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Abstract 

With no safe and efficient approved therapy available for treating corneal 

neovascularization, the search for alternative and effective treatments is of great 

importance.  Since the discovery of miRNAs as key regulators of gene expression, 

knowledge of their function in the eye has expanded continuously, facilitated by high 

throughput genomic tools such as microarrays and RNA sequencing. Recently, 

reports have emerged implicating miRNAs in pathological and developmental 

angiogenesis. This has led to the idea of targeting these regulatory molecules as a 

therapeutic approach for treating corneal neovascularization. With the growing 

volume of data generated from high throughput tools applied to study corneal 

neovascularization, we provide here a focused review of the known miRNAs related 

to corneal neovascularization, while presenting new experimental data and insights 

for future research and therapy development.  



 

 

1.Introduction 

The healthy cornea is normally devoid of blood and lymph vessels - a property 

mediated by a tightly regulated balance between pro- and anti-angiogenic factors. 

Conditions such as injury, genetic disorders, and infection, however, can tip the 

balance in favour of the pro-angiogenic factors leading to inflammation which in turn 

can drive angiogenesis 1,2. Inflammation and angiogenesis may lead to vascular 

leakage and corneal oedema that in turn impair vision for example by disrupting the 

refractive index of the cornea and thereby affect the ability of the cornea to focus 

light to the retina for proper vision. Inflammation in the cornea can be treated using 

corticosteroids and nonsteroidal anti-inflammatory drugs (NSAIDs). Corticosteroid 

use, however, is associated with undesirable side effects such as cataract, 

glaucoma, corneal melting, and increased risk of infection 3 while NSAIDS use can 

cause injury to the corneal epithelium 4 and delay epithelial wound healing 5. Growth 

of new blood vessels into the cornea (termed ‘corneal neovascularization’ or 

angiogenesis) is characterised by an upregulation of pro-inflammatory and pro-

angiogenic genes such as Cxcl5, Ccl2, and Vegfa 6 among others. Studies have 

shown that antibody-mediated targeting of pro-inflammatory factors Il1β and Ccl2 

can suppress corneal neovascularization 7. Anti-VEGF agents have been used off-

label to treat corneal neovascularization but with only partial efficacy 8 and their long 

term use can be toxic. As we gain a better understanding of angiogenesis, the 

number of potential gene targets for therapy is increasing, and alternative treatment 

approaches are emerging.  

Therapies aimed at pathological angiogenesis can be designed to sequester a target 

protein to block its function using antibody-based approaches. Anti-VEGF treatments 

such as bevacizumab, ranibizumab, pegaptanib and aflibercept are designed around 

this concept 9,10,11. Alternatively, receptors of the protein of interest can be targeted 

to interfere with receptor-ligand binding and the associated downstream signalling to 

suppress angiogenesis 12. An example of receptor-targeted treatment is 

ramucirumab which binds to the ligand-binding domain of VEGR2 to inhibit its 

activation 13. A study targeting both the gene and receptor showed that silencing 

Vegfa, Vegfr1 and Vegfr2 by subconjunctival injection of siRNA into the mouse eye 

suppresses corneal neovascularization by about 60% 14. Other studies in mice have 



 

 

shown successful suppression of corneal neovascularization by intrastromal injection  

of naked DNA plasmid targeting Vegfa 15,16. Recently, blocking translation of target 

mRNA has gained attention as a potential means of treatment. This is achievable by 

for example silencing RNA using small interfering RNA (siRNA) molecules, or by 

inhibiting microRNA (miRNA), molecules that may interact with the target transcript 

thereby blocking protein synthesis (translation). Briefly, miRNAs are a class of small 

RNAs (~20-24 nucleotides) that regulate translation and stability of target transcripts 
17.  

