRNA) targeting
mouse FTO (FTO shRNA) in vivo showed that silencing FTO
significantly inhibited the formation of new vessels in mouse
corneas, confirming its role in neovascularization.*® Mecha-
nistically, the inhibition of corneal neovascularization is due
to the inhibition of endothelial cell proliferation, migration,
and tube formation by knockdown of FTO as demonstrated in
vitro. Contrary to this, FTO overexpression significantly
promoted endothelial cell proliferation, migration, and tube
formation. A study has found that focal adhesion kinase

(FAK) can be activated by angiogenic growth factors TNF,
VEGF, angiopoietin 1, and bFGF, which can trigger multiple
downstream signaling pathways and participate in the
pathological process of corneal neovascularization.>® Inter-
estingly, by silencing YTHDF2, FTO knockdown-mediated
reduction in vitro angiogenesis was partially reversed,>®
suggesting that FTO-mediated corneal neovascularization
may also be regulated by YTHDF2.

m6A modification and cataracts

Cataract, especially age-related cataract, is one of the
leading causes of blindness worldwide. The formation of
cataract is a complex pathological process.“®*" A variety of
factors contribute to the formation of cataract, such as
genetic defects, senescence, systemic or local inflamma-
tion, hormone abnormalities, metabolism abnormalities,
drug abuse, oxidative stress, ER stress, and abnormal
epigenetic factors.*'~* While surgical approaches do save
sight, we still lack pharmacological strategies to treat or
delay cataract formation because the exact mechanism of
cataract formation is not known. Hence, it is critical to
understand the pathogenesis of cataract. In addition to the
roles of DNA methylation, histone modification, and non-
coding RNA in cataract pathogenesis, RNA methylation,
specifically mé6A methylation, may contribute to under-
standing the molecular mechanism of cataract devel-
opment.*~“¢ Several preliminary findings support the role
of m6A modification in cataracts, including the abnormal
expression of m6A writers (METTL3 and METTL14), mé6A
erasers (ALKBH5, FTO, and ALKBH5) and m6A readers
(YTHDF1 and YTHDF2) in human lens epithelial cells,
including age-related cataracts, diabetic cataracts, and
cataracts associated with high myopia. It is reasonable to
focus on lens epithelial cells to study cataract formation
with RNA transcripts, as the integrity and metabolic activity
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of lens epithelial cells are critical for maintaining lens
transparency, which depends on the normal transcriptome
in lens epithelial cells. In addition, the expression of the
m6A modification factors differs based on the type of
cataract, and both ALKBH5 and METTL14 are significantly
upregulated in human lens epithelial cells from patients
with age-related cataracts. Furthermore, the increased
expression of ALKBH5 induced by UV light was also
confirmed in vitro in a human lens epithelial cell line.** In
terms of the relevance of m6A methylation to the patho-
genesis of diabetic cataract, METTL3 was found to be highly
expressed in human lens epithelial cells obtained from
patients with diabetic cataract. Treatment of lens epithe-
lial cells with high glucose induced upregulation of
METTL3.“ Knockdown of METTL3 enhanced the prolifera-
tion of lens cells but inhibited lens epithelial cell apoptosis
induced by high glucose.* However, the expression of
METTL3, ALKBH5, and FTO, but not METTL14, which was
downregulated in the anterior capsule of the cataract lens
in patients with high myopia, compared to simple nuclear
cataracts.* In addition, the m6A reader proteins YTHDF1
and YTHDF2 may also be involved in the pathogenesis of
high myopia cataracts by affecting post-transcriptional
gene expression.*> According to the studies, m6A modifi-
cation plays a dynamic role in the pathogenesis of cata-
racts, and the expression of these factors varies depending
on the differences in the inputs locally and systemically
(the microenvironment at the time of cataract onset). It is
worth noting that the target genes of m6A modification and
cataract formation differ in different types of cataracts.
Interestingly, in age-related cataracts, the involvement of
circRNA méA modification has been shown to be a major
target for the pathogenesis of lens opacity.** Compared
with normal subjects, patients with age-related cataracts
have reduced levels of mé6A methylation of circRNAs in lens
epithelial cells. In addition, lens cells with cataracts
expressed downregulated m6A circRNAs compared with
lens cells without cataracts. Most importantly, the upre-
gulated ALKBH5 may contribute to the pathogenesis of age-
related cataracts by modifying circRNAs and its down-
stream genes related to aging, DNA damage, DNA repair,
oxidative stress, proteolysis, ubiquitination, apoptosis, and
autophagy.** This study demonstrated that cross-talk be-
tween mé6A and circRNAs affects the pathogenesis of age-
related cataracts.

