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ARTICLE INFO ABSTRACT
Keywords: Worldwide, age-related macular degeneration (AMD) is a multifactorial progressive fundus dis-
Long non-coding RNA order that can cause vision impairment and severe central blindness in older adults. Currently,

Age-related macular degeneration
Macular disease

Macular degeneration

Biomarker

there are no approved prevention or treatment strategies for non-exudative AMD. While targeting
VEGEF is the main therapeutic approach to delay the degeneration process in exudative AMD, a
significant number of patients show insensitivity or ineffectiveness to anti-VEGF therapy. Despite
years of research, the exact mechanism underlying drusen formation and macular atrophy in
AMD remains unknown. In the pathogenesis of AMD, IncRNAs play crucial roles, as discussed in
this paper. This review focuses on the function of dysregulated IncRNAs and the mechanisms by
which specific molecules target these IncRNAs in AMD. The analysis reveals that IncRNAs pri-
marily regulate the progression of AMD by mediating apoptosis, epithelial-mesenchymal transi-
tion (EMT), dedifferentiation, and oxidative stress in choroidal vascular endothelial cells, retinal
pigment epithelium (RPE) cells, and photoreceptors. Consequently, the regulation of apoptosis,
dedifferentiation, EMT, and other processes by IncRNAs has emerged as a crucial focus in AMD
research.These findings contribute to our understanding of the role of IncRNAs in AMD and their
potential as valuable biomarkers. Furthermore, they highlight the need for further basic and
clinical studies to explore the value of IncRNAs as biomarkers and potential therapeutic targets
for AMD.

1. Introduction
1.1. AMD

Age-related macular degeneration (AMD) is a major public health concern worldwide, leading to irreversible vision loss in older
individuals [1,2]. The incidence of AMD is increasing, and it is estimated that by 2040, around 300 million people globally [3,4],
including approximately 40 million in China [5], will be diagnosed with AMD due to aging populations.

AMD causes progressive central visual impairment by affecting the photoreceptor-retinal pigment epithelium complex. It can
manifest as dry AMD, characterized by drusen, focal detachment of the retinal pigment epithelium (RPE), and atrophy of the outer
layer of the retina [6], or as wet AMD, characterized by the development of choroidal neovascularization (CNV) between Bruch’s
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membrane and the retina [7]. Advanced stages of AMD, whether in the form of geographic atrophy (GA) or CNV, lead to permanent
vision loss [8].

Currently, there are no proven therapies to prevent the progressive degeneration and atrophy of photoreceptors and RPE cells in dry
AMD [9]. Although anti-vascular endothelial growth factor (VEGF) treatments such as bevacizumab, aflibercept, or ranibizumab are
effective for most cases of wet AMD [10], continuous treatment poses a significant social and economic burden [11]. Additionally,
approximately 10 % of patients do not respond to anti-VEGF therapy, highlighting the need for novel therapeutic targets [12].
Therefore, there is an urgent need to overcome the challenges in AMD treatment and identify potential therapeutic candidates.
Emerging research suggests that long non-coding RNAs (IncRNAs) play various roles in AMD pathogenesis and have the potential to
serve as diagnostic and treatment targets. These IncRNAs hold promise in advancing our understanding of AMD and may contribute to
the development of innovative therapies.

