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Abstract 

Ocular neovascularization is a pathological sequel of multiple eye diseases. Based on the anatomical site 
into which the abnormal neovessels grow, ocular neovascularization can be categorized into corneal 
neovascularization, choroidal neovascularization, and retinal neovascularization. Each category is 
intractable, and may lead to blindness if not appropriately treated. However, the current therapeutic 
modalities, including laser photocoagulation, vitrectomy surgery, and anti-VEGF drugs, raise concerns 
due to limited efficacy, damage on retinal parenchyma and vasculature, and the patients’ 
unresponsiveness to the treatments. Therefore, the in-depth study on pathogenesis of and the search 
for novel therapeutic targets to the ocular neovascularization are needed. During the last 10 years or 
so, a large number of literatures have emerged indicating a critical role of noncoding RNAs, particularly 
microRNAs (miRNAs) and long noncoding RNAs (lncRNAs), in the pathogenesis and regulation of the 
ocular neovascularization. This review summarizes the current understanding of the biosynthesis and 
functions of the miRNAs and lncRNAs, the regulation of the miRNAs and lncRNAs in neovascular eye 
diseases, as well as the roles of these noncoding RNAs in the disease models of ocular 
neovascularization, in the hope that it could provide clues for the pathogenesis of and molecular targets 
to the ocular neovascularization. 
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Introduction 
Modern molecular biology has shown that most 

genes are transcribed into RNAs, yet only 2% of the 
transcribed RNAs encode proteins, the rest of the 
transcripts that do not encode proteins are called 
noncoding RNAs (ncRNAs) [1]. The ncRNAs are 
categorized into short ncRNAs (< 200 nt) and longer 
ncRNAs (> 200 nt) [2]. Short ncRNAs include 
microRNAs (miRNAs), transfer RNAs (tRNAs), 
piwi-interacting RNAs, small nucleolar RNAs, and 

small interfering RNAs; whereas longer ncRNAs 
contain ribosome RNAs and long ncRNAs (lncRNAs) 
[2]. 

Biogenesis and functions of miRNAs and 
lncRNAs 

MiRNAs are endogenous ncRNAs that regulate 
gene expression at post-transcriptional level. In the 
mammalian cell nucleus, miRNAs are originated from 
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primary miRNAs (pri-miRNAs), the longer 
transcripts that are transcribed from independent 
transcription units or introns by RNA polymerase II 
(Pol II) [3-5]. The pri-miRNAs are then converted into 
short stem-loop structures (70-100 nt) termed 
precursor miRNAs (pre-miRNAs) by a 
microprocessor complex comprising Drosha and 
DiGeorge syndrome chromosomal region 8 (DGCR8) 
(Figure 1) [6-10]. A nuclear transport receptor exports 
the pre-miRNAs to the cytoplasm [11], where an 
endonuclease Dicer cleaves them and liberates a 
miRNA-miRNA duplex (Figure 1) [12-14]. The 

passenger strand of the duplex is degraded; whereas 
the remaining one becomes a mature miRNA and 
subsequently is loaded into an RNA-induced 
silencing complex (RISC) [15-17]. The mature miRNA 
with the RISC, in most cases, binds to the 
3’-untranslated region (3’-UTR) of the target mRNAs 
to elicit translation inhibition and/or degradation of 
the target transcripts (Figure 1) [18]. Research has 
shown that miRNAs play critical roles in a myriad of 
biological processes, including proliferation [19], 
differentiation [20, 21], and apoptosis [22] of cells, 
immune response [23], and angiogenesis [24].  

 

 
Figure 1. MiRNA biosynthesis and functions in mammalian cells. In the nucleus of a mammalian cell, pri-miRNAs are transcribed from either independent 
transcription units or introns in the genomic DNA. The pri-miRNAs are then processed by a microprocessor composed of Drosha and DGCR8 to generate 
pre-miRNAs (70-100 nt), which subsequently are transported to the cytoplasm by a nuclear transporter exportin-5-Ran-GTP. In the cytoplasm, the pre-miRNAs are 
recognized and bound by TRBP and cleaved into a miRNA duplex by an endonuclease Dicer. The duplex is unwound, and the passenger strand (blue) is degraded. The 
remaining strand becomes a mature miRNA (green), which is then loaded into the RISC with Ago-2 protein. The miRNA, in most cases, binds to the 3’-UTR of the 
target mRNAs. If the miRNA completely matches the target sequence, the binding induces degradation of the target mRNA; whereas if the miRNA matches the target 
imperfectly, the binding induces translational repression of the target mRNA. pri-miRNAs: primary miRNAs; DGCR8: DiGeorge syndrome chromosomal region 8; 
pre-miRNAs: precursor miRNAs; TRBP: transactivation response RNA-binding protein; RISC: RNA-induced silencing complex; Ago-2: Agronaut-2; 3’-UTR: 
3’-untranslated region. 
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Unlike the miRNAs, lncRNAs are longer 
ncRNAs located in the nucleus and cytoplasm. The 
lncRNAs are expressed in a tissue-, developmental 
stage- and disease state-specific manner, and their 
biosynthesis involves diverse programs [25]. Most 
lncRNAs are transcribed by RNA Pol II from genomic 
loci as the miRNAs [26], nonetheless, they may be 
5ʹ‑capped, spliced, and 3’-polyadenylated in 
unconventional ways. For example, the nascent 
metastasis-associated lung adenocarcinoma transcript 
1 (MALAT1) and nuclear enriched abundant 
transcript 1 lncRNA transcripts are cleaved by RNase 
P, simultaneously generating the 3ʹ ends of the 
mature lncRNAs and the 5’ ends of tRNA-like small 
RNAs [27-29]; some lncRNAs are transcribed from the 
intronic regions of human genome, processed at the 
consensus sequences close to 5’ splice site and 
branchpoint, and persist as circular intronic RNAs in 
the nucleus [30]; In addition, small nucleolar lncRNAs 
are flanked by small nucleolar RNAs at both 3’ and 5’ 
ends, consequently resist degradation and accumulate 
in the nucleus [31]; and the lncRNAs hosting miRNAs 
are cleaved to terminate Pol II-mediated transcription 
by the microprocessor containing Drosha and DGCR8 
[32]. Just as their diverse biosynthesis, the lncRNAs 
regulate gene expression via distinctive mechanisms. 
For instance, lncRNAs epigenetically repress gene 
expression by recruiting histone-modifying enzymes 
to specific domains of a chromosome [33, 34]; 
alternatively, they may be transcribed from an 
enhancer of a protein-coding gene by a shared 
promoter, the resulting lncRNAs may then activate 
transcription of the protein-coding gene by either 
recruiting protein partners [35], or directly altering 
the DNA or RNA target structures. Collectively, 
lncRNAs can function as signals, decoys, guides, and 
scaffolds to interact with nucleic acid or protein 
partners [36, 37], thereby regulating gene expression 
in a variety of biological processes, including, but not 
limited to, protein synthesis [38], genetic imprinting 
[39], cell cycle control [40], alternative splicing [41, 42], 
and chromatin structure remodeling [43, 44].  

