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IncRNAs are a novel class of functional RNA; the landscape of their mutations and variations is small as compared with
other ncRNAs, not to mention mMRNAs. However, the variability of IncRNA-encoding genes in the pathogenesis of human
diseases, especially in cancer, is emerging (reviewed in the work of), but we have not found any association of IncRNA we
described in this review with AMD. On the other hand, AMD is reported to associate with mutations in hundreds of genes,
often in the form of polymorphisms, which should be considered in experimental studies and projection of therapeutic
interventions (reviewed in the work of).

Keywords: age-related macular degeneration ; AMD ; long non-coding RNA ; epigenetic regulation ; oxidative stress-
induced dedifferentiation ; micro RNA

| 1. Introduction

Does everything lie in genes? In a way, yes, as the genetic constitution of an organism determined by the sequence of its
genome is a blueprint for an individual, but it represents the only potential for its development in normal conditions. The
final phenotype is determined by the pattern of gene expression, which is underlined by both the genome sequence and
its epigenetic modifications, as well as the environment/lifestyle that may also influence phenotype by non-genetic
mechanisms. Changes in the epigenetic pattern are associated with many pathological states, and they are an essential
step in cancer transformation. The epigenetic pattern is established by DNA methylation/demethylation, histone
modifications, and the action of regulatory non-coding RNAs, which can be broadly divided into short and long non-coding
RNAs (sncRNAs and IncRNAs, respectively).

Age-related macular degeneration (AMD) is a common cause of vision loss in the elderly. It is a complex, multifactorial
eye disease with an interplay between genetic and environmental/lifestyle factors in its pathogenesis. AMD epigenetics is
relatively recently subjected to AMD research but exploding during the last 10 years. The first paper related to AMD
epigenetics from Salminen’s and Kaarniranta’'s lab appeared in 2007, but in 2011 Hjelmeland still called epigenetics in
AMD as a “dark matter” W&, Today (22 July 2021), searching PubMed, even with a simple syntax “epigenetic AMD or
epigenetic retina degeneration”, returns 181 results with a significant portion published in the last three years. There are
several recent excellent reviews on epigenetics in AMD, but IncRNAs are likely the least frequently addressed subject due
to a low number of experimental works on IncRNAs in AMD. In this review, we update information on the involvement of
IncRNAs in AMD pathogenesis and present the potential of IncRNAs in AMD diagnosis and therapy. In some cases, the
results of works on other retinal diseases, especially diabetic retinopathy (DR), are presented as they contain information
on retinal changes that can also contribute to AMD pathogenesis, e.g., retinal neovascularization. Many studies are
allocated as “diabetic retinopathy” on the basis of oxidative stress induced by glucose at high concentrations, but this
stress can also contribute to AMD pathogenesis .

2. Age-Related Macular Degeneration (AMD)—A Complex Eye Disease
with the Involvement of Genetic/Epigenetic Factors in Its Pathogenesis

Age-related macular degeneration, a neurodegenerative disease of the eye, is the commonest reason for legal blindness
and vision loss in the elderly. Its worldwide estimated prevalence in 2040 is about 300 million ¥ It is associated with
physical and mental problems for affected individuals as well as it is a serious burden for societies. AMD affects the
macula, a small functional structure in the central retina responsible for fine and color vision. The disease affects vision
through progressive damage and loss of photoreceptors and the underlying retinal pigment epithelium (RPE). The RPE
plays an important role in the maintenance of the balance in the retinal microenvironment through phagocytosis of the
used photoreceptor outer segments (POSs), involvement in the visual cycle, and the blood-retina barrier as well as
secreting growth factors needed for endothelial cells (reviewed in the work of ). Due to this and other effects, RPE cells
are a main player in AMD pathogenesis.



Age is, per definition, the most serious factor of AMD pathogenesis, and several other reported or putative factors may
play a role. These include modifiable factors, such as tobacco smoking, improper diet, high body-mass index, increased
blood lipid, and cholesterol levels, female sex, exposure to the sunlight, especially its blue component, and others
(reviewed in the work of ). Almost all these factors may contribute to the production of reactive oxygen species (ROS)
and oxidative stress, which is frequently presented as the main factor of AMD pathogenesis.

Positive family history is, apart from aging, the strongest AMD risk factor. Family segregation and twin studies performed
by Seddon JM et al. suggest that genetic components may play a role in AMD and age-related maculopathy, and up to
71% of AMD cases may be underlined by genetic factors [Z. Early association and genetic linkage studies identified the
complement factor H (CFH) gene and the age-related maculopathy susceptibility 2/HtrA serine peptidase
(ARMS2/HTRAL) genes to be associated with AMD 8. Subsequent studies with high-throughput techniques, first of all,
GWAS (genome-wide association studies), confirmed these conclusions and revealed a genome-wide set of other
common variants of complement-related genes associated with AMD occurrence, including C2/CFB, C3, C7, CFI, and
SERPING (reviewed in the work of [&). However, the results of GWAS published in 2013 by the AMD Gene Consortium
identified 19 loci showing enrichment in genes involved in the regulation of complement activity, collagen synthesis, lipid
metabolism/cholesterol transport, receptor-mediated endocytosis, endodermal cell differentiation, angiogenesis, and
extracellular matrix organization were associated with AMD, but only up to 15-65% of all AMD cases might be attributed
to those variants 9. The discrepancy between that and earlier studies was attempted to be explained by the interplay
with environment, rare variants, gene-gene interaction, and epigenetics.