1.2. Long non-coding RNAs

Non-coding RNAs were previously considered as mere by-products of RNA polymerase II without practical function. However,
advancements in technology, particularly the application of second and third-generation high-throughput sequencing, have revealed
the involvement of non-coding RNAs in gene regulation. Among them, long non-coding RNAs (IncRNAs) represent the largest pro-
portion [13]. LncRNAs are RNA molecules with more than 200 nucleotides and exhibit functional uniqueness through various
intracellular localizations. In the nucleus, they can serve as molecular scaffolds, assist in alternative splicing, and regulate chromosome
structure [14]. In the cytoplasm, IncRNAs can promote or inhibit mRNA degradation, act as competing endogenous RNAs (ceRNAs) by
sequestering microRNAs, and regulate translation [15]. LncRNAs, are expressed in specific patterns in cells or during different
developmental stages, making them important regulators in gene expression networks. They participate in various biological pro-
cesses, including tumorigenesis, cell differentiation, and epithelial-mesenchymal transition (EMT), operating at transcriptional and
post-transcriptional levels, as well as through epigenetic modifications [16]. Consequently, IncRNAs have emerged as promising
targets for disease treatment. The detection of IncRNA expression in specific cells or disease states is valuable for understanding their
function, elucidating their mechanisms of action, and identifying effective biomarkers. Numerous studies in recent years have
established a causal relationship between IncRNAs and ocular diseases. These studies have revealed different regulatory mechanisms,
involvement of multiple molecules and signaling pathways within cells, and the potential of IncRNAs to serve as diagnostic markers
and therapeutic targets [17-19].
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Fig. 1. Schematic diagram of AMD pathological mechanism. Healthy photoreceptors, RPE cells and choroids will undergo apoptosis, RPE dedif-
ferentiation, RPE EMT, and CNV in the face of challenges such as oxidative stress, lipid deposits, inflammatory response, immune activation, DNA
methylation and increase of VEGF.
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2. Roles and mechanisms of IncRNA in AMD

Since the year 2000, advancements in high-throughput sequencing technology have contributed to the identification of IncRNAs
involved in the pathogenesis of AMD [20]. LncRNAs play a role in regulating various processes such as apoptosis [21], dedifferen-
tiation [22], oxidative stress [23] and EMT [24] in choroidal vascular endothelial cells, RPE cells and photoreceptors through their
influence on the epigenetic profile [25], transcriptional [26] and post-transcriptional regulation [24] (Fig. 1). Consequently, the
regulation of apoptosis, dedifferentiation, EMT, and other processes by IncRNAs has become a crucial area of research in AMD. In this
review, our aim is to summarize the progress made in understanding the roles of IncRNAs associated with AMD and similar retinal
injuries. This will provide novel insights into the pathological processes, molecular diagnosis, and potential therapeutic approaches for
AMD.

2.1. LncRNA and oxidative stress

The retina is a tissue that has a high oxygen consumption rate, and oxidative stress is considered the primary trigger in the
pathological process of AMD [27,28]. Factors such as aging, light damage, and air pollution contribute to the attack of oxidative stress
on RPE cells. However, the antioxidant and repair abilities of RPE cells decrease significantly with age [29]. The accumulation of
lipofuscin in RPE cells leads to the production of excessive reactive oxygen species and oxidized lipoproteins. This, in turn, causes
peptide chain breakage, conformational changes, and immunogenicity alterations in proteins, leading to the inhibition of photore-
ceptor outer segment processing and degeneration of RPE cells, ultimately resulting in the development of AMD. In aging human
retinas, oxidative stress also acts as an effective inducer of inflammatory cytokines, promoting inflammation and macrophage infil-
tration [30].

A recent study identified a unique oxidation-related IncRNA called CYLD-AS1 and observed its up-regulation in RPE cells under
oxidative stress [30]. Depletion of CYLD-AS1 was found to protect RPE cells from damage caused by hydrogen peroxide (H202) by
enhancing cell proliferation and mitochondrial function. Bioinformatics analysis plays a crucial role in the identification of disease
biomarkers and therapeutic targets, facilitating the discovery of differentially expressed genes and related signaling pathways. This
approach reduces the time and cost associated with blind exploration by providing molecular expression and phenotypic function
verification.

A pathway analysis of IncRNA transcriptome in human RPE cells treated with N-retinylidene-N-retinylethanolamine (A2E), an
oxidant, revealed a strong advanced association between oxidative stress-related metabolic damage and RPE degeneration [31]. The
study identified dysregulated IncRNAs, including IncRNA NEAT1. Bioinformatics analysis indicated that these dysregulated IncRNAs
may be associated with impaired oxidative stress response, impaired carbohydrate and lipid metabolism, dysregulated co-factor
metabolism, alterations in melanin biosynthesis, and inadequate cellular response to amino acid starvation. The presence of these
oxidative damage-related IncRNAs supports the concept that oxidative stress plays a significant role in the pathogenesis and pro-
gression of AMD. However, the precise functions of the predicted IncRNAs require further experimental verification.