Angiogenesis and neovascularization 
Angiogenesis is a physiological outgrowth of 

new blood vessels from the pre-existing ones. It 
involves proliferation, sprouting, migration, and 
lumen formation of vascular endothelial cells, 
followed by vascular network remodeling [45]. Under 
pathological conditions, such as wound healing [46], 
transplantation [47], and ischemia-induced tissue 
repair [48, 49], excessive and dysregulated 
angiogenesis results in neovascularization. According 
to the literature, neovascularization is associated with 
more than 30 systemic diseases, such as cancer, 

rheumatoid arthritis, atherosclerosis, diabetes, and 
morbid obesity [50]. Whereas ocular diseases, 
including corneal infection or injury, retinopathy of 
prematurity (ROP), proliferative diabetic retinopathy 
(PDR), and wet age-related macular degeneration 
(wAMD), lead to corneal neovascularization, retinal 
neovascularization (RNV), and choroidal 
neovascularization (CNV), respectively (Figure 2). 
The RNV and CNV manifest as vascular leakage and 
tissue edema, overexpression of pro-inflammatory 
factors, and neovessel formation in the retina, retinal 
pigment epithelium (RPE), and choroid membrane 
[51, 52].  

 

 
Figure 2. The anatomical basis of ocular neovascularization. A schematic 
sagittal section of eye ball illustrates the ocular anatomical structures from 
anterior to posterior, including cornea, anterior chamber, iris, lens, vitreous 
cavity, retina, optic nerve, choroid, and sclera. A variety of pathogenic factors 
can induce neovascularization on cornea (corneal NV), retina (RNV), and 
choroidal membrane (CNV). In addition, hypoxia, ischemia, or glaucoma may 
cause neovascularization on iris (iris NV), which is yet beyond the scope of this 
review. NV: neovascularization; RNV: retinal neovascularization; CNV: 
choroidal neovascularization. 

 

Pro-angiogenic factors and 
neovascularization 

Vascular endothelial growth factor (VEGF) is a 
potent endothelial cell-specific mitogen. It has been 
reported that low expression levels of VEGF result in 
poor survival rate of mouse embryos and vascular 
abnormality in adults; conversely, high expression 
levels of VEGF under hypoxic conditions promote 
angiogenesis [53-56]. In the eyes, VEGF is closely 
associated with normal vessel development and 
disease progression [57]. Peripheral avascular area in 
retina expresses more VEGF to promote vascular 
development; whereas abnormally high levels of 
VEGF under pathological conditions, such as ROP, 
PDR, and retinal central vein occlusion, cause 
neovascularization [58]. Therefore, anti-VEGF 
therapeutic modalities have been used to treat ocular 
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neovascularization and achieved certain efficacy. 
However, a considerable number of patients do not 
respond to the anti-VEGFs; moreover, local and 
systemic adverse events, including subretinal fibrosis, 
endophthalmitis, intraocular hemorrhage, 
hypertension, and stroke, may occur following the 
long-term administration of the anti-VEGF drugs [59, 
60]. These phenomena raise concerns about clinical 
applications of the anti-VEGF drugs, and also prompt 
the search for other factors besides VEGF, just to name 
a few, erythropoietin [61, 62], basic fibroblast growth 
factor [63], platelet-derived growth factor (PDGF) [64], 
connective tissue growth factor [65], pigment 
epithelium-derived factor [66], and insulin-like 
growth factor [67], that may regulate ocular 
neovascularization by coordinating with VEGF or 
each other [68]. If this holds true, the anti-neovascular 
therapy in the eye should target multiple molecules 
along pro-angiogenic pathways. During the past few 
years, research has shown that both miRNAs and 
lncRNAs can bind multiple target genes encoding 
pro- or anti-angiogenic factors and regulate their 
expression under pathological conditions, indicating 
that the miRNAs and lncRNAs may be good 
molecular targets for intervention of neovascular eye 
diseases [69-72]. 

Regulation of miRNAs and lncRNAs in 
neovascular eye diseases 

Indeed, a few studies have been carried out in 
the last 3 years to measure the circulating or ocular 
levels of miRNAs in the patients with neovascular eye 
diseases, such as wAMD and PDR. An Italian group 
identified that miR-9, miR-23a, miR-27a, miR-34a, 
miR-126, and miR-146a were upregulated, whereas 
miR-155 was downregulated in serum of neovascular 
AMD patients [73]. MiR-146 has also been shown to 
be upregulated in the aqueous humor of wAMD 
patients by a Canadian group [74]. Moreover, Cowan 
and coworkers [75] used a human retinal endothelial 
culture system and showed that miR-146 was 
significantly upregulated by activation of NF-κB, a 
key regulator of inflammatory response; whereas 
miR-146 targets caspase-recruitment 
domain-containing protein 10 (CARD10), an essential 
scaffold/adaptor protein of NF-κB activation 
pathway. This suggests a negative feedback 
regulation between miR-146 and NF-κB pathway. 
Since the inflammatory response is concomitant with 
the neovascularization in wAMD, the miR-146 
upregulation in wAMD patients may implicate a 
potential of this miRNA in curbing 
neovascularization by anti-inflammation.  