Interestingly, it was found that METTL3 can stabilize
mRNA of the gene ICAM-1 by targeting the 3’ UTR of ICAM-1.
The ICAM1 gene encodes extracellular matrices such as
COL6A3 (collagen alpha-3 (VI) chain), chitinase-3-like pro-
tein 1 (CHI3L1), and genes involved in ion transport are
hypermethylated. Therefore, METTL3 may regulate the
methylation status of ICAM-1 mRNA,“® suggesting that the
ECM is regulated by méA modification and contributes to
the formation of diabetic cataracts.*

In the exploration of m6A target genes involved in the
pathogenesis of high myopia-related cataracts, it was found
that the main genes that up-regulated mé6A mRNA markers
were associated with ECM function. Among these genes, the
CHI3L1-encoded protein YKL-40 plays a role in tissue
remodeling and stress response to environmental changes,
and is hypermethylated due to the downregulation of
demethylase FTO and ALKBH5 and increased expression of

METTL14.% Taken together, these méA modification factors
may participate in the pathologic process associated with
high myopia, such as reduced choroidal circulation, poste-
rior scleral staphyloma, degeneration of retinal cells, and
loss of visual acuity.*

The above findings suggest that the mé6A modification
may have an impact on cataracts formation. Nevertheless,
a key question remains: what is the role of méA methylation
in the regulation of alpha-crystallin (A and B), a major
structural protein critical for maintaining lens trans-
parency, expression, integrity, and function? Is the cataract
reversible by the regulation of méA methylation?

m6A modification and diabetic retinopathy

Diabetic retinopathy (DR) is the most common and serious
complication of diabetes.?” The major pathological feature
of DR is the leakage of blood contents from micro vessels in
the retina due to BRB rupture. Leakage can also occur
through the RPE barrier in DR.“®*’ The BRB breakage and
new vessel growth may be regulated by epigenetic factors
including aberrant DNA methylation of certain genes
(POLG, AHRR, GIRP, GLRA1, and BCOR), histone modifica-
tion (SUV39H2, EZH2, and H3K9), non-coding RNA, hyper-
glycemia-induced circular RNA.°°>* Another notable
finding is that Kolwluru revealed the pathogenesis of DR,
especially the metabolic memory associated with epige-
netic modifications.?®>' Advanced DR may result in retinal
fibrosis, detachment, and blindness. Anti-VEGF therapy has
made significant progress in the treatment of DR. However,
a large number of patients receiving anti-VEGF therapy did
not experience significant improvement in vision because
the pathogenesis of DR is not well understood.” Recent
advances in the study of méA methylation have expanded
the understanding of the pathogenesis of DR. It has been
demonstrated that diabetes and its complications may be
regulated by mé6A methylation.*®>*>” DR is secondary to
diabetes, so it would make sense to establish a link be-
tween them, as DR would not occur without diabetes. Since
2015, the reduction of m6A methylation has been recog-
nized as a risk factor and biomarker for type 2 diabetes.>®
The pioneering study by Shen et al showed that mé6A
methylation was globally altered in the blood of patients
with type 2 diabetes (the most common form of diabetes)
and experimental rats,® a striking finding of this study was
that the m6A methylation found in the peripheral blood of
diabetic patients and diabetic rat models was significantly
reduced compared to healthy individuals.’® In contrast, the
expression of méA demethylase FTO was significantly
increased, suggesting that the reduction of mé6A methyl-
ation may be due to the increased expression of FTO. A
study published in 2019 supports this notion, in which the
reduced m6A content in the blood is associated with the
upregulation of FTO in patients with type 2 diabetes.”’ In
addition to blood, an important finding is that mé6A meth-
ylases, especially METTL3 and METTL14, were much lower
in the islets of patients with type 2 diabetes.>® Knockdown
of METTL14 could induce hypomethylation, leading to the
inhibition of islet cell duplication and impairment of the
insulin/IGF1-Akt-PDX1 pathway in experimental diabetic
mice, a phenomenon similar to that was seen in human type
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2 diabetes. Interestingly, increased FTO expression was
proportionate to the high glucose level in the serum of
patients with type 2 diabetes. Mechanistically, it has been
shown that high glucose levels stimulate FTO expression,
whereas knockdown of FTO increases mé6A methylation in
hepatocytes. FTO may target the upregulation of the genes
FOXO1, FASN, G6PC, and DGAT2, which regulate glucose
and lipid metabolism and contribute to the pathogenesis of
diabetes.>’Modification of mé6A in the islet B-cells plays a
critical role in the pathogenesis of type 2 diabetes, there-
fore, the parameters of mé6A modification may be used as
biomarkers for the early diagnosis of type 2 diabetes and
monitoring DR progression.

It is not surprising that DR is not a primary disease but a
complication of diabetes. In fact, in our recent study, we
found an abundant expression of WTAP, FTO, and YTHDF3 in
human proliferative diabetic retinopathy (PDR) membranes
(Fig. 2), which suggests that the involvement of mé6A modifi-
cation in DR pathogenesis. Importantly, we found that FTO,
one of the factors expressed in human PDR membranes, may
contribute to the damage of retinal microvessels under hy-
perglycemic conditions,” as alterations in FTO are closely
related to metabolic alterations.’”°® WTAP is involved in the

i
i
s i

deposition of méA in mRNAs,®' YTHDF3 acts as an m6A reader,
and both WTAP and YTHDF3 participate in transcriptional and
post-transcriptional regulation of genes. WTAP and YTHDF3
play critical roles in RNA methylation and metabolism of m6A-
modified mRNAs.%> However, whether the abnormal expres-
sion of WTAP and YTHFD3 is the cause or consequence of DR
pathogenesis requires further investigation.

