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Maintaining visual function is key to establishing improved
longevity. However, the numbers of patients with diseases of
the retina, the most important tissue for vision and the key
to age-related blindness, are not declining due to the increase
in the number of aging subjects worldwide and the technolog-
ical advances in the delivery of premature infants. The primary
treatment option for retinal diseases is still surgical interven-
tion and includes laser or photocoagulation, which are associ-
ated with various complications and side effects. Many aspects
of the pathogenesis of these retinal diseases are still unknown,
thereby impeding drug discovery. This has led to an increase in
the number of studies focused on the underlying pathogenic
mechanisms of retinal diseases. Growing evidence suggests
that non-coding RNAs play critical roles in the pathogenesis
of retinal diseases. Herein, we have summarized the known
functional roles of non-coding RNAs, emphasizing their
contribution to the underlying pathogenesis of retinal diseases.
In addition, we discuss the modulation of non-coding RNAs as
potential therapeutics and the methods to control the non-cod-
ing RNAs for the treatment. We expect that targeting non-cod-
ing RNAs could be crucial for developing novel therapeutics for
progressive diseases including diseases of the retina.
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INTRODUCTION: DISEASES IN THE RETINA
The importance of maintaining our visual health is growing as the
world continues to age, with vision being one of the most critical fac-
tors for improving the quality of life in older people. Retinal disease is
a particular concern for maintaining vision, with the development of
therapeutic interventions to slow retinal degeneration emerging as a
research priority in the last few decades. However, the current treat-
ment of retinal diseases relies on surgical interventions, which may
have several unwanted side effects and pose unwanted risks to the
patient.

Retinal diseases predominantly affect older people, but some diseases
also occur in babies. Retinopathy of prematurity is a disease caused by
abnormal blood vessel development in the retinas of premature ba-
bies.1,2 The major risk factors for retinopathy of prematurity include
oxygen supplementation, low gestation periods, and lower birth
weights. When a premature infant is born, before the retinal blood
vessels are fully developed, the vascularization can be arrested as a
result of their exposure to hyperoxic air. This means that when the
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retina is fully developed and its metabolic demands increase, hypoxic
conditions are induced in the retina, resulting in pathological blood
vessel growth. In severe cases, this fibrotic proliferation induces
retinal detachment. Currently, retinopathy of prematurity is treated
via various surgical interventions, including laser therapy, but it
would be advantageous to develop less destructive approaches in
the future.

Age-related macular degeneration is a leading cause of vision loss in
the elderly; its incidence and prevalence rates are expected to increase
as the numbers of elderly subjects increase worldwide.3,4 In the early
stages of age-related macular degeneration, the cells in the retinal tis-
sue lose their function and aggregate, creating deposits called drusen,
which accumulate under the retina and produce an increasing burden
on vision as they grow in size. In the later stages of age-related mac-
ular degeneration, geographic atrophy extends to the macula (dry or
non-exudative type), or an abnormal choroidal vasculature is created
(wet or exudative type), which seriously impairs retinal function and
vision. Although several therapeutic options including anti-vascular
endothelial growth factor (VEGF) and photodynamic therapy are
available, complete treatment is not yet possible.

Diabetic retinopathy, a complication caused by circulatory disorders in
the peripheral blood vessels of patients with diabetes, is another leading
cause of blindness.5,6 In thenon-proliferative stages of diabetic retinop-
athy, structural changes in the retinal blood vessels and resultant hem-
orrhages are observed. When non-proliferative diabetic retinopathy
advances to proliferative diabetic retinopathy, new, fragile vasculature
is formed in the retina, and this vasculature is easily damaged, resulting
in serious bleeding and, eventually, blindness. Diabetic retinopathy is
treated using a combination of diet control, to reduce blood sugar,
and surgical intervention, including laser photocoagulation. Because
this treatment is destructive and often has adverse effects, it is critical
that new less destructive therapeutic options be developed.

Glaucoma is one of the most important causes of irreversible blind-
ness. This disease is characterized by progressive degeneration of
uthor(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. The biogenesis and working mechanisms

of non-coding RNAs (ncRNAs)

The biogenesis and the main functional mechanism un-

derlying the action of microRNAs (miRNAs), long ncRNAs

(lncRNAs), and circular RNAs (circRNAs) are shown. See

the text for details.
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the optic nerve and retinal ganglion cells, which play important roles
in the transmission of visual information between the eyes and the
brain.7,8 The mechanism underlying the damage of the optic nerve
in glaucoma is still unclear, and several mechanisms appear to
work in combination to create this complex phenotype. One of the
most important mechanisms of glaucoma is increased intraocular
pressure, which leads to optic nerve damage. However, there are cases
of glaucoma where the intraocular pressure is normal in which the pa-
tients present with optic nerve damage, highlighting the need for
more advanced diagnostic interventions for this disease. Treatment
options include the use of drugs to lower intraocular pressure or
various surgical treatments, including laser-based therapies. Early
detection is essential for a good prognosis, but this can be difficult
because glaucoma is largely asymptomatic in its early stages.