In addition, a Chinese group reported that the 
expression levels of miR-27a-3p, miR-29b-3p, and 

miR-195-5p were increased in the serum of wAMD 
patients, as compared to the healthy controls [76]. By 
contrast, a German group reported that the levels of 
miR-301-3p, miR-361-5p, and miR-424-5p were 
significantly lower in the patients with late-stage 
neovascular AMD than those in the dry AMD patients 
and the controls [77]. 

On the other hand, the levels of miR-126 was 
significantly decreased in the serum of the patients 
with PDR, as compared to the control subjects [78], 
suggesting an association of miR-126 with vascular 
complications of diabetes, particularly with PDR. In 
another study, the levels of miR-21, miR-181c, and 
miR-1179 have been shown to be significantly higher 
in the serum of the PDR patients than those in the 
nonproliferative diabetic retinopathy (NPDR) patients 
and the controls [79].  

Therefore, the changes in the circulating and 
ocular levels of miRNAs in the patients with 
neovascular eye diseases suggest the clinical 
relevance of these ncRNAs to the ocular 
neovascularization.  

MiRNAs and neovascularization 
MiRNAs and corneal neovascularization 

Corneal neovascularization is characterized by 
excessive blood vessels growing onto the cornea [80]. 
It is mainly caused by infections with pathogens, such 
as viruses, bacteria, and fungi, or by physical and 
chemical injury, or by aberrant expression of 
endogenous regulators. This ocular surface 
neovascular disease can result in visual impairments 
or even blindness. Several lines of research have 
indicated pathogenic roles of miRNAs in this disease 
(Table 1). 

Infection-induced corneal neovascularization 
Herpes simplex virus (HSV) infection on mouse 

ocular surface elicits corneal neovascularization with 
a dramatic upregulation of miR-132 expression (10 ~ 
20 fold). In addition, the upregulation of miR-132 is 
preceded by and accompanied with elevated levels of 
VEGF-A on the cornea; the upregulated expression of 
miR-132 also requires the functional interaction 
between IL-17 and its receptor (IL-17R). These results 
suggest that VEGF-A and IL-17 / IL-17R system may 
be the up-stream regulators of miR-132 during the 
HSV-induced corneal infection. Indeed, either 
blocking VEGF-A with VEGF-trap or depleting 
VEGF-A-secreting neutrophils significantly reduced 
miR-132 expression following HSV infection; whereas 
IL-17R knockout prevented corneal miR-132 
upregulation induced by the virus infection [81]. 
Furthermore, nanoparticle-facilitated delivery of 
anti-miR-132 ameliorated the HSV-induced corneal 
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neovascularization and stromal keratitis (SK). As for 
the mechanism, the authors propose that HSV 
infection in the corneal epithelial cells may induce 
production of pro-inflammatory cytokines, such as 
IL-17, which could promote VEGF-A production from 
the inflammatory cells or vascular endothelial cells. 
The VEGF-A then acts on the endothelial cells to 
upregulate miR-132 expression. Whereas miR-132 has 
been reported to target Ras-GAP [82], which inhibits 
Ras-GTP through enhancing Ras GTPase activity [83]. 
Consistent with the report, the authors showed that 
anti-miR-132 restored the expression levels of 
Ras-GAP and subdued the angiogenic Ras activity in 
corneal CD31-enriched cells (possibly vascular 
endothelial cells). Therefore, the anti-neovascular 
effects of ani-miR-132 may be ascribed to the reduced 
Ras activity in corneal vascular endothelial cells 
during the HSV-induced corneal infection [81]. 
Moreover, the same group later found that miR-155, 
another cornea-enriched miRNA that targets SHIP-1 
and IFN-γRα, was upregulated to the comparable 
extent to that of miR-132 in the HSV-infected corneas. 
The miR-155 upregulation promoted the proliferation 
of cornea-infiltrating Th1 and Th17 cells as well as 
their production of IFN-γ and IL17, respectively. This, 
in turn, led to corneal inflammation after the virus 
infection. Similarly, the delivery of anti-miR-155 
significantly attenuated the HSV-induced SK and 
corneal neovascularization [84]. Therefore, these 
studies suggest that the aberrant expression of 
miRNAs contributes to the pathology following HSV 
infection, and the miRNAs may be good 
interventional targets to corneal inflammation and 
neovascularization induced by HSV infection.  

Chemical or physical damage-induced corneal 
neovascularization 

Chemical burn on cornea may cause permanent 
visual dysfunctions or complete blindness by 
inducing corneal neovascularization and 
inflammatory responses. Research has shown that 
miR-206 and miR-21 were dramatically upregulated 
in the alkali-burnt mouse corneas as compared to the 
normal controls; whereas downregulating either 
miR-206 or miR-21 expression subdued the alkali 
burn-induced corneal inflammation and 
neovascularization [85, 86]. Mechanistically, luciferase 
reporter assay and western blot suggested connexin43 
(Cx43) as a direct target of miR-206, and silencing of 
Cx43 by its siRNA reversed the protective effects of 
downregulating miR-206 on the alkali-burnt murine 
corneas [85]. Whereas miR-21 upregulation was 
positively correlated to VEGF and hypoxia inducible 
factor-1α (HIF-1α) expression at both transcript and 
protein levels. Conversely, knocking-down miR-21 

expression by its antagomir suppressed the 
expression of VEGF and HIF-1α. Further analyses 
indicate an association of the anti-neovascular effects 
of anti-miR-21 with the Sprouty2/4-mediated 
reduction in Erk activity [86].  