Another important finding is the possible role of METTL3
and miR-25-3p in the pathogenesis of DR. It was found that
miR-25-3p, a target gene of METTL3 and a miRNA that pro-
motes cell survival and proliferation, was reduced in the
blood of diabetic patients. High glucose downregulates méA
methylation (especially METTL3) and its target gene miR-25-
3p, which may result in the upregulation of PTEN (associated
with cell death), but decreases phosphorylated Akt (the cell
survival signal), resulting in the dysfunction and death of RPE
cells and contributing to the breakdown of the outer retinal
barrier, which results in vascular leakage.® This information
suggests that reduced méA methylation plays an important
role in the pathogenesis of DR.

More research should be conducted to clarify the rela-
tionship between DR formation and mé6A modification.
Particularly, the mechanisms by which mé6A modification

Figure 2 The expression of WTAP, FTO, and YTHDF3 in surgically excised human PDR membranes by immunofluorescent staining.
Red indicates positive staining for WTAP, FTO, and YTHDF3. The cell nuclei are stained blue (DAPI). The immunofluorescent re-
activities of WTAP, FTO, and YTHDF3 are considerably higher. Original magnification 200 x . PDR membranes (n = 3) (Unpublished

data).
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modulates the loss of balance of vascular stimulators and
inhibitors, affects retinal endothelial cell leakage, espe-
cially pericyte dysfunction and death, epigenetic-related
metabolic memory, microaneurysms formation and key DR-
inducing factors such as VEGF, PDGF receptors and PKC-3.

m6A modification and age-related macular
degeneration

Age-related macular degeneration (AMD) is the leading
cause of vision loss in older adults. Although there are two
types of AMD, geographic atrophy or macular neo-
vascularization (MNV), the initial abnormality of the macula
is similar.®*> The primary tissue involved in this chronic
degenerative disease is the retinal pigment epithelium—-
Bruch’s membrane—choriocapillaris complex. The patho-
genesis of AMD is complex and regulated by many factors. It
is well known that the risk factors of AMD include but are
not limited to single nucleotide polymorphism CFH, ARMS2,
IL-8, TIMP3, SLC16A8, RAD51B, VEGFA, and COL8A1;%6~ %8
COL8AT1-FILIP1L, IER3-DDR1, SLC16A8, TGF-3 R1, RAD51B,
ADAMTS9, and B3GALTL;%® additional 12 novel loci C4BPA-
CD55, ZNF385B, ZBTB38, NFKB1, LINC0O0461, ADAM19,
CPN1, ACSL5, CSK, RLBP1, CLUL1, and LBP;’® IL-17A;"" and
RPE cells in aging, smoking, UV light damage, elevated
serum lipid, and abnormal epigenetic factors.”””’* Poly-
poidal choroidal vasculopathy (PCV) is a subtype of MNV
that has been recognized to be associated with some SNPs,
such as SKIV2L. The rs5882 (GG) SNP in CETP and rs6982567
in GDF6 were not found in MNV patients.””””’ Genetic
variations are responsible for the susceptibility to AMD, in
no more than 50% of the population.”” The severity of AMD
may be determined by genetics and the epigenome.”® All
environmental risk factors may alter the epigenetic factors
including mé6A and therefore involve in the pathogenesis of
AMD'74,79781

Gneome-wide DNA methylation analysis of AMD pa-
tients®* and changes in VEGF methylation status®® suggests
the relevance of DNA methylation to AMD may be related to
abnormal methylation in anti-inflammatory gene, anti-
oxidative gene, and anti-angiogenic factors such as clus-
tering,®” glutathione S-transferase,”” IL-17RC®*® and
GPR15,% and the aberrant methylation status of the genes
SKI, GTF2H4, and TNXB.®* It has been suggested that
smoking promotes AMD pathogenesis through DNA methyl-
ation. In the peripheral blood of patients with MNV, Shan-
nath L Merbs’s team discovered significant differences in
DNA methylation close to the ARMS-2 locus, as well as
altered DNA methylation in the promoter region of protease
serine 50 (PRSS50) through genome-wide DNA methylation
analysis,®' These results expand our understanding that the
alteration of epigenetics may be one of the risk factors for
AMD.

An important finding in the study of histone modification
in AMD was the role of SIRT1 (a histone deacetylase con-
verting enzyme) in the pathogenesis of AMD.®> The
expression of SIRT1 was significantly reduced in the retina
and RPE cells obtained from AMD patients compared with
controls.®® We have shown that the activation of SIRT1 by
resveratrol (RSV) suppresses HIF1a expression and VEGF
production induced by cobalt chloride (CoCl;) in human RPE

cells.®” Furthermore, macular neovascularization in a laser-
induced mouse model is inhibited by the direct delivery of
RSV to the vitreous mechanically,®® which may result from
downregulation of VEGFR2 phosphorylation and inhibition
of the HIF1a/VEGF/VEGFR2 signaling pathway and inhibi-
tion of VEGF production.®’

In addition to SIRT1, we found that trichostatin A (TSA),
an HDAC inhibitor for class | and Il HDACs,*” inhibits
experimental MNV induced by laser in mice by down-
regulating the key angiogenic factors HIF-1, VEGF, and
VEGF receptor,”® as well as MNV-associated wound healing
response  and RPE epithelial-mesenchymal trans-
differentiation in vitro. Inhibition of HDAC by TSA impaired
angiogenesis and induced apoptosis in human vascular
endothelial cells. The study’s most significant finding was
that anti-angiogenic neuroprotective PEDF is highly upre-
gulated by the application of TSA.”?