2.2. LncRNA and cell apoptosis

Apoptosis of RPE cells and photoreceptors is a fundamental pathological change observed in early-stage AMD patients [32,33]. Ina
study, researchers downloaded expression profiles of RPE/choroid from 9 early AMD cases and 7 controls, and conducted a microarray
analysis to investigate the role of IncRNAs in AMD pathogenesis [34]. They identified 64 differentially expressed IncRNAs, which may
play important roles in sensory perception of light stimulation, visual perception, cognition, and other processes. The two most
affected pathways were found to be phototransduction and purine metabolism. By creating an aging RPE cell model, the down-
regulation of RP11-23406.2 was observed, and overexpression of RP11-23406.2 was found to reduce cell apoptosis and promote cell
viability in aging RPE cells [34]. Although this study involved a small number of samples, it holds significant value in exploring
diagnostic biomarkers and providing insights into the pathogenesis and related pathways of RPE damage in early AMD. Importantly,
the study suggests the need for controlled studies on AMD patients at different stages to identify specific diagnostic markers and
treatment targets for patients at different stages of the disease.

Light-induced biochemical reactions can lead to degeneration of cones/rods and apoptosis of RPE cells [35]. Previous studies have
shown that the expression of IncRNA MEG3 is upregulated in murine photoreceptor cells (661W) and retinas of C57BL/6J mice after
exposure to intense light for different durations [36]. Silencing MEG3 using short hairpin RNA (shRNA) was found to protect the retina
from intense light exposure in vivo and reduce photoreceptor apoptosis in vitro. MEG3, acting as a p53 decoy, also participates in the
function of photoreceptors.

Another downregulated IncRNA, PWRN2, has been shown to protect human RPE cells from mitochondrial damage and apoptosis
induced by various stressors, suggesting that it could serve as a promising therapeutic target in AMD [21]. Further investigations are
needed to validate the relationships between downstream signaling pathways and PWRN2, which would enhance our understanding of
IncRNA'’s epigenetic regulation in the process of AMD.

2.3. LncRNA and immune cell activation

Studies have reported that the increased incidence of any form of AMD is associated with an increase in peripheral monocytes [37].
In early-stage AMD, monocytes are recruited from the peripheral blood to the Bruch membrane area to phagocytose debris from RPE
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and Bruch membrane deposits [38-40]. In the eyes of AMD patients with geographic atrophy, thick basement sediments, and CNV
membranes, the size and quantity of CD163+ macrophages are significantly increased in the outer retinal layer, subretinal, and
subretinal pigment epithelial tissue areas, whereas in normal eyes, CD163+ macrophages are restricted to the inner retina [41].
Animal models have also revealed that the infiltration of bone marrow-derived macrophages into the retina is associated with
AMD-related changes during early retinal degeneration [42]. Macrophages with inflammatory effects may cause non-lethal and lethal
damage to photoreceptors and RPE cells, and may directly promote the progress of AMD [43].

In addition to inducing inflammation, macrophages also recruit and activate bone marrow-derived mesenchymal precursor cells
from the circulation, leading to the transformation of these cells into myofibroblasts and vascular smooth muscle cells, resulting in
perivascular fibrosis of CNV [44]. This is an important reason why some patients with wet AMD show an incomplete response to
anti-VEGF therapy.

A transcriptome sequencing study conducted on a laser-induced murine CNV model for AMD identified 716 significantly differ-
entially expressed IncRNAs in the RPE-choroid-sclera complex [45]. Bioinformatics analysis indicated that these altered mRNAs, which
interact with IncRNAs, are enriched in the chemokine signaling pathway and immune system processes. These findings suggest that
IncRNAs may regulate downstream target genes and affect cytokines, chemokines, and their receptors in the pathogenesis of CNV.
Clec4e, which encodes phage-induced C-type lectin [46], was found to be significantly increased and correlated with six IncRNAs,
suggesting its involvement in the mRNA-IncRNA network [45].

In the aqueous humor of patients with wet AMD, LncRNA H19 is found to be significantly upregulated [47], suggesting that
IncRNAs could be used as diagnostic tools. Additionally, the authors discovered that the expression of M2 macrophage markers and
VEGFA significantly decreased after intravitreal injection of an H19 smart silencer in laser-induced CNV mice. This study suggests that
H19 could potentially become a new target for AMD prevention and therapy.

