Precise long non-coding RNA modulation in visual
maintenance and impairment
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ABSTRACT

Long non-coding RNAs (IncRNAs) are remarkably
powerful, flexible and pervasive cellular regulators. With
the help of cheaper RNA-seq, high-throughput screening
of IncRNAs has become widely applied and has
identified large numbers of specific INcRNAs in various
physiological or pathological processes. Vision is known
to be a complex and vital perception that comprises
80% of the sensory information we receive. A consensus
has been reached that normal visual maintenance and
impairment are primarily driven by gene regulation.
Recently, it has become understood that IncRNAs are key
regulators in most biological processes, including cell
proliferation, apoptosis, differentiation, immune
responses, oxidative stress and inflammation. Our review
is intended to provide insight towards a comprehensive
view of the precise modulation of INcRNAs in visual
maintenance and impairment. We also highlight the
challenges and future directions in conducting IncRNA
studies, particularly in patients whose IncRNAs may hold
expanded promise for diagnostic, prognostic and
therapeutic applications.

INTRODUCTION

Long non-coding RNAs (IncRNAs) represent a class
of DNA transcripts longer than 200 nucleotides
with limited protein-coding potential. Research has
focused on their functional regulation of gene
expression at the epigenetic, transcriptional and
post-transcriptional levels. Scientists have hypothe-
sised that IncRNAs work by acting as signals, cha-
perones, scaffolds or decomposers that could
conduct mRNA degeneration by producing
endogenous siRNA.

Vision is a complex and vital perception. More
than 80% of the sensory information we receive
relies on the function of the visual system, which
expertly manages large amounts of information
rapidly. Moreover, precise spatial orientation and
daily activities such as walking are primarily
dependent on visual cues.

Various eye diseases lead to visual impairment
and vision loss and can have huge detrimental
impacts on daily life. Visual impairment not only
causes suffering for patients but also increases
familial and social burdens, generating adverse
social and economic consequences.' Total annual
costs for visually impaired persons were estimated
at €12 749 million in Europe. The main cost com-
ponents of visual impairment in the community
were ‘loss of income’ (23-43% of community
costs), ‘burden on career’ (24-39%) and ‘paid
assistance’ (13-29%).

A consensus has been reached that normal visual
maintenance and visual impairment are primarily

determined by the precise regulation of gene
expression that affects diverse biological processes,
including cell proliferation, apoptosis, cell specifica-
tion, immune responses, oxidative stress and
inflammation. Recently, IncRNAs are known to be
key regulators in many of the biological processes
mentioned above.

Currently, IncRNAs are known to participate in
almost every aspect of visual impairment, including
ocular malignancy, diabetic retinopathy (DR),
ocular neovascularisation, ocular degeneration, pro-
liferative vitreoretinopathy (PVR) and rare eye dis-
eases. In this review, we focused on recent studies
associated with IncRNAs in normal eye develop-
ment and dysfunction and illustrated the role of
some specific IncRNAs in the precise modulation of
visual maintenance and impairment.

THE ROLE OF LNCRNAS IN THE PRECISE
REGULATION OF VISUAL MAINTENANCE

The visual system consists of two parts: (A) the
refracting media and (B) the photosensitive system.
The refracting media includes the cornea, aqueous
humour, lens and vitreous body. When the eyes
look at a foreign object, the object reflects light
through the cornea and aqueous humour, lens and
vitreous body, focusing the image on the retinal
fovea. The photosensitive system is mainly com-
posed of retina and the optic nerve connecting to
the visual centre (figure 1).

Precise modulation of the photosensitive

system by IncRNAs

Confirmation of regulation by IncRNAs in the retina
Liao and colleagues conducted the first computa-
tional annotation of the functions of IncRNAs
based on public microarray expression profiles.
They reannotated Affymetrix Mouse Genome
Array data to predict the probable functions of 340
IncRNAs referring to gene ontology (GO), bio-
logical process annotations and genomic adjacency.
The functions of IncRNAs mainly involve organ or
tissue development, especially eye and neuron
development.>™ This research leads us to focus on
the importance of IncRNAs in normal eye develop-
ment, the foundation of visual maintenance.

To confirm this finding and to verify it in differ-
ent mammalian species, RNA sequencing of eye
tissue from diverse species was conducted by
Mustafi et al. They identified a group of 18 highly
conserved large intergenic non-coding RNAs
(lincRNAs) in different mammalian species as well
as in adult human retinal neurons whose retinas are
composed of varied rod/cone photoreceptor con-
tents. In total, 16 of the 18 lincRNAs were con-
served in  human retinal tissue and other
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Figure 1 Landscape of long A
non-coding RNAs (IncRNAs) expression
in visual maintenance. Visual system
consists two parts: (A) Refracting
media, including cornea, aqueous
humour, lens and vitreous body.

(B) Photosensitive system mainly
composed of retina and optic nerve
connecting with visual centre.
Overview of the related IncRNAs in
visual system was displayed in the
lower half of the figure.
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mammalian species, and 14 of these were conserved in the
macular region as well. This finding is also verified by the
restricted tissue expression profiles of lincRNAs exhibited in
mouse retina, further confirming their crucial role in retina
development across species. With the help of in situ hybridisa-
tion, evidence from research studies indicates that these highly
conserved lincRNAs are localised to specific retinal layers, espe-
cially to the photoreceptor layer. This finding revealed that
IncRNAs could be indispensable for retinal development and
visual maintenance.’

Role of specific IncRNAs in the retina

Many IncRNAs have important roles in determining retinal cell
fate specification. We listed several of them, hoping to give an
example for future study.