The role of miRNAs in the pathogenesis of AMD has also
attracted the attention of researchers. Numerous miRNAs
have been found in the vitreous of patients.”® RPE cell
death has been reported to be associated with the down-
regulation of miR-23a.”" Increases of various miRNAs, such
as miR-9, miR-125b, miR-146a, and miR-155 in the retina of
AMD patients, may alter the regulation of inflammatory
responses by CFH.°? Intravitreal injection of pre-miR-21
inhibited an experimental laser-induced murine model of
CNV.”* A fundamental finding was the reduction of DICER1
expression in RPE cells, which led to the accumulation of
Alu RNA, which resulted in RPE death and retinal changes
similar to those seen in dry AMD in mice.®*

m6A RNA methylation is another hot spot in epigenetic
research, and it has been implicated in the pathogenesis of
AMD. %> Amyloid-B1-40 induced RPE degeneration was found
to be regulated by the m6A demethylase FTO.%> Amyloid-
B1-40 is a major component of plaques in Alzheimer’s dis-
ease and is an important component of drusen, impor-
tantly, intravitreal injection of Amyloid-$1-40 induced RPE
dysfunction and retinal degeneration.” % Interestingly,
increased FTO may protect against RPE dysfunction
because RPE degeneration is intensified by the application
of the FTO-specific inhibitor, meclofenamic acid (MA-1) to
mice injected with amyloid-B1-40.%> Using the m6A-mRNA
epi-transcriptomic microarray, it was demonstrated that
PKA is the target gene of FTO. Further, inhibition of FTO
exacerbates RPE cell degeneration through increased acti-
vation of the PKA/CREB signaling pathway.’®> This implies
that méA modification may be involved in the pathogenesis
of AMD. While this study provides some clues that aberrant
mé6A modification factors may contribute to AMD patho-
genesis, it does not highlight the m6A writers, readers, and
other m6A demethylases associated with AMD. Further-
more, these findings need to be validated in animal ex-
periments and human specimens from patients with both
dry and MNV.

AMD is a disease associated with aging. Thus, the dy-
namic changes in mé6A modification must be tracked over a
person’s lifetime to identify any changes before AMD de-
velops. Moreover, the relevance of dynamic changes of m6A
with regard to oxidative stress, inflammation, angiogenesis,
senescence of RPE, and choroidal capillaries needs to be
established to understand the pathogenesis of AMD and
possible treatment options. AMD is a disease that involved a
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The contribution of epigenetic factors to the pathogenesis of AMD. The input of environmental factors may alter the
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complex of RPE, Bruch’s membrane, and choroidal capil-
laries. Therefore, targeting only one of the members of the
complex in the treatment of AMD may not be sufficient, and
the pathologic effect on the Bruch’s membrane and
choroidal vessels should be as important as RPE. Replace-
ment of the Bruch’s membrane and choroidal capillaries
may also need to be considered in addition to RPE
transplantation.

The interplay between environmental and epigenetic
factors controls the activation or suppression of gene
expression. These risk factors may accumulate throughout
life and trigger changes in epigenetic factors, including DNA
methylation, histone modification, non-coding RNA, and
RNA methylation when a certain threshold is reached,
which in turn contributes to the pathogenesis of AMD®’
(Fig. 3).

m6A modification and proliferative
vitreoretinopathy

Proliferative vitreoretinopathy (PVR) is a long-term wound-
healing response in the retina.'® Retinal pigment epithelial
cells, glial cells (mainly Miiller cells),’" and inflammatory
cells (macrophages and lymphocytes) have been identified
in PVR membranes. However, the crucial cell type involved
in PVR formation is the RPE cell.''%? RPE epithelial-
mesenchymal transition (EMT) and associated proliferation,
migration from the RPE monolayer, and overproduction of

ECM lead to fibrotic membrane formation and tractional
retinal detachment. The EMT process is dynamic and
reversible. Therefore, the reverse process from mesen-
chymal to epithelial transition is called
mesenchymal—epithelial transition (MET). Various factors
trigger and promote PVR, among them was the hepatocyte
growth factor (HGF), which participates in the disassembly
of the monolayer of RPE, the induction of RPE behavior
changes, %% and promotes the formation of the fibrotic
membrane with TGF-B and CTGF."9%19%:1% Fyrthermore,
experiments showed that methyl-CpG binding protein 2
(MeCP2) and its phosphorylated form MeCP2-421 play an
essential role in EMT in RPE cells and retinal fibrosis, %1%
the functional interaction between MeCP2 and TGF-B was
revealed by chromatin immunoprecipitation assay to show
that MeCP2 binds to the TGF-8 gene promoter and
contribute to the pathogenesis of PVR.'% However, in this
section, we are focusing our discussion on the pathogenesis
of PVR in méA-related categories.