If the genetic profile is important in AMD, the same concerns its epigenetic counterpart, as any phenotype is not
determined by gene sequence per se, but the gene expression regulated by epigenetic marks and events. However, the
epigenetic profile may play a role in AMD pathogenesis as it may influence the expression of genes whose sequence is
not changed, but their alternate products are important in AMD. As the DNA sequence of an individual is difficult to modify,
the epigenetic profile can be alternated by many drugs and environmental factors and even with the lifestyle, especially
diet 1. This creates an opportunity to consider modifications of the epigenetic profile not only in experimental research
on AMD pathogenesis but also in AMD prevention and therapy 1211131,

| 3. Long Non-Coding RNAs in AMD

The myocardial infarction-associated transcript (MIAT, also known as retinal non-coding RNA2, RNCR?2) is an abundant
INcRNA with a punctuate distribution in the nucleoplasm 24, In the neural retina, MIAT is expressed in differentiating
progenitor cells with no expression in the adult retina 12, MIAT knockdown resulted in an increase in the number of
amactrine interneurons and Milller glial cells, suggesting that it might be important for type-specification of retinal cells 18],

Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is expressed in all retinal layers, and its expression is
increased in stress conditions in Miller cells and retinal ganglion cells 24, Another IncRNA counteracting stress condition
in the retina is MEG3 (maternally expressed gene 3) (18],

Clusterin (apoliprotein J) is a major protein present in drusen observed in the retinas of AMD patients 12, It was shown
that clusterin decreased ROS production in ARPE-19 cells exposed to hydrogen peroxide and defended them from
apoptosis (29, These protective effects were associated with AKT phosphorylation and suppressed by a PI3K/AKT
inhibitor, and the authors concluded that clusterin might play a protective role against the consequences of oxidative
stress in human RPE cells via the PISK/AKT pathway. Suuronen et al. showed that clusterin expression on the mRNA and
protein levels was epigenetically regulated in ARPE-19 cells, but the exact mechanism of this regulation was not
completely clear [@. Using a bioinformatic approach, Ye et al. showed a differential expression of 386 IncRNAs and a
clusterin-associated ceRNA (competitive endogenous RNA) network with 75 IncRNAs and 32 miRNAs in ARPE-19 cells
treated with clusterin the work of (211, Some of these ncRNAs were previously associated with AMD. Therefore, clusterin
may induce IncRNAs and ceRNA network, which may play a role in AMD pathogenesis.

miR-125b was reported to inhibit neovascularization through translational suppression of VE (vascular endothelial)-
cadherin in endothelial cells 2. Liu et al. showed an upregulation of MALAT1 and VE-cadherin and downregulation of
miR-125b in human retinal microvascular endothelial cells (NRMECs) treated with glucose at high concentration 23, The
authors concluded that MALAT1 could compete with VE-cadherin to bind to miR-125b. Binding of this miRNA in the 3'-
untranslated region (3'-UTR) of VE-cadherin resulted in its upregulation. They also observed that knockdown of MALAT1
inhibited proliferation, migration, and angiogenesis of hRMECs cells. Although the authors performed their research to
explore mechanisms of DR, their results are important for retinal neovascularization in general and indicate MALAT1 as a
potential target in retinal neovascularization-related diseases, including AMD.



| 4. Conclusions and Perspectives

Long non-coding RNAs are an emerging issue in molecular biology and clinical sciences, reflecting an emerging interest
in the epigenetic regulation of gene expression as a main mechanism determining normal and disease phenotypes. Many
new IncRNAs are identified with potentially important functions in physiology and pathology.

As presented above, in many cases, the mechanism of the involvement of a IncRNA in AMD pathogenesis included its
action as a sponge for miRNAs. Therefore, studies on IncRNAs in AMD may bring important information on the
involvement of miRNAs in this disease, which is also an emerging issue in research on AMD pathogenesis [24(23],

IncRNA dynamics is another subject that should be addressed in studies on INCRNA in AMD as IncRNAs undergo post-
translational surveillance and only a small subset of the transcripts attain sufficient stability to persist in the cellular
environment and perform their functions (reviewed in the work of [28])

Several works on the involvement of IncRNA in AMD pathogenesis are mostly association studies with the identification of
a single IncRNA or IncRNA set supported by advanced bioinformatics analysis to identify a network of IncRNA-mRNA
interaction to draw a conclusion on the role the identified IncRNAs might play in AMD pathogenesis. No mechanistic and
clinical studies are performed to validate these assumptions. Such investigations are conducted in silico, and therefore
they predict candidate INcRNAs, some of which may not be confirmed in biological studies. Therefore, mechanistic and
clinical studies are needed to validate the biological functions of already identified and new IncRNAs. In addition, there are
critical demands for well demographically characterized clinical material to perform a longitude analysis to better
understand the role of IncRNA in AMD progression.
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