Finally, retinoblastoma is rare but remains the most common form of
malignant tumor of the retina in children.9 Hereditary retinoblastoma
is caused by a mutation in the retinoblastoma 1 (RB1) tumor suppres-
sor gene. In this case, there is also a high risk of developing cancer in
other organs as well. Surgical removal of the eye is generally used to
treat serious cases of retinoblastoma, but chemotherapy and radiation
therapy are also used to treat less severely affected eyes.

Thus, the number of patients with various retinal diseases is constantly
increasing, due to the increase in the number of aging subjects and the
advance in the delivery technologies for prematurity. However, thera-
peutic intervention for these diseases remains limited, with most treat-
ment strategies relying on laser treatment or surgical intervention,
which may have significant adverse effects. In addition, drug develop-
ment is hampered by our limited understanding of the pathogenesis of
Molecular T
many of these retinal diseases, meaning that we
need more studies evaluating the underlying
pathological mechanisms of these diseases. In
this review, we summarized the roles of non-cod-
ing RNAs (ncRNAs) as important regulators of
the pathogenesis of retinal diseases. After ex-
plaining the types of ncRNAs and their biogen-
esis pathway and action mechanism, we intro-
duce representative ncRNAs that have been
confirmed to have important roles in each retinal
disease. Finally, the treatment strategies targeting
these ncRNAs are described.

INTRODUCTION: ncRNAs
ncRNAs are a large class of non-coding genes
that do not include any open reading frames al-
lowing the production of a protein (Figure 1). MicroRNAs (miRNAs)
are a well-established class of small ncRNAs that are�22 nt long; they
are broadly conserved across mammalian species. They are produced
by polymerase II transcription in the nucleus.10 This primary tran-
script is called primary miRNA (pri-miRNA) and is processed via
the DROSHA-DGCR8 protein complex, which produces the precur-
sor miRNA (pre-miRNA). This hairpin-shaped pre-miRNA is ex-
ported to the cytoplasm by EXPORTIN-5 and further processed by
DICER. This produces a small duplex RNA that is incorporated
into the ARGONAUTE (AGO) protein. Finally, one strand of the
duplex is discarded from this protein, and the remaining strand,
the mature miRNA, suppresses the expression of its target messenger
RNAs (mRNAs) through sequence-specific binding.10 Diverse target
genes have been described for each miRNA, and these miRNA-target
gene relationships have been shown to be critical to various physio-
logical processes. Therefore, it is not surprising that perturbations
in these relationships can cause various diseases.11

Long ncRNAs (lncRNAs) are a large class of ncRNAs comprising
transcripts exceeding 200 nt in length.12 Similar to mRNAs, lncRNAs
have a 50 cap structure and undergo splicing. Many lncRNAs are not
polyadenylated, and the sequences of lncRNAs are less conserved,
making them distinct from mRNA transcripts. lncRNAs exhibit
different mechanisms of action based on their cellular localization.
In the nucleus, lncRNAs modulate the transcription of other genes
by binding to transcription factors,13 while in the cytoplasm, they
regulate protein function by modulating protein availability. Howev-
er, the most well-described mechanism of action for cytoplasmic
lncRNAs is their role as miRNA “sponges”, i.e., these transcripts
bind specific miRNAs, preventing their function. Similar to miRNAs,
herapy: Nucleic Acids Vol. 24 June 2021 285
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Figure 2. ncRNAs in retinopathy of prematurity

(A) Oxygen-induced retinopathy is primarily used as a model of retinopathy of

prematurity. See the text for details. (B) The ncRNAs identified to be involved in

retinopathy of prematurity and their functional mechanisms are summarized here.

ncRNAs increasing or decreasing the neovascularization are indicated in red or

green, respectively.
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lncRNAs have been linked to a wide variety of human diseases, mak-
ing them ideal therapeutic targets and potential effectors.

Circular RNAs (circRNAs) are single-stranded RNA transcripts that
adopt a closed circular structure. In general, they are produced by the
back-splicing reaction of host genes,14,15 and a recent study reported
nearly 100,000 unique circRNA transcripts across several human can-
cer cell lines.16 circRNAs also demonstrate a diverse range of func-
tional mechanisms, and, similar to lncRNAs, circRNAs can modulate
the function of proteins by binding to them directly. However, circR-
NAs are best described as miRNA regulators, withmany of these tran-
scripts acting to sequester their target miRNAs and suppressing their
function. Supporting this observation, most circRNAs exist in the
cytoplasm, where they are likely to come into contact with their
miRNA targets.17,18 Given the fact that miRNAs are broadly impli-
cated in various diseases, it is safe to assume that the circRNAs that
regulate them are also being widely evaluated.