These studies expand our understanding of the regulatory roles of IncRNAs in AMD, particularly in the context of immune cells.
They provide new insights into the resistance to anti-VEGF therapy and offer a fresh perspective for exploring diagnostic and thera-
peutic strategies in the search for breakthroughs in AMD research.

2.4. LncRNA and EMT
EMT is a process in which epithelial cells lose their adhesion and polarization characteristics and acquire a fibroblast-like

phenotype. It plays a crucial role in tissue interstitial formation, embryonic development, wound repair, and the development of
malignant tumors [48,49]. In the context of AMD, RPE cells are key players in disease pathogenesis. Normally, RPE cells maintain a

Y. X X X |k

MALATI1 NEAT1 ERLR BANCR @

l miRNA and Ago2

\g/@ Gene/Protein
IXe20s
! l ,

. Cytoplasm

EMT Genes * RPE cells migration

4 Vimentin and proliferation

A N-cadherin + Anti-VEGF therapy
resistance

*E-cadherin
vZO-1 v

Nucleus

Fig. 2. The possible mechanism of IncRNAs regulating EMT of RPE cells in AMD.
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mature epithelial phenotype and remain in a quiescent state [50]. However, in response to the harsh microenvironment associated
with AMD progression, some degenerated RPE cells undergo EMT, losing their apical-to-basal polarity and cell-to-cell adhesion, and
migrate to the retina and subretinal RPE space [51]. Laboratory studies on RPE cells from patients with non-neovascular AMD have
shown increased expression of Vimentin and Snaill, key markers of EMT, along with decreased expression of E-cadherin, indicating the
occurrence of EMT [50]. In cases of chronic inflammation or repeated injury, RPE cells can undergo further transdifferentiation into
myofibroblasts, leading to fibrotic scarring, which is a hallmark of the late stage of wet AMD [52]. Progressive lesion fibrosis is a
significant consequence of persistent disease activity and is associated with resistance to anti-VEGF therapy in AMD [44]. EMT, as a
crucial pattern of RPE dysfunction, is also a key factor contributing to anti-VEGF resistance [53]. Therefore , EMT of RPE cells is
closely related to the pathogenesis and treatment of AMD [54].

In a 2016 study, researchers found that the IncRNA MALAT1 significantly increased in TGF-f1-treated RPE cells, and knocking
down MALAT1 inhibited cell EMT, migration, and proliferation [55]. A similar phenomenon was observed with the IncRNA ERLR,
where knocking down ERLR suppressed TGF-p1-induced EMT in RPE cells [24]. Subsequent studies revealed that the transcription
factor TCF4 and its target protein MYH9, which are associated with ERLR, also participate in TGF-f1-induced EMT. The authors
observed colocalization of ERLR and the RPE marker pan-cytokeratin on subretinal proliferative membranes obtained from patients
during surgery. Another upregulated IncRNA, NEAT1, was found to increase SOX4 levels by acting as a molecular sponge for miR-204
in human RPE cells under high glucose conditions, promoting EMT both in vivo and in vitro [56]. These findings indicate that IncRNAs
play a significant role in the occurrence of EMT in RPE cells and represent promising targets for regulating AMD (Fig. 2).

2.5. LncRNA and inflammatory response

Inflammation is an essential cellular response to disrupted homeostasis [57]. However, chronic inflammation can be detrimental
and is involved in various age-related chronic diseases [58]. In the context of AMD, inflammatory responses can lead to dysfunction of
RPE cells, which in turn contributes to the degeneration of RPE cells and subsequent photoreceptor death, resulting in central vision
impairment. RPE cells are particularly sensitive to oxidative stress, which can lead to functional deterioration and inflammation [58,
59].

A recent study found that transfection of Alu RNA into RPE cells resulted in NLRP3 inflammation and increased expression of
p16INK4a (senescence marker), IL-18 and IL-1p (pro-inflammatory cytokines) [59].

Furthermore, the pro-inflammatory cytokine IFN-y can modulate the expression of the IncRNA BANCR in RPE cells through the
activation of the Janus kinase (JAK)/STATS3 signaling pathway, suggesting a link between IFN-y-induced RPE cell EMT and upregu-
lation of BANCR [60]. This indicates that BANCR may serve as a link between RPE dysfunction and the inflammatory response by
regulating EMT.