 

Table 1. The effects of miRNAs on ocular neovascularization 

NV/Angiogen
esis 

ncRNAs Effects on 
NV 

Molecular targets Referenc
es 

Corneal NV miR-132 Promote Ras-GAP 81, 82 
 miR-155 Promote SHIP-1, IFN-γRα 84 
 miR-206 Promote Cx43 85 
 miR-21 Promote Sprouty2/4 86 
 miR-184 Repress FZD-4, FOG2, PDGF-β, 

PPAP2B 
87, 88, 
89 

 miR-204 Repress Ang-1 88, 90 
CNV miR-146 Repress CARD10 73-75 
 miR-24 Repress RCK, PAK4, LIMK2 92 
 miR-31 Repress PDGF-β, HIF-1α 93 
 miR-150 Repress CXCR4, DLL4, FZD-4 93, 94 
 miR-126 Repress Spred-1, VEGF, 

αB-Crystallin 
95 

 miR-342-5p Repress Endoglin 96 
 miR-29 Repress MMP-2 97 
 miR-23 Promote Sprouty2, Sema6A, 

and Sema6D 
101 

 miR-27 Promote Sprouty2, Sema6A, 
and Sema6D 

101 

 miR-155 Promote SHIP-1 102 
 miR-132 Promote Ras-GAP 103 
Retinal 
developmental 
angiogenesis 

miR-126 Required Spred-1 95 

 miR-155 Required CCN-1 105 
 miR-132 Required Ras-GAP 82 
 miR-342-5p Repress Endoglin 96 
RNV miR-329 Repress CD-146 109 
 miR-31 Repress PDGF-β, HIF-1α 93 
 miR-150 Repress CXCR4, DLL4, FZD-4 93, 94 
 miR-184 Repress FZD-4 93 
 miR-200b Repress ZEB2, VEGFA 111 
 miR-155 Promote SHIP-1 102, 105 
 miR-132 Promote Ras-GAP 103 
 miR-21 Controver

sial 
PTEN, RhoB 115, 116 

 miR-221/222 Controver
sial 

c-KIT, CDKN1b, 
PIK3R1 

117-121 

Note: NV stands for neovascularization; CNV choroidal neovascularization; RNV 
retinal neovascularization. 

 
 
On the other hand, physical stimulus, such as 

suture, was also used to induce corneal 
neovascularization. In a suture-induced rat model of 
corneal neovascularization, corneal expression of 
miR-184 was significantly downregulated, and that of 
Frizzled-4 (FZD-4) upregulated, indicating an 
increased activity of Wnt signaling under such a 
pathological condition. Moreover, topical applications 
of miR-184 diminished the area of corneal 
neovascularization [87]. In the cell culture models, 
miR-184 mimics inhibited the proliferation and 
migration of human umbilical vein endothelial cells 
(HUVECs), and suppressed the VEGF-induced tube 
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formation in simian retinal microvessel endothelial 
cells; whereas miR-184 inhibitor exerted the opposite 
effects in these 2 types of cells. An association was 
suggested in this study between the miR-184’s 
anti-angiogenic effects with the reduced abundance of 
VEGF and β-catenin, the downstream transcription 
factor of Wnt signaling pathway [87].  

Endogenous regulators of corneal avascularity  
MiR-184 and miR-204 are the 2 most abundant 

miRNAs expressed in corneal endothelia under 
normal condition. Whereas during the wound healing 
process in which angiogenesis is turned on to 
promote recovery, only miR-184 and miR-204, out of 
600 miRNAs examined, are significantly 
downregulated [88]. Therefore, these 2 
cornea-enriched miRNAs may serve as endogenous 
regulators for corneal avascularity. Indeed, a recent 
study has demonstrated that miR-184 targets the 
pro-angiogenic factors, including friend of Gata 2 
(FOG2), platelet-derived growth factor-β (PDGF-β), 
and phosphatidic acid phosphatase 2b (PPAP2B) in 
corneal limbal epithelial keratinocytes. The FOG2 is 
an upstream regulator of VEGF, whereas PDGF-β and 
PPAP2B regulate Akt signaling [89]. Therefore, the 
constitutively high expression of miR-184 in corneal 
epithelial cells reduces the production of VEGF, 
PDGF-β, and Akt signaling-mediated 
metalloproteinases, thereby inhibiting proliferation 
and migration of the vascular endothelial cells and 
maintaining avascularity on the cornea [89]. 

Kather and colleagues [90] recently 
demonstrated that the miR-204 downregulation was 
correlated with the upregulation of a pro-angiogenic 
factor angiopoietin-1 (Ang-1) in the corneas of 
Kelch-like Ect2-interacting protein (KLEIP)-deficient 
mice, The KLEIP is essential for corneal structural 
integrity and transparency. The KLEIP-deficient mice 
spontaneously develop corneal dystrophy and 
neovascularization. In addition, bioinformatics and 
gene expression analyses suggested Ang-1 as a direct 
target of miR-204 in the HUVECs [90]. These findings 
indicate a novel, VEGF-independent miR-204/Ang-1 
pathway that may lead to corneal dystrophy and 
neovascularization in KLEIP-/- mouse corneas [90]. 

miRNA and CNV 
CNV refers to the growth of new blood vessels 

from choroid to RPE and / or subretinal space [91]. 
The ocular fundus diseases, such as wAMD and 
pathologic myopia, are the primary causes of CNV 
and often lead to vision loss. MiRNAs have been 
reported to function as important regulators of CNV 
(Table 1). 

The miRNAs that inhibit CNV 
Multiple miRNAs, including miR-24 [92], miR-31 

[93], miR-150 [93, 94], miR-126-3p [95], and miR-342 
[96], have demonstrated the ability to inhibit CNV 
(Table 1). Transfecting most of these miRNA mimics 
into microvessel endothelial cells suppresses the 
proliferative, migratory, and tubulogenic functions. 
Intravitreal or subretinal injections of the miRNAs’ 
mimics or pre-miRNAs significantly reduce the injury 
area and/or alleviate the vascular leakage in the 
rodent models of laser-induced CNV.  