Six30s1, an evolutionary conserved IncRNA, was identified to
be localised in mice retina by FISH. To determine whether
Six3o0s1 plays an important role in retinal development,
Rapicavoli and colleagues conducted overexpression and knock-
down analysis of Six3os1. Results revealed that the upregulation
of Six3os inhibited normal photoreceptors’ cell specification,
whereas the knockdown of Six3os prevented the differentiation
of bipolar cell and Miiller glial. They demonstrated a novel
mechanism by which promoter-associated IncRNAs could
modulate the activity of their associated protein-coding genes,
not by modulating gene expression levels. This trans regulation
mode of Six3os with proteins may cast new light on the precise
control of neural development.®

MIAT, which is selectively expressed in a subset of progenitors
and retinal precursor cells, was identified to play a critical role
in regulating mammalian retinal cell specification. Results found
that the knockdown of MIAT in the developing retinas inhibited
amacrine cell and Miiller glia differentiation. Furthermore, the
overexpression of MIAT-IRES-GFP phenocopies the effects of
the knockdown of MIAT by inducing mislocalisation of this
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nuclear-retained IncRNA. With the help of the IRES-GFP
fusion approach, the specific domains of MIAT that are required
for repressing both amacrine and Miiller glial differentiation
were identified.”

IncRNA BB283400 To explore the molecular mechanism that
controls the uniformity of various retina layers, Krol and collea-
gues® have portrayed a regulatory network consisting of
IncRNA BB283400, a retina-specific IncRNA, RNA helicase
Ddx3x and miR-183/96/182; this network controls the timing
of miR-183/96/182 accumulation in photoreceptors. In this
network, Ddx3x prevents pri-miR-183/96/182 from becoming
mature miRNAs in postnatal photoreceptors. This block is
relieved by IncRNA BB283400, which antagonises the repressive
effect of Ddx3x. Dysregulation of this network damages the
regional variation in the thickness of the photoreceptor layer
and may secondarily damage the thickness of the adjacent inner
nuclear layer.

IncRNA TUG1 was expressed in the developing and adult
retinal tissues to promote the production of rod photoreceptors.
In the newborn retina, knockdown of TUGI resulted in mal-
formed or absent outer segments of transfected photoreceptors
compared with normal photoreceptors. Additionally, the trans-
fected rod photoreceptors showed a defect in migration into the
outer nuclear layer, ectopic expression of cone-specific markers
and increased apoptosis. In all, TUG1 is necessary for the
proper formation of photoreceptors in the developing rodent
retina, though the mechanism remains unclear.’

Vax2os is a retina-specific IncRNA whose expression is
restricted to the mouse ventral retina.'® Meola et al demon-
strated that spatiotemporal misexpression of Vax2os disturbs the
progression of the cell cycle in photoreceptor progenitor cells.
In particular, the overexpression of Vax2os in postnatal mouse
retina blocks photoreceptor progenitors from progression
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towards their committed fate and consequently delays their dif-
ferentiation process. Compared with control retinas, this per-
turbation is accompanied by an increase in the apoptosis of the
photoreceptor cells, without affecting the developed adult
retina. Similar results are observed in mouse photoreceptor-
derived 661W cells, in which Vax2os overexpression results in
similar impairment of the cell cycle progression and cell differ-
entiation. Based on these results, it can be concluded that
Vax2os participated in the regulation of cell cycle progression in
photoreceptor progenitor cells.'!

ENSMUST0000013486 Circadian oscillation is critical for
modulating metabolic demands in the retina. Circadian shedding
of retinal photoreceptor cell discs with subsequent phagocytosis
by the neighbouring retinal pigmented epithelium (RPE) is essen-
tial for the removal of toxic metabolites and lifelong survival of
these postmitotic neurons. Defects in photoreceptor phagocytosis
would cause severe retinal pathology, but the biochemical mechan-
isms remain poorly defined. RNA-seq revealed oscillating expres-
sion of 16 lincRNAs that are critical for circadian gene expression.
Pathway analysis implicates circadian rhythm signalling as the top
biological process involving these differentially expressed tran-
scripts.'” Among these lincRNAs, ENSMUST0000013486 dis-
played dramatically differential expression, with a 9.8-fold
enrichment at 9.0 hours compared with 1.5 hours.

Precise modulation of refracting media by IncRNAs
IncRNAs play important roles not only in retinal development
but also in refracting media, such as in the lens and cornea. To
illustrate the transcriptional changes during the lens differenti-
ation process, Hoang et al conducted high-throughput RNA-seq
of neonatal mouse lens epithelial cells and lens fibre cells.
Eighty-six differentially expressed IncRNAs were identified
through comprehensively comparing the transcriptomes of these
two cell types, such as RP23-237H8.2, AC135859.1,
AL663030.1 and Meg3. These differentially expressed IncRNAs
participated in several important signalling pathways, such as
lens structural components, organelle loss and denucleation.
IncRNAs were also new breakthroughs for studying lens-related
visual impairments.'? '

Corneal-specific epithelial cells play an important role in
maintaining corneal transparency and preventing vision loss.

epithelium and focused on a small group of IncRNAs that
exhibit splicing changes attributed to PNN knockdown, which
is responsible for the maintenance of epithelial phenotypes.'®
This subset exhibited significant expression changes after the
perturbation of PNN, including the IncRNAs SPACA6D
HAS2-AS1, RPARP-AS1, RP11-295G20.2 and NUTM2a-AS1.
Although incomplete, their findings paved the way for the
potential relevance of IncRNAs in the maintenance of cornea
transparency (table 1).

THE ROLE OF LNCRNAS IN VARIOUS TYPES OF VISUAL
IMPAIRMENT

The WHO published new data on the prevalence of global
blindness in 2010. According to the updated data, 285 million
people are visually impaired, of whom 246 million people
suffer from low vision and 39 million are blind. Cataract is the
major cause for global blindness (51%), especially in the low/
middle-income countries. Glaucoma (8%), age-related macular
degeneration (AMD) (5%) and DR (1%), along with cataracts,
account for 65% of all blindness in the world (figure 2).