The pathogenesis of PVR may also be strictly regulated
by mé6A modifications. The development of PVR includes
initiation, proliferative response, and fibrosis formation,
each of which is influenced by several factors (inflamma-
tory cytokines, growth factors, tissue remolding enzymes,
and ECM). However, gene expression of these factors may
be regulated by RNA methylation, especially méA. To vali-
date the hypothesis, we have to first answer whether there
is an expression of m6A modification factors in human PVR
membranes. Second, when discussing cellular and tissue
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EMT or fibrosis, we cannot avoid TGF-p in the induction of
the pathological processes and the interaction of TGF-f
with these factors. Here, we address the following points:
We found evidence of the constitutive expressions of méA
writers (METTL14 and WTAP), erasers (FTO and ALKBH5),
and reader protein (YTHDF3) in PVR membranes using
immunohistochemical staining (Fig. 4). A recent study also
supports the idea that méA is involved in the development
of PVR because the m6A modification factor (METTL3) in
PVR membranes has been demonstrated.'” The expression
of the key mé6A writer METTL3 was considerably low in the
PVR membranes compared with the normal RPE mono-
layer.' In fact, METTL3 may function as an EMT and retinal
fibrosis inhibitor, as METTL3 overexpression inhibited TGF-
B-induced RPE cell proliferation and migration, whereas
METTL3 knockdown enhanced RPE EMT.'®® Importantly, the
overexpression of METTL3 suppressed experimental PVR in
rats.'® Mechanistically, decreased METTL3 expression may
be due to the effect of TGF-B. It is known that human PVR
membranes are enriched in TGF-B but reduced in
METTL3."9~""" We further demonstrated that METTL3 was
significantly inhibited in RPE cells after treatment with
TGF-B (Fig. 5). In addition to the low expression of METTL3
as shown in previous publication'® and in Figure 4,
abnormal FTO may also contribute to the pathogenesis of
fibrosis, as increased FTO expression is demonstrated in
renal fibrosis.''? In the condition of FTO deficiency, the
response of a-SMA or CTGF to TGF-B stimulation is
reduced."'? Interestingly, we found the immunoreactivities
of FTO were relatively higher than METTL3 in PVR mem-
branes (Fig. 4). These results suggest that a loss of balance
between méA methylase (METTL3) and demethylase (FTO)
may contribute to the pathogenesis of PVR. Further studies
are needed to reveal how METTL3 interacts with FTO and
affects TGF-B signaling, including Smad 2/3 and others
(such as snail and slug) in RPE, and how RPE EMT and retinal
fibrosis are regulated by METTL3 and FTO in vitro and in
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Figure 5 Effects of TGF-p on the mRNA expression of méA
methylases METTL3 in RPE cells (ARPE-19). ARPE-19 cells were
treated with TGF-B2 (20 ng/ml, MedChemexpress, New Jersey,
USA) for 24 h, and total RNA was isolated to analyze the
expression of the genes by real-time PCR. The expression of
METTL3 was significantly inhibited by adding TGF-3 compared
with control (t-test, **P < 0.01) (Unpublished data).

vivo. Notably, the méA reader proteins YTHDF may also be
involved in the pathogenesis of PVR, we found that YTHDF3
was highly expressed in human PVR membranes (Fig. 4).
The importance of YTHDF in cancer EMT was demonstrated
by the induction of epithelial cell markers such as claudin 1
and ZO-1 by inhibition YTHDF family members, and
silencing of YTHDF1 attenuated the EMT induced by TGF-§
cells.”® Interestingly, YTHDF1 could activate the PI3K/
AKT/mTOR signaling pathway, which is also one of the
downstream signaling pathways of TGF-B and is closely
related to the EMT process."" Likewise, the importance of
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Figure 4

Expression of m6A writers (METTL3, METTL14, and WTAP), erasers (FTO and ALKBH5), and readers (YTHDF3) in human

PVR membranes (from surgical excision). Red chromogen staining indicates the immunoreactivity of méA modification factors, and
blue indicates the nuclear contrast staining. magnification 200 x . PVR membranes (n = 3) (Unpublished data).
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PVR

The prospective role of m6A modification in the pathogenesis of PVR. Retinal trauma induces the synthesis and

secretion of TGF-B. TGF-B promotes the pathogenesis of PVR through the following pathways:1. activating snail through the Smad
2/3 pathways; 2. increasing FTO expression; 3. downregulating the expression of METTL3 (the negative regulator of EMT and
fibrosis), which results in the repression of epithelial marker genes (E-cadherin and ZO-1) expression but enhances the mesen-
chymal gene (aSMA, FN, vimentin) expression and mesenchymal phenotype.

the m6A reader protein appears in the formation of EMT and
fibrosis like PVR.