2.6. LncRNA and RPE dedifferentiation

Dedifferentiation refers to the process in which differentiated cells regain their proliferative capacity and acquire embryonic cell-
like characteristics under certain factors such as trauma or in vitro culture [61]. RPE dedifferentiation is characterized by down-
regulation of RPE-specific proteins, reduced secretion of VEGFA, decreased mitochondrial reactive oxygen species (ROS) accumula-
tion, and impaired phagocytic capacity [22]. RPE dedifferentiation and dysfunction have been identified as key factors in the
development of AMD [62,63]. Inhibiting the dedifferentiation of RPE cells could potentially delay or block the progression of AMD and
help maintain visual function in affected patients.

In a study by Chen et al., the researchers identified 217 differentially expressed IncRNAs associated with RPE cell differentiation
using human induced pluripotent stem cell (hiPSC)-derived RPEs [64]. Among these IncRNAs, ZNF503-AS1 was found to accumulate
in the cytoplasm of RPE cells and was upregulated during RPE differentiation. However, in RPE-choroid samples from patients with dry
AMD, ZNF503-AS1 was downregulated. Deleting ZNF503-AS1 inhibited RPE differentiation and promoted the migration and prolif-
eration of hiPSC-derived RPE cells. Another IncRNA, LINC00167, was found to be downregulated in dysfunctional RPE cells and
RPE-choroid samples from AMD patients [22]. However, during RPE differentiation, LINC00167 showed a steady upregulation.
Inhibiting LINC00167 expression led to RPE dedifferentiation, impaired phagocytosis, and increased production of mitochondrial
reactive oxygen species (ROS). Additionally, LINC0O0167 restored the expression of SOCS3 by acting as a sponge for miR-203a-3p and
inhibiting the JAK/STAT pathway.

The IncRNA MEG3 showed upregulation during RPE differentiation but was significantly reduced in RPE cells exposed to H202 or
TNF-a [25]. Knocking down MEG3 resulted in RPE dedifferentiation, decreased VEGFA secretion, and accumulation of mitochondrial
ROS. MEG3 acted as a ceRNA to regulate RPE differentiation and Pax6 expression by sponging miR-7-5p. In conclusion, IncRNAs such
as ZNF503-AS1, LINC00167, and MEG3 have the potential to prevent RPE dedifferentiation, thereby contributing to the prevention
and delay of AMD progression. These findings highlight the importance of IncRNAs in regulating RPE cell differentiation and their
potential as therapeutic targets for AMD.

2.7. LncRNA and DNA methylation
DNA methylation is a crucial epigenetic mechanism that involves the addition of a methyl group to the fifth carbon of the cytosine

residue within CpG dinucleotides, catalyzed by DNA methyltransferases (DNMTs) [65,66]. There are three kinds of DNA methyl-
transferases in mammalian eyes, among which DNA methyltransferase 1 (DNMT1) is mainly expressed in human RPE cells [67].
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Studies using retina-specific DNMT1 deletion mutant mice have shown that DNMT1 deficiency significantly impairs photoreceptor
differentiation, leading to reduced and mislocalized rhodopsin-expressing cells [68]. The absence of DNMT1 not only affects neuronal
differentiation but also causes rapid death of photoreceptors and neurons in the retina after birth, highlighting the essential role of
DNMT1-dependent DNA methylation in retinal progenitor pool expansion and the survival and maturation of neurons post-mitosis.

Recent research has demonstrated that DNMT1 may promote methylation of the MEG3 promoter by recruiting methyltransferases,
resulting in the inhibition of MEG3 expression [69]. Conversely, overexpression of MEG3 has been shown to inhibit endothelial
mesenchymal transition (endMT) by suppressing the PI3K/Akt/mTOR pathway in diabetic retinopathy (DR) models, suggesting that
MEG3 methylation is involved in the pathogenesis of DR [25,36,69,70]. Interestingly, the expression of MEG3 may exhibit opposite
effects in different cell lines or under different pathological stimuli, either inhibiting or promoting retinal damage.