Ocular malignancy

Uveal melanoma

Uveal melanoma, the most common eye malignancy in adults
with the prevalence of approximately 1 in 10 000,'” leads to
severe visual impairment and can even be fatal in more than
half of patients. The common treatments for primary uveal mel-
anoma are surgery and radiotherapy, but metastasis is treatment
refractory.

To comprehensively understand the genetic characteristics of
uveal melanoma, Furney et al conducted SNP arrays and whole-
genome sequencing of 12 primary uveal melanomas. SF3B1
mutations that related to differential alternative splicing of
IncRNA CRNDE were identified and further confirmed to be
associated with good prognosis in an extensive cohort of 105
samples.!® CRNDE has been reported to promote glioma cell
proliferation and invasion through mTOR signalling."® In add-
ition, CRNDE functions primarily via epigenetic mechanisms,
particularly through modulating the methylation status of
histones.*’

Fan et al*' found that another IncRNA LINC-ROR and its
target gene TESC were both significantly upregulated in 3

Joo et al® studied the IncRNA profiles of the corneal ocular melanoma cell lines and 20 ocular melanoma specimens
Table 1 The role of long non-coding RNAs (IncRNASs) in the precise regulation of visual maintenance
Genomic
Official symbol Also known as location Cell specific Function
Six30s1 Rncr1; Six3os; D17Mgi26; 17 E4 Retinal progenitors Six30s1 was the first identified IncRNA that coeffect with its
E130112H22Rik coding gene to play an important role in retinal development
MIAT RNCR2; GOMAFU; C220rf35; 22q12.1 Progenitors and retinal  MIAT plays a critical role in regulating mammalian retinal cell
LINC00066; NCRNA00066; precursor cells fate specification
IncRNA-MIAT
BB283400 Rncrd; BF465573 Chromosome 6  Retina BB283400 was a retina-specific IncRNA that controls the
uniformity of various retina layers
TUG1 TI-227H; LINC0O0080; NCRNA00080 22q12.2 Rod photoreceptors TUGT1 is necessary for the proper formation of photoreceptors
in the developing rodent retina
Vax20S Vas2os; Vax20s1; Vax20s2 6C3 Photoreceptor Vax2os is involved in the control of cell cycle progression of
progenitor cells photoreceptor progenitor cells in the ventral retina
ENSMUST0000013486 — - Photoreceptor ENSMUST0000013486c¢ is critical for circadian gene expression
phagocytosis
H19 ASM; BWS; WT2; ASM1; D11S813E;  11p15.5 - H19 was reported to be female-biased specifically in the
LINC00008; NCRNA00008 female mouse eye
452 Wan P, et al. ] Med Genet 2017;54:450-459. doi:10.1136/jmedgenet-2016-104266



Figure 2 Long non-coding RNAs
(IncRNAs) in various kinds of visual
impairment. This figure displayed
IncRNASs in most visual impairments
mentioned in this article, including
(A) blepharophimosis, ptosis and
epicanthus inversus syndrome (BPES),
(B) age-related cataract, (C) glaucoma,
(D) proliferative vitreoretinopathy
(PVR), (E) uveal melanoma, (F)
retinoblastoma, (G) age-related
macular degeneration (AMD), (H)
retinal neurodegeneration, (1)
retinopathy of prematurity (ROP) and
(J) diabetic retinopathy (DR).

S8SEE0 AN

Ret'“\‘ﬁ‘ 3
b‘asu)ma

compared with normal cells or adjacent normal tissues, respect-
ively. They speculate LINC-ROR acts as an oncogenic IncRNA,
activating the TESC promoter through demethylation by repel-
ling the histone G9A methyltransferase. Therefore, suppression
of LINC-ROR could serve as a potential treatment to restrain
tumour growth and metastasis.

Retinoblastoma
Retinoblastoma is a rare form of retina malignancy but is the
most common cancer of the eye in children, which is around 1
in 20 000 in live births,>* and it is almost exclusively found in
young children. Therefore, instead of simple operations such as
eye salvage, elucidating the underlying genetic mechanisms of
retinoblastoma and its progression is of utmost importance.
Recent evidence shows that IncRNA BANCR is critical in the
proliferation and metastasis in malignant melanoma and lung
cancer via the MAPK pathway.>>=>° IncRNA BANCR is overex-
pressed in both retinoblastoma tissues and cell lines and is asso-
ciated with tumour size, choroidal invasion and optic nerve
invasion. Knocking down IncRNA BANCR expression signifi-
cantly suppressed the retinoblastoma cell proliferation, migra-
tion and invasion in vitro. BANCR has also been found
participating in gastric cancer cells through the regulation of
nuclear factor-kB1.2° However, little is known about the signifi-
cance of IncRNA BANCR in retinoblastoma. IncRNA BANCR
is found to be overexpressed in retinoblastoma tissues and cell
lines in 60 retinoblastoma samples and normal retina samples,
and its expression is associated with tumour size and choroidal
and optic nerve invasion. Moreover, patients with high levels of
IncRNA BANCR expression had poorer survival than those

with lower levels. Multivariate analysis showed that increased
IncRNA BANCR expression was an independent poor prognos-
tic factor for patients with retinoblastoma. Furthermore, knock-
ing down IncRNA BANCR expression significantly suppressed
the retinoblastoma cell proliferation, migration and invasion in
vitro. In conclusion, IncRNA BANCR plays a significant role in
retinoblastoma aggressiveness and prognosis, and it may act as a
promising target for therapeutic strategy and prognostic
prediction.”