In this review, we summarize the papers describing the functional
mechanism of ncRNAs associated with diseases of the retina. We
searched published papers in PubMed for the combination of disease
name (age-related macular degeneration, diabetic retinopathy, and so
on) with the name of the ncRNA group (miRNA, lncRNA, and
circRNA). Among the searched papers, only the papers where ncRNA
is the main subject of the study were included. In the case of the
miRNA study, only those with confirmation experiments in each an-
imal model were included due to a large number of published papers.
Therefore, we note that not all papers related to the pathogenesis of
retinal disease were included in this review. For more information
286 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
on the published papers for each ncRNA group in retinal diseases,
please refer to recent reviews (PMID: 31963809, 30927500, and
33015046). We have marked any ncRNA gene names that have
been altered to conform with more general nomenclature rules where
possible, specifically modifying names to include the strand informa-
tion for any mature miRNAs (thus, �5p or �3p),19 and the prefix
“circ” was added to the names of circRNAs.

ncRNAs AND RETINAL DISEASES
Retinopathy of prematurity

The mouse model of oxygen-induced retinopathy is widely used to
facilitate the discovery of ncRNAs involved in the pathogenesis of
retinopathy of prematurity.20 In this model, 1-week-old mouse
pups (postnatal day [P]7), in which the retinal vasculature is under-
going active development, are exposed to hyperoxic conditions.
This leads to the obliteration of the capillaries near the arteries at
the center of the retina. Then, at P12, they are returned to room
air, which causes hypoxia within the retina. As a result, neovascular
tufts are formed, which are also a hallmark of retinopathy of prema-
turity (Figure 2). Transcriptome analysis of retinal samples from each
stage of this mouse model allowed for the identification of several
ncRNAs involved in vascular remodeling in the retina. To date,
most studies using this system have focused on miRNA profiling,
with most of these studies only describing the differentially expressed
miRNAs. However, more recently a handful of studies have started to
evaluate the therapeutic potential of targeting these miRNAs in order
to treat retinopathy of prematurity (Figure 2).

In the earliest studies,miR-410-3pwas reported to prevent retinal neo-
vascularization in the oxygen-induced retinopathy model.21 This
miRNA was shown to suppress Vegfa expression by targeting the 30

UTR of Vegfa mRNA. It is well established that the upregulation of
VEGF under hypoxic conditions is important in the pathogenesis of
retinopathy.22 When animals were treated with eye drops containing
miR-410-3p, the authors were able to demonstrate that miR-410-3p
suppresses Vegfa and prevents angiogenesis in the retina.

However, miR-150-5p, another miRNA, was reported to suppress
pathological neovascularization.23 miR-150-5p was shown to be high-
ly expressed in quiescent retinal blood vessels and suppressed in the
retina of animals undergoing oxygen-induced proliferative retinop-
athy. Several angiogenic genes, including C-X-C chemokine receptor
type 4 (Cxcr4), delta-like ligand 4 (Dll4), and frizzled-4 (Fzd4), were
all determined to be direct targets of miR-150-5p, and intravitreal in-
jection of synthetic miR-150-5p decreased blood vessel production in
the retinas of mice, suggesting the therapeutic potential of these miR-
NAs in the treatment of retinopathy.

miR-145-5p was reported to be upregulated during the neovasculariza-
tion phases of the oxygen-induced retinopathy model, and treatment
with a synthetic miR-145-5p inhibitor decreased neovascularization
in the retina.24 Tropomodulin 3 (Tmod3), the actin-capping protein,
was confirmed to be a direct target of miR-145-5p and is known to be
involved in the creationof the cytoskeletal structures in endothelial cells.
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In a recent study, miR-18a-5p was reported to be highly expressed in
the retina of mouse pups, and its expression was shown to decrease
during retinal development.25 However, the expression of this
miRNA was not decreased during pathogenic neovascularization.
In addition, intravitreal injection of synthetic miR-18a-5p suppressed
retinal neovascularization in the oxygen-induced retinopathy model.
Several vascular growth factors, including fibroblast growth factor 1
(Fgf1) and hypoxia-inducible factor 1-alpha (Hif1a), were verified
as targets of miR-18a-5p.

miR-96-5p maintains a high expression level during vascular develop-
ment but is downregulated during vascular degeneration in the rat
model of oxygen-induced retinopathy.26 Intravitreal supplementation
with miR-96-5p prevented the obliteration of the retinal vessels and
facilitated their revascularization in thismodel. Because the direct target
of miR-96-5p was not identified, future studies are required to identify
and describe the regulatory network of miR-96-5p in the retina and
expand its potential applications in therapeutic intervention.