Reports mentioned above highlight the critical role of
mé6A in regulating the pathogenesis of PVR. Since mé6A
modification is involved in numerous pathological pro-
cesses, it is likely that the expression of PVR regulators, in
addition to TGF-B, such as HGF, MeCP2, and SIRT1, etc., is
under the regulation of méA. Therefore, our view is that
targeting METTL3, FTO, or YTHDF3 may interfere with the
pathological processes in PVR, such as EMT and fibrosis
(Fig. 6).

m6A modification and graves’ disease

Graves’ ophthalmopathy (GO) is a disorder of autoimmune
origin. However, the pathogenic mechanisms of GO have
not been fully elucidated.'”'"® Several autoimmune and

inflammatory factors contribute to the pathogenesis of GO,
including retroocular fibroblasts, adipocytes, and extra-
ocular muscles (EOMs).""”~'?2 When researching on the
components contributing to the orbit immune response, we
might need to pay more attention to EOMs since they
represent one of the major effector cells in GO and are
crucial to inflammatory responses and dysfunction of ocular
motion."”* Importantly, autoantibodies against EOM anti-
gens have been demonstrated.'?* Even though cumulative
evidence suggests that epigenetic factors, including altered
genome-wide DNA methylation, histone modification in
PBMCs, and orbit fibroblasts from patients with GO, could
be involved in the development of GO,'?2125:126 5o far it is
still unclear what the role of epigenetics is in the patho-
genesis of GO, particularly in connection with méA
methylation. In a previous study, we demonstrated that
m6A modification was involved in the pathogenesis of GO
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using surgically excised EOMs.'?*> Consequently the mé6A
modification factors were altered, which displayed a
significantly increased expression of méA globally in the
specimens of EOMs obtained from patients with GO as
compared with controls without GO. There was an upre-
gulation of the méA writer WTAP and readers YTHDF2,
YTHDC2, and ELF3, suggesting that m6A modification may
be a critical regulator of GO pathogenesis.'?*

Other important evidence is that the expression of
abnormal méA modification factors is associated with local
hyperinflammatory responses in EOM. Gene ontology anal-
ysis demonstrated that the top 10 upregulated mRNAs were
functionally involved in immune and inflammatory re-
sponses. We identified 12 of the 19 pathways involved in
immune and inflammatory responses by KEGG analysis of
biological pathways.'”> Amongst the m6A modification
factors, we demonstrated that WTAP and YTHDF1/2 might
play more important roles in GO than others.'>* We found
that the expression of WTAP and levels of YTHDF1/2 are
high in the EOMs of patients with GO and these proteins
activate many signaling pathways, including the mTOR, Wnt
signaling, and NF-«B signaling pathways.''* 1231277129 These
were associated with inflammatory response, suggesting
that WTAP and YTHDF1/2 could play a role in GO patho-
genesis. It was also noted that ECM gene expression in EOMs
of GO patients may also be regulated by méA. In our study,
the increase in m6A methylation is related to the down-
regulation of ECM (collagen 1A1, collagen 1A2, and collagen
2A1) in EOMs of GO patients.

m6A modification in melanoma and retinoblastoma

The most common malignant intraocular tumors in adults
and children are uveal melanoma (UM) and retinoblastoma
(RB), respectively. The metastasis rate of UM is as high as
50%, and the genetic mutation is different from that of
cutaneous melanomas.’*%"3" In people with UM, nine ge-
netic mutations have been identified: GNAQ, GNA11, BAP1,
SF3B1, EIF1AX, CYSLTR2, SRSF2, MAPKAPK5, and
PLCB4."3%133 Abnormal epigenetic factors,’>*'3° such as
DNA methylation, are generally considered to be the major
epigenetic factors mediating the development of UM.
RASSF1A and p16INK4a are the key genes for hyper-
methylation and, thus lose their inhibitory effect on UM
development.”** Among the non-coding RNAs, six miRNAs
(let-7b, miR-199a, miR-199a, miR-143, miR-193b, and miR-
652) were found to be the major miRNAs expressed in
UM."3¢ Some are oncogenes, and some are tumor suppressor
genes.'?” Histone modifications were also associated with
melanoma development, along with decreased levels of
H4K5ac and H4K8ac, and increased methylation of
H3K9me2 and H3K36me3 in UM cells."*® Despite the prog-
ress in understanding the pathogenesis of UM, the differ-
ences in metastasis, response to treatment, and prognosis
of UM remain unclear, and the possibility of developing a
clinical therapeutic approach for UM relies heavily on un-
derstanding its development and progression. Therefore,
m6A methylation may provide additional insights into the
pathogenesis and therapeutic implications of UM.

The expression of mé6A modification factors is variable in
patients with UM. There was a remarkable increase in the

methylation of m6A in specimens obtained from patients
with UM and in the UM-derived cell lines (M17, M21, M23,
SP6.5, and MP38) compared with normal uveal melano-
cytes.’ This was associated with upregulation of METTL3
and decreased expression of ALKBH5. However, signifi-
cantly enhanced expression of the demethylase ALKBH5
(both mRNA and protein), but not the mé6A methylase, was
observed in human UM cell lines (MuM-2B and C918)."%°
Interestingly, a significant decrease in m6A was found in UM
tissue and UM cell lines OCM1, OCM1a, and OM431,™" which
was accompanied by the upregulation of ALKBH5 and
downregulation of METTL3. The m6A fingerprints vary
widely, and the different results obtained by different
research groups may be due to the following reasons:
Specimens were from different stages of UM. The profile of
méA may differ between early and advanced UM because
RNA modification is dynamic and individual-specific. Addi-
tionally, different areas (tumor central or border) were
obtained for the m6A analysis, and thus the results may also
differ. Another possibility is that the detection system for
m6A expression may be different. Therefore, these con-
clusions need to be validated using the same criteria in the
future.