 

1.1 Advances in miRNA discovery 

The discovery of miRNAs was an exciting but initially challenging technological 

process. The challenges were mainly due to the low abundance, small size, and  the 

differential expression pattern of miRNAs across tissues and with developmental 

stage 18.  Numerous tools, however, have been developed in recent years and have 

facilitated the further and rapid identification of these molecules. Some of the tools 

used over the years include; cloning 19, PCR-based amplification of precursor miRNA 
20, serial analysis of gene expression (SAGE) 21, bead-based profiling 22, northern 

blotting 23 and microarray-based profiling.  Liu et al.,  developed  the microarray-

based miRNA profiling 24, which has served as one of the major platforms for miRNA 

identification. Compared to the other listed methods, microarray-based profiling 

allows for a global analysis of miRNA simultaneously, and the technology is currently 

being employed in pathology for example in understanding differential miRNA 

expression 25. Technological evolution aimed at developing fast, accurate and 

inexpensive tools led to the establishment of the next-generation sequencing (NGS) 

platform 26. NGS generates large quantities of sequence data in a very short time, 

and in addition, it can facilitate the discovery of novel miRNAs and other small 

noncoding RNAs, and allows for single-base resolution to characterize sequence 

variations within miRNAs (isomiRs) 27,28. These technological advancements have 

fuelled the steadily increasing amount of miRNA data, whereas the function of most 

of the identified miRNAs remains to be characterised.  

 

 



 

 

1.1.1 Molecular mechanisms of miRNA mediated gene regulation 

Mechanistically, miRNAs function by guiding the RNA-induced silencing complex 

(RISC) to the 3′ untranslated region (UTR) of their target transcripts, blocking 

translation by degrading the mRNA transcript 29 and by translational repression 30 

(Fig. 1). 

 

Figure 1. A summary of miRNA biogenesis and their post-transcriptional regulation of gene 

expression. Endogenously, transcription of the miRNA gene results in the formation of a long 

primary miRNA (pri-miRNA) molecule which is cleaved within the nucleus by a complex of 

enzymes (DCGR8, Drosha) to form precursor miRNA (pre-miRNA). The pre-miRNA is 

exported to the cytoplasm via the nuclear pore mediated by exportin5 where it is cleaved by 

the enzyme DICER1 (DICER) to remove the loop sequences to create a double-stranded 

RNA duplex. The duplex is passed through an Argonaute protein (AGO protein) discarding 

one of the strands to form a mature miRNA molecule. The mature miRNA forms a complex 

with RNA-induced silencing complex (RISC) (miRNA-RISC) and guides RISC to the target 

mRNA where it base pairs with the 3’ UTR of the transcript to form an imperfect duplex. 



 

 

Base-paring of miRNA with mRNA results in gene silencing by cleavage or by degradation of 

the mRNA target transcript, leading to miRNA induced repression of gene expression. 

Experimentally/exogenously, miRNAs can be mimicked or inhibited using synthetic 

oligonucleotides i.e. Antagomirs can be designed to bind to mRNA to inhibit (miRNA-RISC) 

inhibition of expression of the target mRNA transcript, thereby promoting gene expression 31. 

 

AGO2 can shuttle between the nucleus and cytoplasm mediated by TNRC6A protein 

which contains a nuclear localization and export signal 32. Within the nucleus, 

miRNA-RISC is thought regulate gene expression; however, the exact mechanisms 

for this process are yet to be fully understood 32,33,34. Recent studies show that the 

secondary structure of the 5′ UTR of mRNA is important for miRNA-mediated gene 

silencing. In HeLa cells for instance, binding of miRNA to the 5’UTR inhibits 

translation by interfering with the function of the eIF4F initiation complex mediated by 

eIF4A2 35. miRNAs have largely been known for their inhibitory effect on gene 

expression; however, reports have started to emerge which indicate that under 

specific conditions, miRNAs can promote gene expression, for instance via Ago2 

and FXR1 translational activation in quiescent mammalian cells, and in Oocytes 36. 

Taken together, these various molecular mechanisms of action of miRNAs are the 

means by which miRNAs regulate genes that are involved either directly or indirectly 

in inhibiting or promoting pathological angiogenesis.  

Both miRNA and siRNA are short RNA duplexes that target mRNA to silence gene 

expression, but with different modes of action. siRNA gene silencing relies on the 

complementarity between the guide strand and the target strand 37, while miRNA 

relies on partial complementarity between the target strand and the miRNA-RISC 

complex 38. As a result, siRNAs are specific to a given mRNA, while a given miRNA 

can target expression of multiple (hundreds potentially) mRNAs.  