However, the molecular mechanisms underlying 
the protective effects vary among individual miRNAs. 
For instance, miR-24 targets Rho-associated kinase 
(Rock), P21-activated kinase (Pak), and LIM 
domain-containing kinase (Limk) in Rho signaling 
pathway, the pathway crucial for 
angiogenesis-associated cell division and motility 
[92]. MiR-31 targets PDGF-β and HIF-1α, which 
function as pro-angiogenic factors in vascular 
pericytes and endothelial cells, respectively [93]. 
Whereas microvessel endothelium-enriched miR-150 
is able to target C-X-C chemokine receptor type 4 
(CXCR4), Delta like ligand 4 (DLL4), and FZD-4 and 
downregulate the expression of these genes, 
suggesting the interference of this miRNA with 3 
angiogenic signaling pathways, i.e. SDF-1, Notch, and 
Wnt pathways. These results also implicate miR-150 
as an endothelial cell-intrinsic suppressor of 
angiogenesis and neovascularization [94]. The cell 
type-specific function of miRNA is also demonstrated 
by the action of miR-126-3p. In the HUVECs, where 
endogenous miR-126-3p is highly expressed and the 
binding sites on its anti-angiogenic target 
Sprouty-related EVH1 domain-containing protein 1 
(Spred-1) gene are saturated, the cells can only 
respond to miR-126-3p downregulation, and then the 
angiogenesis is repressed. By contrast, in the RPE 
cells, where miR-126-3p is expressed at low level and 
the binding sites on its targets in this type of cells, the 
3’-UTR of VEGF gene and the promoter region of 
αB-Crystallin gene, are not saturated, the cells 
respond well to miR-126-3p overexpression, and the 
production and stability of VEGF protein are reduced, 
thereby resulting in the profoundly decreased VEGF 
secretion from the RPE cells and the repressed 
angiogenesis of the adjacent endothelial cells [95]. 
Thus the cell type-specific action of miRNA should be 
cautiously considered before its in vivo application can 
be performed. The action of miR-342-5p is even more 
paradoxical. MiR-342-5p downregulates VEGFR2 and 
VEGFR3 expression, and then represses 
VEGF-induced Akt signaling in the endothelial cells. 
Moreover, bioinformatics and gene expression 
analyses suggest that miR-342-5p targets endoglin, a 
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co-receptor of TGF-β receptor [96]. Therefore, 
overexpression of miR-342-5p in the HUVECs inhibits 
TGF-β signaling pathway by decreasing SMAD1/5 
phosphorylation [96]. Simultaneously, miR-342-5p 
promotes endothelial–mesenchymal transition (EMT) 
by targeting endoglin and interfering with TGF-β 
signaling [96]. Although EMT may stabilize the 
vascular structure after developmental sprouting and 
curb pathological neovascularization, it also elicits 
fibrosis that may deteriorate photoreceptor and RPE 
functions under the condition of CNV [91]. Therefore, 
the pleiotropic effects of miR-342-5p in the context of 
CNV require further investigations.  

The action of miR-29 is different than the 
above-mentioned CNV-inhibiting miRNAs. The 
NFκB activation following laser-induced CNV 
downregulates the expression of miR-29 clusters, 
including miR-29a, b, and c. The miR-29 cluster target 
matrix metalloproteinase-2 (MMP-2) [97]. The MMP-2 
has been shown to contribute to CNV [98-100], partly 
due to its ability to degrade basement membranes and 
extracellular matrix proteins and to promote 
migration of neovascular endothelial cells. Therefore, 
despite lacking direct evidence, these results indicate 
an inhibitory role of miR-29 cluster in CNV through 
targeting MMP-2. 

The miRNAs that promote CNV 
 It has been reported that a few miRNAs, such as 

miR-23 [101], miR-27 [101], miR-155 [102], and 
miR-132 [103], can promote CNV (Table 1). These 
miRNAs are significantly upregulated in the 
choroidal tissue of the rodent models following laser 
injury [101, 102]. In the cell culture models, knocking 
down miR-23 and 27 with locked nucleic 
acid-modified anti-miRNAs inhibits tubulogenesis of 
the HUVECs and cell outgrowth in an ex vivo aortic 
ring assay [101]; whereas downregulation of miR-155 
expression in human retinal microvessel endothelial 
cells by lentivirus suppresses the VEGF-induced 
proliferation, migration, and tube formation [102]. In 
the animal models, more than 90% reduction in 
miR-23 and 27 abundance results in greater than 50% 
shrinkage in the volume of the laser-induced CNV 
[101]; anti-miR-155 and anti-miR-132 also cause 
comparable reduction in the CNV lesion volume [102, 
103]. At the molecular level, miR-23 and 27 target the 
negative regulators of MAPK- and VEGFR2-mediated 
pro-angiogenic pathways, including Sprouty2, 
Sema6A, and Sema6D [101]; miR-155 targets an SH2 
domain-containing inositol 5’-phosphatase (SHIP-1), a 
negative regulator of PI3K/Akt pathway [102]; 
whereas miR-132, as mentioned above, targets 
Ras-GAP, an inhibitor of Ras signaling activity [82, 
103]. So far, the mechanisms of action of the 

CNV-promoting miRNAs have been straightforward. 
They are upregulated at the site of CNV, and target 
the negative arms of pro-angiogenic pathways.  

miRNA and retinal angiogenesis 
The miRNAs essential for normal 
developmental angiogenesis 

Normal developmental angiogenesis in retina is 
a physiological process that has been extensively 
studied due to easy access of the vasculature, 
definitive readout of the assays, and orchestrated 
regulatory programs during the development [60, 
104].  