Taken together, this shows that several miRNAs have been linked to
the pathogenesis of retinopathy of prematurity using the oxygen-
induced retinopathymodel, but in the case of lncRNAs and circRNAs,
this network is less clear, as there are only a few studies evaluating their
effects in this model. A recent study demonstrated that metastasis-
associated lung adenocarcinoma transcript 1 (Malat1) is dysregulated
in the retina of mice with oxygen-induced retinopathy.27 Importantly,
the intravitreal injection of short interfering RNAs (siRNAs) against
Malat1 efficiently reduces the degree of retinopathy in this model.
Because the mechanism underlying the action of Malat1 was not re-
ported in this study, further analysis is required to identify the regula-
tory network underpinning these observations.

The circRNA generated from ZNF609 (circZNF609) is the only
circRNA reported to be involved in the pathogenesis of retinopathy
of prematurity.28 The expression of circZNF609 was decreased in hy-
peroxia but increased during hypoxia. Silencing the expression of this
circRNA protected the endothelial cells of the retina from oxidative
and hypoxic stress in the oxygen-induced retinopathy model. Re-
searchers went on to verify that circZNF609 sequesters miR-615-
5p, and this miRNA represses the expression of myocyte-specific
enhancer factor 2A (Mef2a).

In summary, most studies designed to identify ncRNAs involved in
the pathogenesis of retinopathy of prematurity used the mouse/rat
oxygen-induced retinopathy model. In addition, to date, these studies
have identified a larger number of miRNAs than lncRNAs and circR-
NAs, and because of this, future research should be focused on iden-
tifying these novel ncRNAs. Moreover, there are no translational
studies confirming the regulatory networks described above in hu-
mans, possibly due to the difficulty in obtaining these types of sam-
ples. However, because a similar change in vascularization is observed
in other models of retinopathy, including wet-type age-related macu-
lar degeneration and diabetic retinopathy, and the fact that human
samples are more readily obtained for these diseases, it may be
possible to confirm the regulatory networks of these ncRNAs in other
pathologies, as described below.

Age-related macular degeneration

In general, studies describing the ncRNAs involved in age-related
macular degeneration use either human retinal tissues, which are
more readily available than those for retinopathy of prematurity, or
an animal model of laser-induced choroidal neovascularization.
This animal model is primarily used to evaluate the exudative form
of age-related macular degeneration (Figure 3).29 In this model, the
Bruch’s membrane (also called the vitreous lamina) of the mouse is
perforated with a laser, resulting in the recruitment of new blood ves-
sels to the subretinal region, mimicking the pathogenesis of the
exudative form of human age-related macular degeneration.

This model was used to identify several ncRNAs, including miR-126-
3p,30 involved in age-relatedmacular degeneration (Figure 3). Further
evaluation demonstrated that miR-126-3p decreased in the retinal
pigment epithelium (RPE) and choroid following the development
of laser-induced choroidal neovascularization and that intravitreal in-
jection of synthetic miR-126-3p significantly reduced the size of the
neovascular lesion in this model.

A recent study demonstrated that miR-150-5p is highly upregulated
in human peripheral blood mononuclear cells from patients with
age-related macular degeneration.31 This miRNA regulates the tran-
sition of macrophages from the normal to angiogenesis-promoting
phenotypes by targeting stearoyl-coenzyme A (CoA) desaturase-2
(SCD2). Given the fact that an increase in the number of choroidal
macrophages has been reported to coincide with the development
of age-related macular degeneration,32 miR-150-5p could be an
important regulator for macrophage-mediated changes in age-related
macular degeneration.

Zinc finger protein 505 (ZNF503) antisense RNA 1 (ZNF503-AS1) is
one of a handful of lncRNAs that have been identified in patients with
age-related macular degeneration.33 Research has demonstrated that
ZNF503 inhibits RPE differentiation, while its antisense lncRNA,
ZNF503-AS1, exerts the opposite effect via its targeted regulation of
ZNF503. ZNF503-AS1 was downregulated in patients with age-
related macular degeneration, suggesting that ZNF503-AS1 may be
a potential therapeutic target for the treatment of this disease.

LINC00167 is another lncRNAdownregulated in RPE-choroid tissues
frompatientswith age-relatedmacular degeneration.34 It was reported
that reduced expression of LINC00167 resulted in the dedifferentia-
tion of RPE and that this lncRNA exerts its function via the suppres-
sion of miR-203a-3p expression, thereby increasing the expression of
its target suppressor of cytokine signaling 3 (SOCS3).