Unlike BANCR, MEG3 is regarded as a tumour suppressor.
Gao and Lu®® found that MEGS3 is significantly decreased in ret-
inoblastoma samples and that the reduction is associated with a
poor prognosis. Further studies have proven that MEG3 sup-
presses retinoblastoma progression, nominating MEG3 a
molecular therapeutic target.

Diabetic retinopathy

DR is one of the most common peripheral vascular complica-
tions in chronic diabetes. The prevalence of DR is 3.5-5.7%
among US?’ adults and 1.1-1.3% among total population in
China.*° Elucidation of genetic susceptibility factors for DR is
important to completely understand its pathogenesis and may
help to define possible treatments.

Yan et al performed IncRNA microarray analysis in a mouse
model of streptozotocin (STZ)-induced diabetes. In addition,
MALAT1, a conserved IncRNA, was also significantly upregu-
lated in a RF/6A cell model of hyperglycaemia, in aqueous
humour samples and fibrovascular membranes of patients with
diabetes.>! GO analysis was targeted to the eye development
process, while pathway analysis was mostly enriched in the axon
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guidance signalling pathway. Taken together, these results
support the hypothesis that MALAT1 dysregulation is a poten-
tial molecular mechanism of DR pathogenesis.*”

The MALATT1 level is also found to be significantly upregu-
lated in the retinas of db/db mice, a type II diabetic model.
However, the role of MALAT1 in retinal vasculature remodel-
ling still remains elusive. To illustrate the function of MALATT1,
MALAT1 knockdown was carried out, and it was found that the
downregulation could obviously ameliorate DR, which is charac-
terised by pericyte loss, capillary degeneration, microvascular
leakage and retinal inflammation.

Moreover, MALAT1 knockdown could regulate retinal endo-
thelial cell proliferation, migration and tube formation in vitro®?
by functioning as a competing endogenous RNA in the regula-
tion of vascular endothelial growth factor (VEGF) levels by
miR-150-5p.>* The upregulation of tumour necrosis factor-a
(TNF-0) and ICAM-1 was inhibited by MIAT knockdown,
thereby alleviating vascular leakage and inflammation.*’
MALAT1 upregulation represents a critical pathogenic mechan-
ism for diabetes-induced microvascular dysfunction. Inhibition
of MALAT1 may serve as a potential target for antiangiogenic
therapy for diabetes-related microvascular complications.

IncRNA MEG3 plays an important role in diabetes-related
microvascular dysfunction as well. MEG3 is significantly down-
regulated in the retinas of STZ-induced diabetic mice and in
endothelial cells upon high glucose and oxidative stress. MEG3
knockdown aggravates retinal vessel dysfunction in vivo and
retinal endothelial cell in vitro.*®

To see whether IncRNAs function in patients with DR, scien-
tists conducted a three-stage genome-wide association study
(GWAS) to identify DR susceptibility loci in 837 Japanese
patients with type II diabetes and in 1149 controls. The most
probable loci in their association analysis was a lincRNA
rs9362054 in an intron of RP1-90L14.1. The present study
raises the possibility that the dysregulation of key IncRNAs plays
a role in the susceptibility of patients with DR.?”

Ocular neovascularisation

Ocular pathological neovascularisation is a complex process that
is the most prevalent cause of vision impairment, such as
corneal neovascularisation, retinopathy of prematurity (ROP)
and AMD. Here, we provide evidence that IncRNAs play a regu-
latory role in altering the balance of pro-angiogenic and antian-
giogenic factors in the eye.

Choroidal neovascularisation (CNV) represents the basic
pathological changes in neovascular AMD, a leading cause of
visual impairment in elderly individuals. Xu et al analysed RNA
expression profiles and found that the expression of VEGF and
two IncRNAs, Vax2os1 and Vax2o0s2, was significantly upregu-
lated in the aqueous humour of CNV AMD patients. In murine
ocular neovascular models, Vax2o0s1 and Vax2os2 were also
found to be significantly upregulated. These findings suggest a
potential role of IncRNAs as biomarkers,>® and they may be
employed for CNV treatment.

Corneal neovascularisation, which is mostly caused by
chronic hypoxia or various inflammatory stimuli, leads to visual
impairment or even blindness.>” Huang et al identified 154 dif-
ferentially expressed IncRNAs between vascularised and normal
corneas, including 60 downregulated IncRNAs and 94 upregu-
lated IncRNAs. GO enrichment analysis of IncRNA coexpressed
mRNAs indicated that the biological modules were correlated
with the extracellular region, DNA binding and the immune
response. KEGG pathway analysis indicated that ‘pathways in
cancer’ was the most enriched signalling pathway. The IncRNA

NR_033585 was significantly upregulated in neovascularised
corneas and acts as a pro-angiogenic factor, such as VEGE
whereas the lincRNA chr8:129102060-129109035 reverse
strand was found to be markedly downregulated in neovascu-
larised corneas, exhibiting antiangiogenic effects.*

In ROB endothelial cells express relatively high levels of the
conserved IncRNAs MALAT1, TUG1, MEGS3, linc00657 and
linc00493. MALAT1 was significantly increased by hypoxia and
controls a phenotypic switch in endothelial cells. Silencing of
MALATT1 induced a promigratory response and promoted basal
sprouting and migration, whereas proliferation of endothelial
cells was inhibited. When angiogenesis was further stimulated
by VEGE MALAT1 knockdown caused discontinuous sprouts
indicative of defective proliferation of stalk cells. In vivo studies
confirmed that genetic ablation of MALAT1 inhibited prolifer-
ation of endothelial cells and reduced neonatal retina vascular-
isation. Knocking down MALAT1 shifts the balance from a
proliferative to a migratory endothelial cell phenotype in vitro,
and its genetic deletion restrains vascular growth in vivo.*'

Additional work is required to define the precise role of
IncRNAs in the angiogenesis cascade and to investigate whether
altering the expression of IncRNAs could become a potential
therapeutic strategy for treating patients with ocular neovascular
diseases.