One approach to identify the roles of miRNA in 
developmental angiogenesis is the loss of function 
study. For example, in the miR-126 deficient mice, the 
superficial vascular plexus in retina covers 30% less 
area as compared to the wild type (WT) counterpart 
from postnatal 6 (P6) to P8. Moreover, very few retinal 
vessels in miR-126-/- mice are found in the 
intermediate and deep plexus at P10 when the normal 
vessels sprout into the deeper plexus [95]. Similarly, 
knocking out miR-155 leads to mild, but quantifiably 
significant defects during retinal vessel development, 
such as decreased junctional density and increased 
vascular length, compared to the normal retinal 
vessels [105]. In addition, the defects in the miR-126 or 
miR-155-deficient mice were rescued or even reversed 
by knocking out their respective target genes, Spred-1 
and CCN family member 1 (CCN-1) [95, 105], 
indicating that these miRNAs modulate retinal 
vascular development through regulating their target 
expression. If knockout animals are not available, then 
knocking down the expression of the miRNA of 
interest is an alternative approach to achieve the loss 
of function. It has been reported that an intraocular 
injection of anti-miR-132 leads to 50% reduction in the 
deeper retinal plexus covering area, without affecting 
the coverage of superficial plexus and perivascular 
cells [82]. 

The other approach to reveal the miRNAs’ role 
in developmental retinal angiogenesis is the gain of 
function study. An intravitreal injection of miR-155 
mimics to WT pups generates the retinal vascular 
phenotype opposite to that in miR-155-/- mice, such as 
delayed migration of superficial plexus along retina 
radius, hyperproliferative endothelial cells, and the 
increased anastomosis at the expanding vascular front 
[105]. By contrast, lentivirus-mediated intravitreal 
delivery of miR-342-5p agomir to WT pups results in 
diminished vascularized area and less proliferative 
endothelial cells in developing retinas [96]. Therefore, 
these studies suggest a crucial role of miRNA in 
developmental retinal angiogenesis. 
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The miRNAs that regulate pathological 
neovascularization  

RNV is a severe and blinding pathology incurred 
by common but intractable retinal diseases, such as 
ROP, PDR, and central retinal vein occlusion [106]. 
The animal model mainly used in the RNV research is 
a mouse model of oxygen-induced retinopathy (OIR). 
In the OIR model, P7 pups are exposed to 75% oxygen 
for 5 days, and then raised in normal air for another 5 
days. When exposed to hyperoxia, the developing 
vasculature halts extension, regresses, and forms a 
large avascular area in the central retina, and this is 
the vaso-obliteration phase of the OIR model; whereas 
returning of the pups to normal air subjects the retinal 
vasculature to a relative hypoxia, upregulates 
pro-angiogenic factor expression, and generates 
neovascular tufts at the junction between vascularized 
and avascularized regions, and this is the 
neovascularization phase of the OIR model [94, 107, 
108]. The pathology of RNV in the OIR model is 
similar to that in the ROP and PDR patients. In the 
past 5 years, a large number of literatures have 
emerged demonstrating associations of miRNAs with 
pathological RNV. However, the roles of individual 
miRNAs in the RNV remain case-dependent, and 
even controversial. Therefore, the miRNAs are 
categorized into 3 groups based on their reported 
effects on the RNV, i.e. the miRNAs inhibiting RNV, 
the miRNAs promoting RNV, and those with 
controversial effects (Table 1).  

The miRNAs that inhibit RNV 
In the OIR model, miR-329, miR-31, miR-150, 

and miR-184 have been shown to exert the 
anti-neovascular effects (Table 1).  

MiR-329 targets CD146, an endothelial marker 
functioning as a co-receptor for VEGFR-2 to promote 
neovascularization. In the OIR retinas, CD146 was 
significantly upregulated, while miR-329 
downregulated during the neovascularization phase. 
An intravitreal injection of miR-329 into the OIR pups 
suppressed the CD-146 overexpression and reduced 
the RNV by 40%, although it did not ameliorate the 
vaso-obliteration in the OIR retinas [109]. Mechanistic 
study suggests that miR-329 may hamper the 
endothelial response to VEGF-induced SRC 
kinase/p38 MAPK/NF-κB activation via negatively 
regulating the CD146 expression [109].  

A microarray analysis in an earlier study 
revealed the significant downregulation of miR-31, 
-150, and -184 in the OIR mouse retinas, as compared 
to the normal controls. An intravitreal injection of 
pre-miR-31, -150, or -184 significantly reduced the 
ischemia-induced RNV [93]. In a more recent study, 
miR-150 was identified as an endothelial cell-intrinsic 

suppressor of pathological neovascularization, and 
exhibited inhibitory effects on both CNV and RNV 
[94]. Additionally, as discussed above, another recent 
study found that miR-184 was able to antagonize the 
suture-induced corneal neovascularization [87]. These 
studies suggest that the RNV-inhibiting miRNAs are 
usually downregulated in the retinas with 
neovascularization, and the intravitreal injection of 
miRNA mimics or overexpression of pre-miRNAs is a 
potential therapeutic strategy to the RNV.  

On the other hand, an Australian group 
generated a murine model with selective disruption of 
Müller cells by tamoxifen-induced Müller cell-specific 
expression of a Diphtheria toxin gene. In this model, 
the disruption of Müller cell leads to blood-retina 
barrier breakdown, deep retinal neovascularization, 
and photoreceptor degeneration [110]. More 
interestingly, a miRNA array identified 9 
differentially expressed miRNAs in the Müller 
cell-deficient retinas. Among these 9 miRNAs, 
miR-200b was significantly downregulated; the 
expression of its potential targets, zinc finger E-box 
binding homeobox 2 (ZEB2) and VEGFA genes, was 
significantly upregulated. Furthermore, intravitreal 
injections of miR-220b mimics attenuated the vascular 
leakage, whereas injections of miR-200b inhibitor 
exacerbated the leakage in the retinas with the mild 
vasculopathy [111]. However, neither the mimics nor 
the inhibitor of miR-200b had significant effects on the 
retinas with severe vasculopathy, which might be 
related to the dosage applied to the retinal 
vasculopathy at this stage.  