A recent lncRNA profiling study identified lncRNA H19 as a signifi-
cantly upregulated transcript in the aqueous humor of patients with
the exudative form of human age-related macular degeneration and
the RPE-choroid-sclera complexes isolated from the laser-induced
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 287
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Figure 3. ncRNAs in age-related macular

degeneration

(A) Laser-induced choroidal neovascularization as a

commonly used model of age-related macular degener-

ation. See the text for details. (B) Several ncRNAs identi-

fied to be involved in age-related macular degeneration

and their functional mechanisms are summarized here.

ncRNAs aggravating or alleviating disease progression

are indicated in red or green, respectively.
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choroidal neovascularization model.35 H19 was shown to regulate the
polarization of macrophages in the animal model, although the regu-
latory target of H19 was not identified in this study.

To date, only one circRNA has been identified as a regulator in the
pathogenesis of age-related macular degeneration. This circRNA is
generated from locus ZBTB44 (circZBTB44) and was significantly up-
regulated in the mouse model of laser-induced choroidal neovascula-
rization.36 The suppression of circZBTB44 in this model retarded the
development of neovascularization via the sequestering of miR-578-
3p. Interestingly, increased circZBTB44 expression was also noted in
the aqueous humor of eyes from patients with the exudative form of
human age-relatedmacular degeneration, raising the possibility of tar-
geting this circRNA in novel therapeutic strategies in the future.

Diabetic retinopathy

Because retina samples from patients with diabetic retinopathy are
more readily available, and the fact that there are several animal
models that mimic diabetes, including rats with streptozotocin-
induced type 1 diabetes and db/db type 2 diabetic mice, which are
commonly used, there are several studies describing the dysregulation
of various ncRNAs in diabetic retinopathy (Figure 4).37

Initial miRNA profiling showed that miR-200b-3p was downregulated
in the retina of rats with streptozotocin-induced diabetes and patients
with diabetes,38 and the intravitreal injection of synthetic miR-200b-
3p prevented diabetes-induced increases in the expression of Vegfa,
the direct target of miR-200b-3p. Alternatively, the overexpression of
miR-21-5p, observed in the retina of db/dbmice,39 induced the repres-
sion of peroxisome proliferator-activated receptor alpha (Ppar-a), the
target gene of miR-21-5p, in the same samples. Researchers then went
on to confirm that the intravitreal injection of miR-21-5p inhibitors
attenuated retinal inflammation by targeting Ppar-a.

Several studies have identified specific lncRNAs in diabetic retinop-
athy, with an initial study demonstrating that the expression of the
288 Molecular Therapy: Nucleic Acids Vol. 24 June 2021
lncRNAMalat1 is increased in the retinal tissues
of rats with streptozotocin-induced diabetes and
in db/dbmice.40 In addition, the intraocular in-
jection of short hairpin RNA (shRNA) against
Malat1 ameliorated diabetic retinopathy by
decreasing the proliferation of retinal endothe-
lial cells via a p38 mitogen-activated protein ki-
nase signaling-dependent mechanism. A later study showed that the
expression of inflammation-related transcripts was significantly
decreased in the retina of Malat1 knockout mice, and MALAT1
expressionwas also shown to be increased in the vitreous humor of pa-
tients with diabetes, suggesting that MALAT1 may be a target in dia-
betic retinopathy.41

Myocardial infarction-associated transcript (MIAT, also known as
retinal ncRNA 2 [RNCR2]) is another lncRNA overexpressed in
the retina of diabetic rats and patients with diabetes.42 MIAT
expression is also known to be significantly increased in the plasma
of patients with diabetic retinopathy; MIAT exerts its function by
sequestering miR-150-5p.43 Accordingly, MIAT knockdown ame-
liorates microvascular dysfunction in diabetic retinopathy by
releasing miR-150-5p, which in turn suppresses the expression of
VEGF, the direct target of this miRNA, attenuating the pathogenesis
of retinopathy.42

It has also been reported that the expression of lncRNA maternally
expressed gene 3 (Meg3) is decreased in streptozotocin-induced dia-
betic mice and that the intra-vitreous addition of a shRNA against
Meg3 aggravated vascular dysfunction in the retina.44 This suggests
that restoring Meg3 expression may present a possible therapeutic
approach for the treatment of diabetic retinopathy.

circHIPK3 (the circRNA produced from HIPK3) was the first
circRNA reported to be highly upregulated in the retina of mice
with streptozotocin-induced diabetes, and circHIPK3 inhibition by
a targeted shRNA efficiently alleviated the vascular dysfunction in
the retinas of these animals.45 Subsequent studies identified miR-
30a-3p as an endogenous target of circHIPK3, and the addition of
synthetic miR-30a-3p exhibited similar effects as circHIPK3 suppres-
sion on the pathogenesis of diabetic retinopathy. Interestingly, the
increased expression of circHIPK3 was only observed in the aqueous
humor of patients with diabetes, suggesting that this may be a unique
regulator in human diabetic retinopathy.
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Figure 4. ncRNAs in diabetic retinopathy