Ocular degeneration
Ocular degeneration is a group of visual impairments that is
associated with ageing and involves different ocular tissues, such
as the lens and retina.

Age-related cataracts
Age-related cataract is among the most common chronic disor-
ders of ageing and is the leading disorder that results in blind-
ness worldwide. To explore IncRNAs in the physiopathological
mechanism of cataract, Shen et al determined IncRNA expres-
sion profiles in the transparent and age-matched cataractous
human lenses** and identified 38 IncRNAs that were differen-
tially expressed. One of the most highly abundant IncRNAs,
MIAT, was specifically upregulated both in the plasma fraction
of whole blood and in the aqueous humour of cataract patients.
The results suggest that MIAT is a cataract-specific biomarker.
Posterior capsule opacification (PCO) is a common complica-
tion of cataract surgery that is associated with abnormal produc-
tion of inflammatory factors and oxidative stress. MIAT
knockdown could repress TNF-o-induced abnormal prolifer-
ation and migration of human lens epithelial cells (HLECs).
Additionally, MIAT could affect the proliferation, apoptosis and
migration of HLECs upon oxidative stress, suggesting a poten-
tial role of MIAT in PCO-related pathological processes.
Moreover, they found that MIAT acted as a ceRNA by forming
a feedback loop with Akt and miR-150-5p to regulate HLEC
function.

Retinal neurodegeneration

A previous study reveals that MALAT1 expression levels are sig-
nificantly upregulated in diabetic retinas. Yao et al investigated
the role of MALATT1 in the retinas of optic nerve transection rat
and mouse models of retinal neurodegeneration.*> MALAT1
expression is significantly upregulated in the retinas, cultured
Miiller cells and primary retinal ganglion cells (RGCs) upon
stress. MALAT1 knockdown decreases reactive gliosis, Miiller
cell activation and RGC survival in vivo and in vitro through
CREB signalling. Thus, the experimental evidence suggests that
MALATT1 dysregulation is crucial in neurodegenerative processes.
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Glaucoma

The number of people with glaucoma worldwide will increase
to 111.8 million in 2040,* disproportionally affecting people
residing in Asia and Africa. Primary open-angle glaucoma
(POAG) is the predominant subtype of glaucoma, with a charac-
teristic acquired loss of optic nerve fibres. Such loss develops in
the corresponding loss of the visual field.

Intraocular pressure (IOP) is just one of the risk factors, and
the underlying genetic predisposing factors are gaining increased
attention. In recent studies, the pathogenesis of glaucoma is
found to be related to IncRNAs. Evidence from recent studies
has shown that genetic variants at the chromosome 9p21 locus
execute predominant roles in the development and progression
of POAG, including the CDKN2B-AS1 and CDKN2B genes and
SIX1/SIX6.%

CDKN2B-AS1, located on chromosome 9p21.3, is a genetic
susceptibility locus for several age-related diseases, such as cor-
onary artery disease, type II diabetes and Alzheimer’s disease.”™
Therefore, a group of scientists explored the association
between ten CDKN2B-AS1 SNPs and glaucoma, another
age-related ocular disease, among 2947 POAG cases from the
GLAUGEN study and NEIGHBOR consortium. Their research
suggests that the CDKN2B-AS1 SNPs modulate the vulnerability
of the optic nerve undergoing glaucomatous change.

Analysis of 9 of the 10 CDKN2B-AS1 SNPs associated with
reduced disease risk showed that POAG patients carrying these
minor alleles had a smaller cup-to-disc ratio (VCDR), despite
higher IOR Only one SNP is associated with increased disease
risk with a larger VCDR, despite having lower IOR Carriers of
this adverse SNP seem to be predisposed to the development of
POAG at lower IOP levels and exhibit stronger associations with
normal-pressure glaucoma (NPG, defined by IOP <22 mm Hg)
and advanced glaucoma phenotypes. This may be of relevance
when establishing target IOP levels in patients carrying these
risk alleles.*® *

In addition, scientists have confirmed five variants of IncRNA
CDKN2B-AS1, which have been reported as a significant locus
associated with glaucoma in the Caucasian population, in 2219
Japanese individuals.*®

For African-Americans, Liu et al conducted an investigation
of CDNK2B-AS1 and SIX1/SIX6 regions, the known genetic
risk factors for POAG, in two populations of African ancestry.
In the subgroup analyses, significant associations were raised
for rs10965245 in the CDKN2B-AS1 region with high-pressure
glaucoma and rs11849906 in the SIX1/SIX6 region with
NPG. No significant association was identified with any loci in
the Ghanaian samples reported. Meanwhile, POAG genetic
susceptibility alleles associated with Caucasians appear to play
a greatly reduced role in populations of African ancestry.
Thus, the components of POAG susceptibility associated
with IncRNAs among different human races remain to be
identified.*’

Based on the large-scale studies of IncRNAs in patients with
POAG above, a meta-analysis of two independent GWAS for
POAG was conducted and followed by an NPG subgroup ana-
lysis. The data set of this meta-analysis was composed of the
GLAUGEN and NEIGHBOR (3146 cases and 3487 controls).
Significant associations between two loci and POAG have been
identified: the CDKN2BAS region on 9p21 and the SIX1/SIX6
region on chromosome 14q23. In subgroup analysis, two loci
were significantly associated with NPG: 9p21 containing the
CDKN2BAS gene and a probable regulatory region on 8q22.
Both NPG loci were also nominally associated with a second
type of glaucoma, exfoliation syndrome (XFS) glaucoma,

suggesting that these loci might contribute more generally to
optic nerve degeneration in glaucoma.>°

To identify the accurate working mechanisms of CDKN2B-AS
region, Gao and colleagues used a transgenic mouse model in
which 70 kb of murine chromosome 4 containing the gene for
IncRNA CDKN2B-AS were deleted, which is syntenic to human
chromosome 9p21. This transgenic mouse model was carried
out to study whether this deletion leads to a discernible pheno-
type in ocular structures implicated in glaucoma. The results
showed that CDKN2B knockdown had no deleterious conse-
quences for the retina but that these mice are more vulnerable
to RGC loss in response to elevated IOP compared with wild-
type animals.’" All of this evidence further implies a key regula-
tory role for CDKN2B-AS in modulating optic nerve
degeneration.