The miRNAs that promote RNV 
The miR-155 and miR-132 have been shown to 

promote RNV in the OIR model (Table 1). The 
miR-155 was significantly upregulated in the OIR 
retinas, in comparison to the normal counterparts. 
Either downregulating miR-155 expression by 
anti-miR-155 [102] or knocking out miR-155 [105] 
resulted in the reduced avascular areas and 
neovascular tufts in the OIR retinas.  

On the other hand, the pathological 
endothelium-enriched miR-132 appears to be a 
ubiquitous promoter for neovessel formation, 
including the HSV-induced corneal 
neovascularization [81], the developmental retinal 
angiogenesis [82], and the laser-induced CNV [103], 
as discussed in the previous sections. Moreover, an 
intravitreal delivery of anti-miR-132 not only 
prevented the formation of neovascular tufts in the 
OIR retinas, but also reduced the number of angiomas 
in the retinas of Vldlr knockout mice [103]. The 
Vldlr-/- mouse serves as a model for idiopathic 
juxtafoveal macular telangiectasia and retinal 
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angiomatous proliferation, a rare retinal disease 
characterized by intraretinal and subretinal 
neovascularization [112]. Further, the anti-miR-132 
caused the simultaneous downregulation of multiple 
pro-angiogenic and pro-inflammatory factors, while 
the conventional suppression of VEGF signaling 
pathway using anti-VEGFs may result in a 
compensatory upregulation of the pro-angiogenic and 
pro-inflammatory factors [103], which may contribute 
to the subsequent reduced efficacy of the anti-VEGF 
agents. Therefore, anti-miR-132 could be one of the 
most promising therapeutic modalities for 
neovascular eye diseases.  

The miRNAs with controversial effects 
on RNV  

MiR-21 is one of the important miRNAs 
associated with tumor growth, angiogenesis, and 
metastasis. Overexpression of miR-21 in prostate 
cancer cells induces tumor angiogenesis through 
targeting phosphatase and tensin homolog deleted on 
chromosome 10 (PTEN), activating AKT and ERK1/2 
pathways, and upregulating HIF-1α and VEGF 
expression [113, 114]. In the eyes, miR-21 is the most 
highly expressed miRNA in the primary bovine 
retinal microvascular endothelial cells, and inhibition 
of miR-21 significantly reduced proliferation, 
migration, and tube formation of these cells [115]. 
These two lines of research indicate miR-21 as a 
pro-angiogenic molecule. However, the results of 
another study demonstrated that overexpression of 
miR-21 in HUVECs significantly reduced cell 
proliferation, migration, and tube formation; whereas 
inhibition of endogenous miR-21 expression leads to 
the opposite effects. Further mechanistic investigation 
indicates that miR-21 may target RhoB to interfere 
with actin filament-mediated stress fiber formation, 
thereby antagonizing angiogenesis via inhibiting 
migration and tubulogenesis of endothelial cells [116]. 
The discrepancies of these results could be due to the 
distinct cell culture and assay systems employed in 
the studies, but also indicate a species-specific effect 
of this miRNA. 

Moreover, miR-221 and miR-222 belong to the 
same family and their genes are located in close 
proximity on Xp11.3 chromosome. They inhibit 
endothelial cell angiogenesis by targeting stem cell 
factor receptor c-kit and indirectly regulating the 
expression of endothelial nitric oxide synthase [117, 
118]. However, in vascular smooth muscle cells, 
miR-221/222 have pro-proliferative, pro-migratory, 
and anti-apoptotic effects. These results suggest that 
the biological functions of miR-221/222 in vascular 
walls are cell type-specific [119, 120]. In addition, the 
latest research finds that miR-221 is essential for 

angiogenesis in zebrafish, miR-221 knockdown 
phenocopied the defects accompanied by loss of Flt4 
receptor on the tip cells at the vascular endothelial 
front [121]. Furthermore, miR-221 can promote tip cell 
proliferation and migration through repressing 
cyclin-dependent kinase inhibitor 1b (CDKN1b), and 
phosphoinositide-3-kinase regulatory subunit 1 
(PIK3R1) [121]. These results identify miR-221 as a 
regulator of tip cell migration and proliferation 
during angiogenesis. The opposite effects of 
miR-221/222 in different in vitro and in vivo models 
highlight the complicated regulatory mechanisms of 
this miRNA in angiogenesis, and warrant further 
study on the functions of miR-221/222 in retinal 
vessel development and RNV. 

LncRNA and neovascularization 
During the last 2 years, the function of lncRNAs 

in ocular neovascularization is becoming a hotspot in 
the field. Xu et al. [122] studied the expression 
profiling of lncRNAs in the OIR model by a 
microarray analysis. The results showed that the 
expression levels of 326 or 51 lncRNAs were 
significantly altered in the vaso-obliteration or 
neovascularization phase of this model, respectively 
[122]. Moreover, lncRNAs/mRNAs co-expression 
networks were constructed based on the Pearson 
correlation analysis. Gene ontology enrichment 
analysis of the mRNAs co-expressed with the 
lncRNAs indicated that the biological modules during 
the vaso-obliteration phase were correlated with 
chromosome organization, extracellular region, and 
guanylate cyclase activator activity; whereas the 
modules in the neovascularization phase correlated 
with cell proliferation, extracellular region, and 
guanylate cyclase regulator activity. KEGG pathway 
analysis implicated MAPK signaling pathway as the 
most significantly enriched pathway in both phases. 
Importantly, Vax2os1 and Vax2os2 were dynamically 
expressed in both phases of the OIR model, and their 
expression levels were significantly altered in 
aqueous humor of wAMD patients, indicating a 
potential role of the lncRNAs in the pathogenesis of 
RNV and CNV [122]. 