(A) Diabetic animal models are commonly used for studying diabetic retinopathy. In

rodents with diabetes, diverse pathological problems including abnormal blood

vessels, hemorrhages, aneurysms, and hard exudates are observed. (B) Several

ncRNAs identified to be involved in diabetic retinopathy have been described

together with their functional mechanism and are summarized here. ncRNAs

aggravating or alleviating diabetic retinopathy are indicated in red or green,

respectively.
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A recent study reported an increased expression of miR-20b-5p in the
retina of diabetic rats and identified that circDMNT3B (circRNA pro-
duced from DMNT3B locus), the expression of which was decreased
in the retina of diabetic patients, could sequester miR-20b-5p and
block its function.46 BMP and activin membrane-bound inhibitor
(Babmi) were identified as the targets of miR-20b-5p, and overexpres-
sion of circDNMT3B alleviated the vascular dysfunction of diabetic
rats via its ability to regulate the miR-20b-5p-Bambi pathway.

circZNF532 (circRNA produced from ZNF532) was recently identi-
fied in diabetic retinopathy and shown to be upregulated in the vitre-
ous humor of patients with diabetes, the retinal vessels of mice with
streptozotocin-induced diabetes, and pericytes under diabetic condi-
tions.47 The suppression of circZNF532 expression in retinal pericytes
by shRNA or the introduction of synthetic miR-29a-3p, the identified
target of circZNF532, aggravated the vascular dysfunction in mice
with streptozotocin-induced diabetes. In contrast, the overexpression
of circZNF532 or the suppression of miR-29a-3p expression amelio-
rated retinal vascular dysfunction, suggesting the therapeutic poten-
tial of these ncRNAs.

The roles of several ncRNAs in diabetic retinopathy have been evalu-
ated in various diabetic models, and transcriptional profiling has
shown that their expression is reasonably well conserved between
the retina and the vitreous humor of patients with diabetes and in
the animal models. Thus, it is possible to predict a regulatory pathway
in these patients based on the experimental results from the diabetic
animalmodels and test their therapeutic potential in the samemodels.
Because diverse diabetic animal models are available,48 important dis-
coveries around ncRNAs in diabetic retinopathy are expected soon.

One thing to note is that the same ncRNA can be commonly involved
in several types of retinal diseases. For example, as described above,
miR-150-5p is associated with the progression of not only diabetic
retinopathy, but also retinopathy of prematurity and age-related mac-
ular degeneration.23,31,42 Since these retinal diseases have a common
feature of vascular abnormalities, if a specific ncRNA was discovered
in a type of retinal disease, the same ncRNA would likely be involved
in other types of retinal diseases. Thus, it would be necessary to test
the ncRNA discovered in a type of retinal disease to other retinal
diseases.

Glaucoma

Due to the complex pathophysiology of glaucoma, there are no well-
established animal models that can be easily used for the evaluation of
this disease.49 In general, glaucoma models are produced by inducing
high degrees of intraocular pressure, with various methods being used
in different studies.50 These include episcleral vein cauterization,
which is used to establish chronic high intraocular pressure. Using
this technique, researchers were able to describe the role of lncRNA
Malat1 in glaucoma.51 It was shown that the overexpression ofMalat1
could inhibit the apoptosis of retinal ganglion cells in a high intraoc-
ular pressure model of glaucoma.

Microbead injection, another method used to generate glaucoma
models, results in the blockage of the aqueous humor trabecular
meshwork, preventing its drainage.52 In a recent microbead-based
model, circZRANB1 (the circRNA produced from ZRANB1 locus)
was shown to experience increased transcription with increasing
intraocular pressure, while knockdown of circZRANB1 increased
the survival rate of retinal ganglion cells.53 Further investigation iden-
tified miR-217-5p as the target of circZRANB1 and, interestingly, this
circRNA was also shown to increase in the aqueous humor of patients
with glaucoma.

Given the difficulties in producing reliable experimental models for
glaucoma, it is not surprising that the regulatory roles of ncRNAs
in glaucoma are less understood. Given the diversity of the methods
used to produce these models, the identification of common ncRNAs
among these models could be a good starting point in identifying
important ncRNAs needed for the pathogenesis of glaucoma.