To successfully target or introduce a gene, siRNA or miRNA as a therapeutic 

measure requires delivery of the agent to a defined location and/or cell type within 

the tissue. Moreover, effective delivery of therapy is reliant on the choice of vector 

and delivery method. Numerous vectors have been used for gene delivery, including 

adenoviruses, adeno-associated viral vectors, lentiviral vectors, retroviral vectors 

and naked DNA 39,40.  In the cornea, the epithelium is stratified with the cells 



 

 

interconnected by tight junctions - a feature important for the barrier function of the 

epithelium, but one that hinders topical delivery of substances into the cornea 41. 

Penetration of the epithelium by use of specific molecular constructs can therefore 

improve efficiency of gene delivery 42. In addition, microinjection of plasmids with the 

gene of interest directly into the cornea is a possibility 43,44 (Fig.2). 

 

 

Figure 2. Microinjection of genetic material into the cornea. A indicates different locations for 

microinjections for gene therapy in the cornea. The dashed box shows the region of the 

cornea zoomed-in in B. B is a cross section of the cornea showing microinjection into the 

stroma.  

Injection into the epithelium followed by electroporation (use of an electric pulse to 

create pores within the cell membrane) enhances the transfection efficiency of 

plasmids 45,46. Intrastromal microinjection (contracts) is another option and was 

shown to deliver a fluorescent reporter molecule into a rat cornea 47, and to inhibit 

haze by modifying keratocytes 48. Subconjunctival microinjection was shown to 

deliver genes into the epithelium and stroma of a murine cornea, without inducing 

inflammation 45.  

miRNAs in the cornea are shown to regulate key processes such as cell migration, 

cell survival, differentiation and metabolism 49,50, and dysregulation of these 

molecules is linked to pathologies like diabetes, poor wound healing and familial 

keratoconus 51,52,53.  Given the rapid developments in miRNA discovery and function, 

this review summarises the current knowledge regarding miRNAs associated with 

the cornea, while identifying their gene targets and highlighting their relevance for 

inflammation and neovascularization in the cornea, and in relation to other models of 



 

 

angiogenesis. From the relevant literature the miRNAs below were identified and will 

be discussed. 

 

2. miRNAs in the literature relevant for corneal neovascularization 

2.1 miRNA-31 

Anti-angiogenic factors such as PEDF, restin, angiostatin and endostatin expressed 

by the corneal epithelium 54 are important for the avascularity of the cornea 55. 

Conditions such as the prolonged use of contact lenses can lead to hypoxia in the 

corneal epithelium 56. Under normal conditions, hypoxia-inducible factor 1 alpha 

(HIF1-α) is degraded 57, however, under hypoxia, HIF1-α is stabilised by the 

inactivation of prolyl hydroxylases (PHD) and factor inhibiting HIF-1 (FIH-1) 58,59. In a 

study by Peng et al., miRNA-31 was found to directly suppress FIH-1 in human 

corneal keratinocytes to regulate glycogen metabolism 50. In agreement with 

targeting FIH-1, miRNA-31 was shown to promote colorectal cancer by targeting 

FIH-1 in HCT116 and SW1116 cell lines 60. Interestingly in the cornea, targeting 

HIF1-α by shRNA was shown to inhibit VEGF expression and corneal 

neovascularization using a model of contact lens induced injury in mice 61. Therefore, 

targeting HIF1-α stability by for example enhancing FIH-1 activity by suppressing 

miRNA-31 using antiagomir-miRNA-31 could be an interesting axis for potential 

treatment of corneal neovascularization. With regard to lymphangiogenesis, miRNA-

31 was shown to mediate blood vascular development by direct repression of 

PROX1 to suppress lymphangiogenesis 62. This finding highlights an anti-

lymphangiogenesis role of miRNA-31, which can be explored for therapeutic 

purposes. 