Exfoliation syndrome

XFS is a common, age-related, systemic fibrillinopathy. XFS is
characterised by the accumulation of protein clumps, which can
block the normal drainage of aqueous humour, greatly increas-
ing the risk of exfoliation glaucoma, a major cause of irrevers-
ible blindness in the elderly. To identify the genomic basis of
XFS, the entire LOXL1 genomic locus was nominated as candi-
date functional variants in 50 black South African XFS cases
and 50 matched controls. The finding was replicated in US
Caucasian (91 cases/1031 controls), German (771 cases/1365
controls) and Japanese (1484 cases/1188 controls) populations.
The region of peak association lies upstream of LOXL1-AS1, an
IncRNA transcribed from the opposite strand of LOXLI.
Similar dysregulation of LOXL1-AS1 expression is also signifi-
cantly altered in HLECs under oxidative stress and in human
Schlemm’s canal endothelial cells with cyclic mechanical stress.
Taken together, these findings support a functional role for the
IncRNA LOXL1-AS1 in the cellular stress response and in XFS
pathogenesis.>”

Proliferative vitreoretinopathy

PVR is a disease that develops as a complication of retinal
detachment and vitreoretinal surgery that results in severe vision
reduction. Zhou et al attempted to determine the role of
IncRNAs in PVR. Microarray analysis revealed that 78 IncRNAs
were abnormally expressed in the ERMs of PVR patients,
including 48 upregulated and 30 downregulated IncRNA tran-
scripts. They subsequently focus on one IncRNA, MALATI,
whose upregulation contributed to the proliferation and migra-
tion of retinal pigment epithelium, formation of ERM, and
many other types of PVR pathogenesis. Moreover, MALAT1
upregulation also appeared in the cellular and plasma fraction of
peripheral blood in patients with PVR and was obviously
reduced after PVR operation. Therefore, MALAT1 is a potential
prognostic indicator and a target for the diagnosis and gene
therapy for patients with PVR.>?

Rare eye diseases

Rare eye diseases, diseases with extremely low incidence
account for 0.65-1% of the total population, could be a perfect
model in excavating the functions of IncRNAs in visual impair-
ments due to the extreme phenotypes of rare eye diseases.>*

MOMO syndrome

Macrosomia, obesity, macrocephaly and ocular abnormalities
(MOMO) syndrome is an extremely rare genetic disorder that
has been diagnosed in only six cases around the world, and it
occurs in 1 in 100 million births. Although no chromosomal or
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molecular abnormality has been identified so far, Vu’s team
revealed a disruption of a novel gene named LINC00237 that is
expressed in lymphocytes of control individuals, while normal
transcripts were absent in lymphocytes of this patient with
MOMO. We suspect that LINC00237 could play a role in the
pathogenesis of this syndrome, but its function remains
unknown.”’

BPES

Blepharophimosis, ptosis and epicanthus inversus syndrome
(BPES) is a rare autosomal-dominant congenital disorder. In type
I BPES, eyelid abnormalities are associated with ovarian failure.
Type II BPES shows only the eyelid defects. Mutations in
FOXL2, a gene located at 3q23, have been shown to attribute to
the syndrome. Molecular studies discovered a novel 63.2 kb dele-
tion involving a non-protein-coding gene (PISRT1). This novel
deletion could be involved in FOXL2 regulation and constitutes
the smallest deletion described in a female with BPES. In cases of
apparently balanced ‘de novo’ translocation, only a 5-6% risk of
phenotype alterations have been described®® (table 2).

DISCUSSION

IncRNAs staged on postgenome era: scientific demands and
technical innovations

With the draft publication of human genome project in 2001,
IncRNAs came into view for the first time.>” However, scientists
paid little attention to IncRNAs, which have been identified as
‘genome garbage’.’® This phenomenon could be partially
ascribed to the eager concern on protein-coding RNAs as well
as on sequencing limitations at that time.

As time passed, when unexplainable questions arose from the
known sequence, scientists returned to the IncRNAs that have
been ignored for a long time.

Researchers rectified IncRNAs as precious genomic members
after the launching of the ENCODE project in 2003. IncRNAs
not only exceed mRNAs in quantity but also participate in
species evolution and various biological processes.’” They
perform together with DNAs and proteins, ensuring harmoni-
ous operations of life.

The evolution in high-throughput sequencing technology has
made it possible for scientists to conduct cheaper but more
accurate studies in identifying functional IncRNAs and lucubrat-
ing their possible roles.®® From 2003 to 2010, we focused on
circulation, immunity and tumours by regarding life as a
whole.®! Thus, relatively fewer studies concerning the visual
system were published during this period.

Characteristics of visual system endowed it the

breakthrough of IncRNA research

As precision medicine has advanced, the visual system shifted to
the frontier of IncRNAs research due to its irreplaceable
uniqueness.