Regardless of whether m6A modification factors are
increased or decreased, manipulating the expression of
m6A modification affects the proliferation, migration, in-
vasion, and colony formation behaviors of UM cells.
Knockdown of METTL3 negatively regulated tumor cell ac-
tivity, and overexpression of METTL3 promoted tumor cell
invasiveness, ">? suggesting that increased méA methylation
is associated with tumorigenesis in UM. After injection of
UM cells with ALKBH5 knockdown, UM tumor growth (vol-
ume, weight) and tumor cell duplication were inhibited in
an experimental animal. Furthermore, loss of ALKBH5
facilitated the cell cycle arrest and promoted UM cell
apoptosis, showing increased cleaved caspase-3."* There is
also evidence that mé6A modification factors regulate UM
tumorigenesis. METTL3 knockdown promotes normal mela-
nocyte proliferation, colony formation, and reduction of
apoptosis, which share some of the characteristics of UM
cells.”" Knockdown of ALKBH5 inhibits colony formation in
UM cells, whereas silencing of ALKBH5 increases m6A
methylation and reduces tumor cell colony formation.'’
These results suggest that UM tumorigenesis is mediated by
m6A modification.

Predicting UM progression and prognosis is always chal-
lenging, and the characteristics of UM histology, cytoge-
netic, and gene expression profiles may help improve the
prognosis of UM."#?1%3 Because méA has been recognized as
a novel parameter for UM progression and prognosis, its
modification factors can serve as indicators. Reduced total
méA levels were often associated with an advanced stage of
ocular melanoma and a poor prognosis.'' Interestingly, in
another report, high METTL3, and enhanced c-Met expres-
sion could be used as a predictor of recurrence and UM
aggressiveness.'>® Another study suggested that increased
ALKBH5 expression may be an indicator of poor prognosis in
UM."™ The Cancer Genome Atlas dataset and Gene
Expression Omnibus analysis validated the idea that mé6A
regulators may be prognostic indicators for UM."**

Targeting m6A modification factors and their down-
stream genes may provide a new therapeutic target for the
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treatment of UM. Using a chemical m6A inhibitor (cyclo-
leucine) or directly silencing METTL3 could inhibit UM cell
proliferation, migration, colony formation, and invasion
through suppression of the oncogene c-met expression and
Akt activation.”** ALKBH5 may provide another target for
inhibiting tumor behavior of UM cells in vitro, as ALKBH5
silencing in UM was remarkably inhibited in an animal
model by the regulation of FOXM1 and the EMT pathway. '*°
A significant finding is that m6A methylation increases the
expression of the tumor suppressor gene HINT2, which is
also the target of the méA reader YTH family. These studies
suggest that the use of méA regulators may be valuable for
the treatment of human melanoma, especially those
resistant to anti-PD1 therapy.'*’

Similar to UM, RB may lead to vision loss and even death,
while exploring the role of mé6A modification in the patho-
genesis of RB, it was demonstrated that m6A modification
factor METTL3 does contribute to the development of
RB." This notion is supported by evidence that METTL3
mRNA and protein expression is higher in Y79 and WERI-Rb-
1 cell lines compared with ARPE-19 cells, and importantly,
high expression of METTL3 was detected in specimens from
RB patients. Functionally, RB cell replication and invasion
are tightly regulated by METTL3; notably, METTL3 over-
expression promotes RB development while knockdown
METTL3 inhibits the tumor growth in a mouse model, and
the result suggested that m6A methylation plays a key role
in the pathogenesis of RB.'*®

m6A modification and traumatic optic neuropathy

Traumatic optic neuropathy (TON) is often observed after
traumatic optic nerve injury or secondary to traumatic
brain injury (TBI)."“® TON is characterized by an inflam-
matory response, ischemia, and subsequent neuro-
degeneration, leading to severe vision loss. Many questions
and challenges remain in the study of TON, such as the
pathogenesis, the rescue of dying optic ganglia cells, and

Table 1

optic nerve regeneration. Considering the complex nature
of TON, dysregulation of m6A RNA methylation may be
involved in traumatic optic nerve injury’*’ and optic nerve
regeneration.'#® "% Although the following evidence sup-
ports the role of méA in the pathogenesis of TON, there are
some differences in the expression of the parameters of
méA between primary TON and TBI, indicating that the
distribution of m6A modification is variable and dynamic in
different regions of neural tissue. Study results showed that
the RNA methylation and expression levels of 175 mRNAs in
the cerebral cortex of rats were significantly altered after
TBI,"° and that METTL14 and FTO were downregulated.
Furthermore, a genome-wide comparison of méA-tagged
transcripts in the hippocampus of TBI mice detected a total
of 922 m6A modified sites,”™" most of which (552) were
downregulated. The mRNA expression of m6A and METTL3
significantly decreased. Unlike TBI, Qu et al found that mé6A
methylases (METTL3 and WTAP), as well as demethylases
(FTO and ALKBH5), were upregulated in the retina of
experimental rat TON. Similarly, the large part (2,810) mé6A
peaks were upregulated, while 689 m6A peaks were
downregulated, as shown by MeRIP-seq.">? Gene ontology
analysis revealed that altered m6A peaks were highly
correlated components of the cellular development and
differentiation machinery of the nervous system.'? Inter-
estingly, most méA-tagged transcripts are linked to in-
flammatory signaling pathways, such as TNF, MAPK, and NF-
kB pathways. >