Retinoblastoma

Retinoblastoma is a relatively rare cancer, but there are several studies
describing its pathogenesis because there are readily available retino-
blastoma cell lines, making this an attractive area of study. Several
studies have described the expression profiling of retinoblastoma tis-
sues, with these studies identifying a number of differentially ex-
pressed ncRNAs. In addition, other studies have described changes
in the level of circulating miRNAs in serum and plasma samples
Molecular Therapy: Nucleic Acids Vol. 24 June 2021 289
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from patients with retinoblastoma, suggesting that miRNAs might be
applied as useful biomarkers in this cancer.54 For example, miR-361-
3p was found to be downregulated in retinoblastoma tissues and sera
from patients with retinoblastoma, and the overexpression of miR-
361-3p suppressed the proliferation of the retinoblastoma cell line
via its regulation of glioma-associated oncogenes 1 and 3 (GLI1 and
GLI3), both hedgehog signaling effectors.55 miR-758-3p was also
shown to be downregulated in retinoblastoma tissues, and its overex-
pression decreased the proliferation of retinoblastoma cells.56 This
miRNA exerted its effect by targeting paired box protein 6 (PAX6),
an important regulator of ocular development.57

In addition, lncRNA BANCR (Braf-activated non-protein coding
RNA),58 AFAP1-AS1 (actin filament-associated protein 1 AS1),59

and PVT1 (plasmacytoma variant translocation 1)60 were all shown
to be upregulated in retinoblastoma tissues. Increased expression
levels of BANCR, AFAP1-AS1, or PVT1 were all identified as poor
prognostic factors for this cancer, and patients with high levels of
these transcripts were shown to exhibit poor survival rates. Cell line
experiments showed that the suppression of these lncRNAs inhibited
the proliferation of retinoblastoma and that miR-488-3p was identi-
fied as the target of PVT1,60 although the functional mechanisms
for BANCR and AFAP1-AS1 were not identified.

circSHPRH (the circRNA produced from SHPRH; named
circ_0001649 in the original study) was reported to be downregulated
in retinoblastoma tissues, and patients with low circSHPRH levels
were shown to present with poor survival rates.61 Modulation of
circSHPRH expression affected cell growth in the retinoblastoma
cell line and components of the AKT (protein kinase B)/mTOR
(mammalian target of rapamycin) pathway were affected by changes
in the expression levels of this circRNA, although the detailed mech-
anism of these interactions remains unknown.

In summary, while the differential expression levels of ncRNAs dur-
ing the pathogenesis of diverse diseases of the retina have been widely
studied, relatively little is known about their mechanism of action,
especially in comparison to their protein-coding counterparts. Given
that there are many more ncRNAs than coding RNAs,62 it is probable
that there are many more ncRNAs that may play key roles in the pro-
gression of diseases of the retina and more studies are required.

TARGETING ncRNAs AS THERAPY
Diverse ncRNAs have been identified in the pathogenesis of retinal
diseases, and given their critical functions in disease progression,
the modulation of their expression could likely facilitate the develop-
ment of novel therapeutics. Given this, it is not surprising that the
modulation of ncRNAs is a growing field in the development of novel
therapeutics for various diseases, including diseases of the retina. In
general, RNA therapy uses RNA molecules to target RNA transcripts
or proteins in the cells with varying degrees of success.63 Herein, we
summarize the techniques that have been used to target ncRNAs as
potential therapeutic approaches for the treatment of retinal disease
(Figure 5).
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The upregulation of miRNA activity can be simply achieved by intro-
ducing a synthetic form of the target miRNA. To increase the stability
of these synthetic miRNAs, the backbone or sugars from the nucleo-
tides are modified.64 Moreover, a specific moiety can be conjugated to
these miRNAs allowing for tissue-specific targeting of specific organs.
This is exemplified by the addition of N-acetyl galactosamine (Gal-
NAc) to siRNA-based drugs.65 Downregulation of miRNA activity
can be achieved by adding nucleotide-based inhibitors that bind sta-
bly and specifically to the miRNA. Modifications of the backbone or
sugars of the miRNA inhibitors increase the thermodynamic stability
of the interactions between these inhibitors and their targets,
improving inhibition and preventing miRNA-mediated translational
regulation.

lncRNA expression can be modulated using similar techniques to
those used to change mRNA expression. siRNAs can be designed to
degrade lncRNAs, and the same siRNA structures used as RNA-based
drug-targeting mRNAs can be used in these settings.63 However, the
key siRNA machinery, RNA-induced silencing complex (RISC),
mainly works in the cytoplasm. This means that a large proportion
of nuclear lncRNAs can escape siRNA-mediated silencing. To miti-
gate this, antisense nucleotides that induce ribonuclease (RNase) H-
mediated cleavage can be used to target and degrade nuclear
lncRNAs.63 Alternatively, the clustered regularly interspaced short
palindromic repeats (CRISPR)-based RNA targeting method could
be used to degrade and suppress target lncRNAs.66

The overexpression of lncRNAs is relatively difficult. Although
plasmid or viral vectors can be used for experimental purposes, this
delivery method is not reliable in therapeutic settings due to the large
size of the lncRNAs. For the same reason, the production of synthetic
lncRNAs is also not that feasible. However, only some parts of the
lncRNA sequences, such as the protein-targeting domain or those se-
quences that form the secondary structure, are essential for specific
functions.67–69 Given this, truncated versions of lncRNAs could be
introduced into certain systems to generate the desired response.
Another option is the application of CRISPR activators.70 In this
case, the CRISPR activator complex binds to the promoter of the
lncRNA gene and induces its transcription.