LncRNA-myocardial infarction-associated 
transcript (lncRNA-MIAT) is enriched in endothelial 
cells and regulates migration and sprouting of these 
cells [123]. Hyperglycemia upregulates 
lncRNA-MIAT expression in the endothelial cells and 
the retinas of diabetic animals. In addition, 
lncRNA-MIAT knockdown alleviates retinal pericyte 
loss, capillary degeneration, vascular leakage, and 
inflammation in diabetic rats; and significantly 
reduces proliferation, migration, and tubulogenesis of 
endothelial cells [124]. Further study identifies that 
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lncRNA-MIAT functions as a competing endogenous 
RNA (ceRNA) to specifically bind and sequester 
miR-150-5p, thereby de-repressing the target of 
miR-150-5p, VEGF, in the retinal endothelial cells 
(Figure 2). Hence the ceRNA regulatory network, 
composed of lncRNA-MIAT, miR-150-5p, and VEGF, 
provides a novel insight into the pathogenic 
mechanism for ocular neovascularization [124]. 

LncRNA-MALAT1 is another endothelial 
cell-enriched lncRNA. Under the physiological 
condition, downregulating lncRNA-MALAT1 with 
either siRNA or locked nucleic acid GapmeRs 
switches the HUVECs from a proliferative state to a 

pro-migratory and pro-sprouting state [125]. 
Furthermore, knockout lncRNA-MALAT1 also results 
in similar phenotypes in the developing retinal 
vasculature, including delayed vessel extension, 
reduced density at the vascular front, and decreased 
proliferating cells [125]. Microarray and quantitative 
PCR analyses further suggest that the pro-migratory 
and anti-proliferative effects of silencing MALAT1 
may be due to its downregulating the S-phase cell 
cycle cyclins and upregulating the cell cycle inhibitory 
genes [125]. These results implicate that during 
normal development, the high expression of 
lncRNA-MALAT1 in endothelial cells may help 

maintain these cells in a proliferative 
state.  

On the other hand, 
lncRNA-MALAT1 dysregulation is 
also implicated in the pathogenesis 
of diabetes-related microvascular 
disorders. LncRNA-MALAT1 
expression is upregulated in the 
retinas of Streptozotocin-induced 
diabetic rats and db/db mice. 
LncRNA-MALAT1 knockdown 
ameliorates the diabetes-induced 
microvascular dysfunctions, 
including pericyte loss, acellular 
capillary structure, vascular leakage, 
and neuroinflammation in retina 
[126]. Moreover, lncRNA-MALAT1 
knockdown inhibits proliferation, 
migration, and tube formation of 
retinal microvessel endothelial cells. 
These protective effects were 
mediated by the crosstalk between 
lncRNA-MALAT1 and p38 MAPK 
signaling pathway [126] (Figure 3). 
The results indicate 
lncRNA-MALAT1 upregulation as a 
critical pathogenic factor for the 
diabetes-induced microvascular 
dysfunctions. 

Conclusion 
In general, miRNAs can be 

classified into 3 categories based on 
their effects on ocular 
neovascularization. One is the 
miRNAs that promote 
neovascularization, for example, 
miR-206 and miR-21 boost corneal 
neovascularization, miR-23 and 
miR-27 enhance CNV, whereas 
miR-132 and miR-155 promote all 
types of neovascularization 

 
Figure 3. Pathogenic mechanisms of lncRNA-MIAT and lncRNA-MALAT1 in RNV. In the HG-treated 
retinal microvessel endothelial cells and in Type I and Type II DM animals, the expression of lncRNA-MIAT 
(red lines) and lncRNA-MALAT1 (purple lines) is upregulated. LncRNA-MIAT, with the increased 
amplitude, can competitively bind to miR-150-5p (green), resulting in an inhibition of miR-150-5p’s loading 
into the RISC and binding to the target, VEGF mRNA (green arrow). The expression of VEGF is, therefore, 
de-repressed. The elevated levels of VEGF then lead to a pro-angiogenic response in retinal microvessel 
endothelial cells and microvascular dysfunctions in retinas of diabetic animals. On the other hand, the 
upregulated lncRNA-MALAT1 expression enhances p38 MAPK activity through an unknown mechanism 
(dashed arrow). The enhanced p38 MAPK activity causes angiogenesis in retinal endothelial cells and 
microvascular dysfunctions in diabetic retinas. RNV: retinal neovascularization; HG: high glucose; DM: 
diabetes mellitus. 
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discussed; Another category is the 
neovascularization-repressing miRNAs, which 
include miR-204 and miR-184 that inhibit corneal 
neovascularization, miR-24, miR-126, miR-342-5p, 
and miR-29 that inhibit CNV, miR-329 and miR-200b 
that suppress RNV, as well as miR-31 and miR-150 
that suppress both CNV and RNV. Finally, there are 
some miRNAs, such as miR-21 and miR-221/222, 
with controversial functions towards 
neovascularization (Table 1). On the other hand, a few 
lncRNAs, including lncRNA-MIAT and 
lncRNA-MALAT1, have been identified within the 
last 3 years as the new regulators of retinal 
angiogenesis or neovascularization (Figure 2), 
although the regulatory mechanisms underlying 
individual lncRNAs may vary and to a large extent, 
remain to be investigated.  

Therefore, research results suggest that miRNAs 
or lncRNAs might be good molecular targets for 
intervention of neovascular eye diseases. Yet, one 
major problem is that each miRNA or lncRNA usually 
has several targets, and targeting a single miR or 
lncRNA could have non-intended effects. Further, 
each protein-coding mRNA might be a target for 
several miRs or lncRNAs, and targeting a single miR 
or lncRNA might not be effective enough to halt 
neovascularization. Notwithstanding, it would still be 
interesting to test the efficacy of combination of these 
miRNAs or lncRNAs in pre-clinical studies, 
facilitating translation of the research results on the 
ncRNAs into novel therapeutic modalities to ocular 
neovascularization.  
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