The MAPK signaling pathway is the main pathway of TBI,
and the Sarm1/MAPK pathway can disrupt the energy bal-
ance of axons, leading to the depletion of adenosine
triphosphate (ATP) depletion before axon injury and pro-
moting the progression of axonal injury.">* NF-kB is a key
transcription factor that regulates inflammation in central
nervous system injury and regulates the expression of pro-
inflammatory and pro-apoptotic genes.'** The results sug-
gest that m6A RNA methylation may be crucial to the
pathogenesis of TON, that regulating méA modification may
limit injury-induced inflammatory responses and cell death

Summary of the role méA modifications in complex eye diseases.

Eye Diseases Altered méA Factors Expression Roles in Eye Diseases

Fungal Keratitis Total m6A, METTL3 Up Promote the inflammation

Corneal Neovascularization FTO Up Promote the neovascularization

Age-Related Cataract ALKBH5, METTL14 Up Contribute to the cataract formation

Diabetic Cataract METTL3 Up Contribute to the cataract formation

Cataract with High Myopia METTL3, FTO, ALKBH5 Down Contribute to the pathogenesis of the
METTL14 Up cataract

Diabetic Retinopathy WTAP, FTO, and YTHDF3 Up Contribute to the pathogenesis of DR
METTL3 Down

AMD FTO Up Protect RPE from degeneration

PVR METTL3 Down Contribute to the pathogenies of PVR
FTO, YTHDF3 Up

Graves’ Ophthalmopathy WTAP, YTHDF2, YTHDC2 Up Contribute to the pathogenies of GO

Uveal Melanoma (UM) Total m6A, METTL3 Up Promote UM genesis
Total m6A, METTL3 Down Contribute to UM genesis

Retinoblastoma METTL3 Up Promote the RB genesis

Traumatic Optic Neuropathy METTL3, WTAP, FTO

Up Contribute to TON
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in the optic nerve, and that the MAPK and NF-kB signaling
pathways can be manipulated to achieve neuroprotective
effects.'>> 1%

Concluding remarks

This review mentions the following concepts: mRNA is not
only a message carrier but also a transcript regulator, and
epigenetic research is taking place in the epitranscriptome
era; m6A modification affects translation, which, in turn,
affects ocular cell function and characteristics; Abnormal-
ities in mé6A modifications may contribute to the patho-
genesis of complex eye diseases (Table 1). The interplay
between RNA methylation and other epigenetic factors may
play a role in the pathogenesis of eye diseases; m6A
modification can be used as a new marker for the early
detection, diagnosis, and treatment of eye diseases; The
future research direction of méA modification in the eye
diseases.

Although the progression of the study of the relevance of
m6A modification to the pathogenesis of complex eye dis-
eases is very encouraging, the comprehensive and exten-
sive understanding of how the m6A modification
contributes to complex eye diseases remains to be
explored. The following are the main challenges we face:

A. m6A modification is under the control of methyl-
transferase, demethylase, and méA recognition pro-
tein. Therefore, the phenotypic changes of an ocular
cell in complex eye diseases may represent the ef-
fects of various m6A modification combinations,
however, additional studies are required to obtain
such information.

B. Whether the m6A methyltransferase and demethy-
lase play a role like Yin and Yang physiologically in
maintaining normal eye function and whether the loss
of the balance of Yin and Yang contribute to complex
eye diseases, need to be determined.

C. Since aberrant expression of cytokines and growth
factors is associated with many ocular diseases, how
do cytokines and growth factors regulate m6A
expression in ocular cells and ocular pathological
conditions and vice versa?

D. What are the interplays between m6A and genetic
factors, and méA with other epigenetic factors (DNA
methylation, histone modification and non-coding
RNA) in the pathogenesis of eye diseases?

E. Since oxidative stress damage in ocular cells may be
closely related to mitochondrial and ER stress, cross-
talk between organelles may be related to many eye
diseases.”” " Therefore, what is the role of méA
modification in mitochondrial, endoplasmic reticu-
lum, and Golgi stress in eye diseases?

F. Could m6A modification factors be employed as a
biomarker for the early detection of eye disease and
the development of a new therapeutic approach?

G. A variety of signaling pathways are involved in méA-
mediated modification. Is there any cross-talk among
the signaling pathways mediated by m6A modification
related to eye diseases? Targeting of m6A regulators
and related pathways has been suggested as a novel

therapeutic approach for the treatment of eye dis-
eases. However, which méA modification factor is
specific to particular ocular diseases?
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