The silencing of circRNAs can be achieved using siRNA-based RNAi
because most circRNAs exist in the cytoplasm.17,18 If one targets the
back-splicing junctionof the circRNA, siRNAscan target circRNAtran-
scripts without affecting their linear host gene transcripts, preventing
the disruption of the host gene function. Upregulation of circRNAs
can be accomplished by creating expression plasmids that induce the
circularization of the exon sequence and thus produce exogenous copies
of the specific circRNA transcripts. These constructs rely on the pres-
ence of the repeat elements in the neighboring introns to induce the
circularization of the exon located between those introns.71

Similar to the case of proteins, one ncRNA can regulate many
different target genes. In particular, it is well known that one miRNA
regulates hundreds of mRNAs.72 In these cases, it may be possible to
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Figure 5. Diverse strategies designed to target ncRNAs

(A) Methods to modulate miRNAs. Both single- and double-stranded synthetic

miRNAs are introduced into the cells and incorporated into ARGONAUTE (AGO)

proteins, suppressing the expression of their target mRNAs. Conversely, miRNA

inhibitors can be designed to recognize and bind to their complementary target

miRNAs and suppress their function. (B) Methods to modulate the functions of

lncRNAs. lncRNAs can be overexpressed by fusing a catalytically dead Cas9 to a

transcription-activating domain, which when introduced into cells will activate the

transcription of a specific lncRNA. Alternatively, the researcher could transfect cells

with an expression plasmid encoding the full sequences or functionally important

domains of the target lncRNAs. lncRNA expression can also be suppressed by the

addition of short interfering RNAs (siRNAs) or antisense oligonucleotides (ASOs).

The Cas13 system, which cleaves specific RNA transcripts, can also be used for the

same purpose. (C) Methods to modulate circRNA expression. An expression

plasmid containing circRNA sequences at the exonic region and repeat elements at

the neighboring intronic regions can be used to overexpress circRNAs. Alternatively,

siRNAs targeting the back-splicing junction can be used to suppress the expression

of circRNAs without affecting their host genes.
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consider a way to specifically block the regulatory relationship be-
tween a specific ncRNA and its target molecule. For example, for a
sequence within an mRNA to which a specific miRNA binds, a decoy
oligonucleotide may be designed to interfere with the binding of
miRNA to mRNA. Also, to block the interaction between lncRNA
(or circRNA) and its targeting miRNA, an oligonucleotide may be
prepared for a sequence within a lncRNA (or circRNA) to which
the miRNA binds. These methods may be applied to the treatment
more specifically than the methods of directly modulating ncRNAs
as described above.

In order to apply the various substances described above to the treat-
ment of retinal diseases, proper drug delivery techniques are required.
It is possible that the same ncRNA can function not only in the retina
but also in other tissues or systems. However, in the treatment of retinal
diseases, there is an advantage of being able to deliver the drugs locally
through direct injection, and the possibility of affecting other organs is
relatively small due to the confined compartment of the eye. Intravitreal
injection, which is currently the most frequently used drug delivery
method in the eye, is relatively less invasive than surgical treatment
such as laser coagulation.73 Various substances described above can
be directly injected, or they can be injected into the vitreous body by
packaging them in liposomes or lipid nanoparticles. Several clinical tri-
als have been conducted to treat retinal diseases based on siRNAs that
can inhibit the expression of protein-coding genes.74 However, the in-
travitreal injection may also cause side effects with low frequency,
including endophthalmitis, retinal detachment, and increased intraoc-
ular pressure. To overcome these side effects, various kinds of drug de-
livery technologies, such as topical installation in the form of eye drops,
are currently being developed.73,75

In summary, there are a number of diverse methods that can be used
to induce changes in the expression of each class of ncRNAs, and
although some of these methods are already used in the production
of commercially available drugs,63 many techniques are still only
used in the laboratory setting. Given that many studies are currently
underway, there is no doubt that there will be even more methods for
the development of new ncRNA-targeting drugs developed in the
foreseeable future.

FUTURE PERSPECTIVES
Diverse ncRNAs have been described and linked to various essential
functions in the pathogenesis of retinal diseases. Although the initial
studies only profiled the changes in their expression in the retina,
recent studies have identified several ncRNAs as key regulators in
retinal diseases and detailed their unique mechanisms of action. In
addition, diverse studies are ongoing to develop novel methods for
the efficient targeting andmodulation of these ncRNAs. These studies
should facilitate a better understanding of retinal diseases and may
provide insights into their pathogenesis, allowing for improved ther-
apeutic interventions, ultimately creating a better quality of life for
elderly patients.
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