DNA methylation has also been implicated in retinal cell death. Methyl-CpG binding domain protein 2 (Mbd2) upregulates the
expression of Mbd2-associated long noncoding RNA 1 (Mbd2-AL1) by demethylating its promoter [71]. Subsequently, Mbd2-AL1 acts
as a sponge for miR-188-3p, preventing the downregulation of TNF receptor-associated factor 3 (Traf3) and inducing apoptosis of
retinal ganglion cells (RGCs).

During the progression of AMD, the expression levels of IncRNAs may be regulated by DNA methylation (Fig. 3). Overall, DNA
methylation plays a significant role in retinal cell fate and survival. The regulation of IncRNA expression through DNA methylation
provides insights into the molecular mechanisms underlying retinal diseases such as DR and AMD.

2.8. LncRNA and lipid metabolism

Abnormal lipid metabolism, often accompanied by oxidative stress, is a key process in the pathogenesis of AMD [72]. Dysfunctional
RPE cells lead to dysregulation of lipid transport and cholesterol cycling between the RPE and photoreceptors. Excess cholesterol
loaded onto ABC transporters is removed from the cells by high-density lipoprotein, while some excess cholesterol is secreted into
Bruch’s membrane in the form of VLDL-like lipoprotein, contributing to the formation of drusen [73,74]. Lipid-rich deposits and
drusen containing lipoproteins have been observed in the macular area of AMD patients [75]. The high levels of oxidative stress in the
macular environment promote lipid oxidation, impairing its normal function and leading to the generation of oxidation-specific
epitopes (OSE) and detrimental inflammation, which contribute to the progression of AMD [76].

Recent deep sequencing studies by Donato et al. identified 174 IncRNAs involved in fatty acid synthesis and biological metabolism
in human RPE cells treated with A2E, a toxic byproduct of the visual cycle [31]. Among these IncRNAs, AC089983.1 was found to be
overexpressed, while AC007283.1 and AC012442.2 were underexpressed. These IncRNAs may play a role in regulating lipid
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Table 1

LncRNAs that protect AMD.
LncRNA Samples Mechanism Effect Reference
RP11- Microarray data from GSE50195; ARPE-19 cells Activates phototransduction or purine metabolism Increases the vitality of aging RPE cells and reduce  Zhu et al. [34]

23406.2 apoptosis
PWRN2 ARPE-19 cells Regulates cytotoxicity Reduces RPE cell apoptosis and mitochondrial Yu et al. [21]
damage
ZNF503-AS1 Microarray data from GSE29801; macular RPE-choroid samples; Down-regulates ZNF503 expression Inhibits the dedifferentiation, proliferation and Chen et al. [64]
hiPSC-RPE;ARPE-19 cells migration of RPE cells

LINC00167 RPE-choroid samples of AMD patients;hiPSC-RPE;ARPE-19 cells Targets the miR-203a-3p/SOCS3 axis Regulates RPE differentiation Chen et al. [22]
MEG3 hiPSC-RPE;ARPE-19 cells. rat microvascular endothelial cells.Blood

samples of patients; Primary human RPE cells; ARPE-19 cells

Targets miR-7-5p/Pax6 axis;Inhibits PI3K/Akt/mTOR
signaling pathway;Targets miR-93/Nrf2 axis

Modulates RPE differentiation;Suppresses endMT;
Inhibits RPE apoptosis and inflammation

Sun et al. [25]
He et al. [69]Luo
et al.[70]
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metabolism through peroxisome proliferator-activated receptor-alpha (PPAR-a), which is a key regulator of lipid metabolism, glucose
homeostasis, and inflammation. Understanding the regulation of lipid metabolism in RPE cells and identifying the connections be-
tween impaired lipid metabolism and downstream pathways could provide insights into the development and progression of AMD.

In conclusion, abnormal lipid metabolism and oxidative stress are important factors in AMD. The dysregulation of lipid metabolism
in RPE cells, as well as the identification of IncRNAs involved in this process, could contribute to a better understanding of AMD
pathogenesis and potentially lead to the development of novel therapeutic strategies.