Thanks to its barrier from the systemic circulation and from
the immune system, the visual system is capable of blocking
sequencing noise from other tissues or organs.®” So far, the
most remarkable challenge in studying IncRNAs in other tissues
has been to identify the real functional IncRNAs instead of dis-
turbances. It seems that including more individuals in the data
analysis is the only method for reducing data noise, despite the
excessively high financial cost of such work. However, the
natural characteristics of the visual system make it the best tissue
for these types of analyses and this realisation has been a break-
through in the transcriptomic analysis of IncRNAs. Additionally,
ophthalmological operations have a leadership position in the

era of minimally invasive surgery. Precise sampling brought
about incomparable sequencing reliability and validity.

We believe that the visual system will always be at the fore-
front of IncRNA research. The first reason is that almost every
part of the visual system can be observed directly with the help
of simple devices, such as slit lamp and ophthalmoscope. We
can obtain intuitionistic images such as anterior segment photo-
graphs and fundus photographs to monitor the progress of
visual development and impairment. Clinical efficacy evalua-
tions can also be carried out easily.

Second, the visual system has obvious phenotypes such as
the integrity and transparency of the cornea, abnormal ocular
or eyelid position, the shape of the anterior chamber and iris,
and the colour of the lens and image of fundus, in contrast to
the potentially ambiguous evaluation criteria of visceral lesions.
These characteristics perfectly match the current, predominant
challenges in the study of IncRNAs, that is, the difficulty in
identifying the possible functions of IncRNAs simply in accord-
ance with their nucleotide sequences.®> Unlike protein-coding
sequences, most IncRNAs are poorly conserved among differ-
ent species and evolve rapidly.®* These distinctive features
make the visual system a perfect model for IncRNA functional
studies because phenotypic changes are easy to assess and
diagnose.

Researchers are consistently troubled by the data noise in
IncRNA analyses, even in strict pairwise control studies.
However, we can solve this problem by simply obtaining data
separately on the two eyes in a single individual because one
eye presents the most accurate control for the other. Using one
eye to control for the other not only provides a self-control
but also eliminates the disturbance of a variety of factors that
would be present when comparing tissues from separate indivi-
duals, namely individual differences, temporal variations, envir-
onmental changes, self-healing tendencies and periodic
impairments.

As reported, almost every tissue in the visual system is incap-
able of self-repair, giving rise to irreversible visual impairments.
Although ocular regenerative medicine led by stem cell studies
has thrived in recent years, we have only harvested limited
effects in cornea and lens. In particular, the retinal regeneration
field experienced various challenges and has made little pro-
gress. Most bionic prostheses failed in clinical trials as well.
Therefore, a conceptual transition from ‘postdisaster reconstruc-
tion’ to ‘predisaster prevention’ is almost inevitable. Since
IncRNAs were proposed as strong regulators in nearly every
aspect of pathophysiology, the modulation of IncRNAs partici-
pating in the upstream link or even in the outset of visual devel-
opment and impairment should be our focus.

Future directions and challenges

Visual system will pioneer prospective studies in IncRNA research

In the first stage of IncRNA research, from approximately 2003
until now, most studies favoured cross-sectional gene expres-
sion. Two or more groups were recruited for high-throughput
or microarray sequencing to determine the responsible
IncRNAs. We expect to see the visual system leading the arrival
of a new era in IncRNA research by changing the traditional
research model. By establishing the dynamic study of different
stages of visual development and in various visual impairment
models, we can construct the landscape of IncRNAs in visual
development and impairment. This landscape may engender a
comprehensive understanding of functional IncRNAs in the spe-
cific timeline of biological processes and at different locations
in the visual system. We need to conduct prospective studies by
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Table 2 The role of long non-coding RNAs (IncRNAs) in various kinds of visual impairment