2.9. LncRNA and CNV

CNV is a common and serious complication of wet AMD, and VEGFA plays a key role in its development [77]. While anti-VEGF
therapy has advanced the management of wet AMD, it does not provide a cure or definitive reversal of the disease [78].
Hypoxia-inducible factor 1 (HIF-1) is a crucial transcription factor for VEGF and is secreted by RPE cells under continuous hypoxia
conditions. HIF-1 is not only a hallmark of wet AMD but also regulates various growth factors and cytokines involved in inflammation
and angiogenesis [79]. In the context of hypoxia, IncRNA HDAC4-AS1 has been found to inhibit HDAC4 expression in ARPE-19 cells
[26]. HDAC4-AS1 binds to the HDAC4 promoter in a hypoxic environment, leading to the recruitment of HIF-1. This regulatory axis of
HDAC4-AS1/HIF-1a/HDAC4 represents a potential therapeutic target for wet AMD as it may help modulate VEGF expression and
angiogenesis.

Age-related IncRNA MALAT1 promotes proliferation, migration, capillary-like tube formation, and vascular permeability of human
retinal microvascular endothelial cells (hRMECs) through the regulation of the miR-125b/VE-cadherin axis [80]. Another IncRNA,
myocardial infarction-associated transcript (MIAT), is known to regulate vascular disorders, including angiogenesis and vascular
permeability [81]. MIAT reduces VEGF expression by sequestering miR-150-5p in retinal endothelial cells through a ceRNA mecha-
nism [82]. These findings suggest that IncRNAs, such as MALAT1 and MIAT, could serve as potential therapeutic targets for sup-
pressing CNV in AMD by modulating angiogenesis and vascular permeability.

In summary, the dysregulation of IncRNAs and their interactions with key molecular pathways involved in angiogenesis and
vascular permeability offer potential avenues for therapeutic intervention in CNV associated with wet AMD. Understanding the roles of
specific IncRNAs and their interactions could pave the way for developing novel treatment strategies for wet AMD.

3. Conclusions and future insights

AMD is a prevalent age-related organ degradation disorder with limited treatment options, posing a significant global burden.
Recent evidence suggests that IncRNAs play crucial roles in AMD pathogenesis, including LINC00167, ZNF503-AS1, MEGS3, and others.
These IncRNAs exhibit either a protective effect in AMD progression (Table 1) or contribute to detrimental effects on the retina leading
to AMD pathology (Table 2). In either case, these IncRNAs may represent significant targets for the prevention and treatment of AMD.
These IncRNAs participate in various regulatory mechanisms and are involved in the occurrence and development of AMD through
interactions with downstream molecules and signaling pathways in aging cells. A comprehensive summary of the IncRNAs involved in
AMD etiology can be found in Fig. 4. Additionally, IncRNAs can serve as indicators to identify patients who are most likely to benefit

Table 2
LncRNAs that promote AMD.
LncRNA Samples Mechanism Effect Reference
CYLD- ARPE-19;human primary RPE cell; human Promotes RPE inflammation and Inhibits cell proliferation and Du et al.
AS1 eyeball frozen section oxidative stress mitochondrial function [83]
MEG3 C57BL/6 mice; murine photoreceptor cells Regulates the activity of caspase 3/7 Promotes retinal injury and Zhu et al.
(661W) and the expression of Bcl-2 and Bax photoreceptor cell apoptosis [36]
H19 Laser-induced CNV mouse model; aqueous Promotes the expression of M2 Promotes immune cell activation Zhang et al.
humor of wet AMD patients macrophages [471
MALAT1 ARPE-19 cells;primary human RPE; hRMECs Partially through activating Smad2/3 Promotes EMT, migration and Yang et al.
signaling; activates the VE-cadherin/ proliferation of RPE cells; promotes [55]
B-catenin complex by reducing miR- proliferation, migration and Liu et al.
125b angiogenesis in hRMECs [80]1
ERLR ARPE-19 cells; primary human RPE; Regulate the stability of MYH9 protein ~ Promotes EMT, RPE cells migration and  Yang et al.
pigmented rabbits proliferation [24]
NEAT1 C57BL/6 mice; ARPE-19 cells Sponges miR-204 to increase the level ~ Promotes EMT of RPE cells Yang et al.
of SOX4 [56]
BANCR ARPE-19 cells Activates the JAK/STAT1 signaling Promotes EMT of RPE cells Kutty et al.
pathway [60]
Mbd2- Mice primary culture RGCs; C57BL/6J mice; Sponges miR-188-3p to increase the Induces of RGC apoptosis Ge et al.
ALl Mbd2 knockout mice level of Traf3 [71]
HDAC4- ARPE-19 cells Binds to HDAC4 promoter, facilitates Induces CNV Pan et al.
AS1 HIF-1a recruitment [26]
MIAT Diabetic rats’ retina; db/db mice’s retina; Sponges miR-150-5p to increase the Regulates retinal angiogenesis, corneal Yan et al.
HUVECs; HMVECs;RF/6A cells; RPE; rat level of VEGF angiogenesis and vascular permeability [82]