Genomic
Official symbol Also known as location Related disease Alteration Function
CRNDE CRNDEP; PNAS-108; linclRX5;  16g12.2 Uveal Dys CRNDE were associated with good prognosis via epigenetic
LINC00180; NCRNA00180 Melanoma regulation mechanisms, particularly through histone methylation or
demethylation by the PRC2 or CoREST complexes.
LINC-ROR ROR; lincRNA-RoR 18g21.31 Uveal Upregulation  LINC-ROR acts as an oncogenic IncRNA, activating the TESC
melanoma promoter by repelling the histone G9A methyltransferase
and promoting the release of histone H3K9. Suppression of
ROR could reduce tumour growth and metastasis as
reported.
BANCR LINC00586 Chr 9 Retinoblastoma Up BANCR is overexpressed and associated with tumour size,
regulation choroidal invasion, and optic nerve invasion. Moreover,
patients with high levels of IncRNA BANCR expression had
poorer survival than those with lower levels of IncRNA
BANCR expression.
PISRT1 NCRNA00195 3¢23 BPES Dys PISRT1 deletion could be involved in FOXL2 regulation and
regulation constitutes the smallest deletion described in a female with
BPES.
LINC00237 NCRNA00237 20p11.23 MOMO = LINC00237 was expressed in lymphocytes of control
syndrome individuals while normal transcripts were absent in
lymphocytes of our MOMO patient.
MALAT1 HCN; NEAT2; PRO2853; 11g13.1 Diabetic Up MALAT1 downregulation could obviously ameliorate DR by
mascRNA; LINC00047; retinopathy regulation functioning as a competing endogenous RNA in the
NCRNA00047 regulation of VEGF levels through miR-150-5p.
Retinopathy of Up Knocking down of MALAT1 tips the balance from a
prematurity regulation proliferative to a migratory endothelial cell phenotype in
vitro, and its genetic deletion restrains vascular growth in
vivo.
Retinal Up MALAT1 knockdown reduces reactive gliosis, Miiller cell
neurodegeneration regulation activation, and RGC survival in vivo and in vitro. MALAT1
regulates Miiller and RGC function through CREB signalling.
Proliferative Up MALAT1 related to RPE proliferation and migration,
vitreoretinopathy regulation promotion of ERM formation, and PVR pathogenesis.
MALAT1 upregulation appeared in the cellular and plasma
fraction of peripheral blood in PVR patients as well and
obviously reduced after PVR operation.
rs9362054 - Chr 6 Diabetic Dys Top signal of DR susceptibility loci.
retinopathy regulation
Vax20s Vas2os; Vax20s1; Vax20s2 6C3 Ocular Up Vax2os significantly upregulated in the aqueous humour of
neovascularisation regulation patients with CNV AMD and murine ocular neovascular
models.
NR_033585 - - Corneal Up The IncRNA NR_033585 was significantly upregulated in
neovascularisation regulation vascularised corneas and presented a similar expression
pattern as pro-angiogenic factors.
Chr8:129102060— - - Corneal Down lincRNA chr8:129102060-129109035 reverse strand was
129109035 neovascularisation regulation found to be markedly downregulated in vascularised
corneas.
CDKN2B-AS1 ANRIL; p15AS; PCAT12; 9p21.3 Glaucoma Dys CDKN2B-AS1 is the genetic susceptibility locus for
CDKN2BAS; CDKN2B-AS; regulation glaucoma, influencing the nearby CDKN2A and CDKN2B
NCRNAQ0089 genes via regulatory mechanisms, which can influence cell
proliferation and senescence.
LOXL1-AS1 = 15g24.1 Exfoliation Dys LOXL1-AS1 manipulates the activity of promoter in LOXL1
glaucoma regulation region.
MIAT RNCR2; GOMAFU; C220rf35;  22q12.1 Age-related Up MIAT knockdown could repress TNF-o-induced abnormal
LINC00066; NCRNA00066; cataract regulation proliferation and migration of HLECs, by acting as a ceRNA
IncRNA-MIAT and formed a feedback loop with Akt and miR-150-5p.
MEG3 GTL2; FP504; prebp1; 14932 Diabetic Down MEG3 knockdown aggravates retinal vessel dysfunction in
PRO0518; PRO2160; retinopathy regulation vivo, and also regulates retinal endothelial cell proliferation,
LINC00023; NCRNA00023 migration and tube formation in vitro.
Retinoblastoma Down MEG3 is significantly downregulated and that the reduced
regulation expression is associated with a poor prognosis among

patients with retinoblastoma.

AMD, age-related macular degeneration; BPES, blepharophimosis, ptosis and epicanthus inversus syndrome; CNV, choroidal neovascularisation; HLEC, human lens epithelial cell; RPE,
retinal pigmented epithelium; TNF-c, tumour necrosis factor o; VEGF, vascular endothelial growth factor.

regulating IncRNAs to obtain accurate research results. With the
help of these data, meaningful clinical significance may be
from prevention to

achieved
treatment.

to guide

clinical practice

Promising vision rescuer: gene therapy targeting IncRNAs
With the deepening of IncRNA research, scientists look
forward to developing successful genetic treatments that target

IncRNAs. It is even conceivable to produce antagoNATs that
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target the responsible IncRNAs as a direct therapeutic
approach. The visual system will be best for developing genetic
treatments, considering the following reasons. As stated above,
gene therapy in the visual system will not cause side effects to
the systemic function due to the natural blood-brain barrier.
Additionally, significantly increased efficacy could be obtained
as a result of the relative separation from the external
environment.

Several researches emerged in genetic treatments that target
IncRNAs in visual system, including IncRNA-MIAT in micro-
vascular dysfunction,>* MALAT1 in diabetes-related microvascu-
lar complications®* and PVR diseases,”> IncRNA-GASS in
hypertension-induced neovascularisation and capillary leakage.®®
These results encouraged us to make more efforts in exploring
the potential therapeutic roles of IncRNAs in visual system.
Genetic therapy targeting IncRNAs in visual system calls for
further clinical trials and applications. We believe that research-
ers will endeavour in making IncRNAs the promising vision
rescuer in the near future.

Challenges to technical approaches in IncRNA studies

Although bioinformatics is the experimental approach favoured
by biologists worldwide, there are still several obstacles to be
overcome. Above all, high-throughput screening is affordable
and currently widely used. However, the veracity of biological
correlation analysis remains questionable. Elucidating the subtler
cis-regulatory and  trans-regulatory roles of IncRNAs may
require technological advances in both high-throughput identifi-
cation of IncRNA binding sites and in high-resolution in vivo
imaging at the subcellular level.

Chen et al®® published their results that brought a new dawn
to solve the problems in high-resolution imaging at the subcellu-
lar level in vivo. They developed a single-molecule imaging-
based MERFISH technology that allowed the simultaneous
detection of the expression and localisation 100-1000 RNA
molecules in cells at same time.

Rapicavoli’s group has demonstrated a novel tool for lucu-
brating nuclear-retained IncRNAs, which occupies the majority
of mammalian IncRNAs. Considering that conventional RNA
interference approaches like shRNA-mediated degradation are
less effective at downregulating nuclear-retained IncRNAs,
IRES-GFP  sequence-mediated mislocalisation of nuclear-
retained IncRNAs may achieve domain-restrained knockdown
effect.” They have reported that fusion of a nuclear-retained
IncRNA to an IRES-GFP sequence can mislocalise IncRNAs to
the cytoplasmic ribosome and away from nucleus, which were
their normal cellular functional sites. The IRES-GFP method
produces phenotypes that largely overlap with those seen with
shRNA-mediated knockdown. Therefore, IRES-GFP may serve
as a new tool for functional analysis of these molecules.

Although the MERFISH and IRES-GFP technology has been
a major step forward in studying RNA molecule function, it is
not enough. We need better tools to explore the universe of
IncRNAs.
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