Miiller cells;EA.hy 926; RGC-5; fibrovascular
membranes in patients
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from specific treatments. Notably, the activation of immune cells and EMT regulated by IncRNAs shed light on the drug resistance
observed in anti-VEGF therapy for AMD, as discussed earlier.

In 2021, Blasiak et al. [20] conducted a comprehensive review on the potential of IncRNAs in AMD, focusing on retinal devel-
opment, AMD patients, and AMD models. Sharma et al. [84] discussed the impact of IncRNAs on various retinal pathologies, including
AMD and other proliferative retinal diseases , such as DR, proliferative vitreoretinopathy (PVR), and retinopathy of prematurity
(ROP). Hyttinen et al. [85] delve into the regulation of mitochondrial function and antioxidant stress response in AMD by ncRNAs,
including microRNAs, IncRNAs, and cyclic non-coding RNAs. Additionally, Vishwakarma et al. [86] examined the involvement of
various non-coding RNAs in regulating genes associated with different pathways in AMD, DR and ROP, with a particular focus on
retinal angiogenesis pathogenesis. However, our review focuses specifically on the role of IncRNAs in AMD disease and the pathways
they affect, and classifies them according to different pathological mechanisms to provide a more comprehensive overview. We shed
light on how these non-coding RNAs regulate critical processes such as apoptosis, dedifferentiation, oxidative stress, EMT, and retinal
angiogenesis in choroidal vascular endothelial cells, RPE cells, and photoreceptor cells. Understanding the specific roles of different
IncRNAs and their interactions with key pathways in AMD provides valuable insights for the development of novel therapeutic
strategies. The findings from our review have significant implications for both researchers and practitioners in the field.

Firstly, this review underscores the need for further translational research to validate the diagnostic and prognostic potential of
specific IncRNAs in AMD. While several studies have implicated certain IncRNAs in AMD pathogenesis, their clinical utility and
reliability as biomarkers require rigorous validation in large patient cohorts. Future studies should focus on conducting prospective
clinical trials to evaluate the diagnostic accuracy and predictive value of these IncRNAs, which can ultimately aid in early detection
and personalized treatment strategies for AMD patients.

Secondly, our review highlights the therapeutic potential of targeting dysregulated IncRNAs in AMD. The identification of specific
IncRNAs that play crucial roles in AMD pathogenesis opens up new avenues for developing targeted therapies. Further research is
needed to investigate the mechanisms of action of these IncRNAs and to develop efficient delivery systems for IncRNA-based thera-
peutics. Additionally, exploring the interplay between IncRNAs and other molecular pathways implicated in AMD, such as the VEGF
signaling pathway, could provide insights into novel combination therapies that can overcome treatment resistance.

Furthermore, this review identifies several gaps in the current understanding of IncRNAs in AMD. For instance, the functional
characterization of many dysregulated IncRNAs remains limited, and their precise roles in AMD development and progression are yet
to be fully elucidated. Future studies should aim to decipher the molecular mechanisms by which these IncRNAs regulate key cellular
processes in the retina and explore their interactions with other non-coding RNAs, transcription factors, and epigenetic modifiers.

In summary, this review underscores the importance of further translational research in the field of IncRNAs and AMD. The
validation of IncRNAs as diagnostic and prognostic markers, the development of IncRNA-based therapeutics, and the elucidation of the
functional and mechanistic roles of dysregulated IncRNAs are crucial areas that require immediate attention. By addressing these
urgent and emerging questions, researchers and practitioners can contribute to the advancement of personalized medicine and
improve the management of AMD.
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