 

2.2 miRNA-122 

The success of corneal transplantation is dependent on many factors such as 

inflammation and corneal endothelial cell survival 63. Inflammation leads to 

recruitment of inflammatory cells into the cornea which express pro-inflammatory 

genes which can mediate immune tolerance or graft rejection 64. Gene therapy is 

currently under investigation to improve graft survival by suppressing expression of 



 

 

pro-inflammatory genes, and others such as Cytoplasmic polyadenylation element-

binding protein 1 (CPEB1) which is involved in regulation of cell proliferation 65. In the 

cornea, miRNA-122 is expressed by stromal cells, with keratocyte survival found to 

be mediated by an upregulation of miRNA-122. Expression of miRNA-122 

suppresses CPEB1 to prevent cell death, thereby promoting graft survival 66. 

Therefore, miRNA-122 prevents apoptosis-induced inflammatory cytokine 

expression, which would in turn promote neovascularization and graft rejection. 

Hypothetically CPEB1 inhibits epithelial wound healing, given that CPEB1 

suppresses the expression of SIRT167, a gene important for epithelial wound healing 
68. In relation to angiogenesis, CPEB1 in the liver has been shown to promote 

expression of VEGF to promote pathological angiogenesis 69. Therefore, modulating 

CPEB1 through overexpression of miRNA-122 might not only regulate cell apoptosis 

but may also serve to regulate angiogenesis in the cornea.  This hypothesis can be 

tested in models of corneal neovascularization, to ascertain if this signaling axis is 

relevant in this context. 

 

2.3 miRNA-126 

miRNA-126 is expressed by ECs and is shown to regulate EC processes such as 

migration and cell survival 70, and was found to be important for proper functionality 

of the vasculature 71. EC-specific deletion of miRNA-126 during developmental 

angiogenesis in zebrafish results in impaired vascular integrity characterized by 

leakiness and by hemorrhage 72. In the mouse, miRNA-126 is required for retinal 

development 73, however, in pathological conditions such as in an ischemic retina, 

miRNA-126 was shown to suppress expression of pro-angiogenic genes such as 

VEGF by downregulating p38/ERK signaling to reduce neovascularization 74. 

Similarly, miRNA-126 was fund to negatively regulate angiogenesis in the laser-

induced choroidal neovascularization (CNV) model, characterized by a decrease in 

expression of VEGF-A, KDR and SPRED-1 75. In hepatocellular carcinoma, miRNA-

126 is shown to down-regulate EGFL7 inhibiting tumor metastasis and angiogenesis 
76. A similar inhibitory effect is observed in prostate cancer, mediated by an inverse 

relationship between the expression of miRNA-126 and ADAM9 77. Conversely, 

using the mouse corneal VEGF-dependent micropocket assay, miRNA-126-/- mice 



 

 

were found to have impaired angiogenesis, indicative of a pro-angiogenic function of 

miRNA-126 in corneal neovascularization 78. In addition, miRNA-126 was found to be 

downregulated in Human corneal epithelial cells stimulated with P. aeruginosa 79. 

Further investigations using miRNA-126 antagomiRs/mimics should help to further 

characterize the role of miRNA-126 in the cornea. 

 

2.4 miRNA-132 

The expression of miRNA-132 is highly conserved 80 and in vascular ECs it promotes 

angiogenesis by  suppressing endothelial p120RasGAP which in turn leads to Ras 

activation to enhance neovascularization 81. In the eye, herpes simplex virus (HSV) 

infection can lead to inflammation and angiogenesis, characterised by the 

expression of pro-inflammatory mediators such as VEGF, IL-17, and miRNA-132 82 

with potential blindness as a consequence 83. To understand the role of miRNA-132 

in this response, administration of antagomir-132 was shown to reduce HSV-induced 

corneal neovascularization, and this was thought to be mediated by a reduction in 

Ras activity in ECs 82. These findings illustrate a pro-angiogenic property of miRNA-

132, which might extend beyond HSV to other cases of corneal neovascularization. 

In a study involving human retinal microvascular endothelial cells,  miRNA-132 was 

shown to promote angiogenesis by upregulating key pro-angiogenic mediators such 

as VEGFA, and ERK2 84. These studies identify miRNA-132 as a potential key player 

in both inflammation and angiogenesis. 

 

2.5 miRNA-133b 

miRNA-133b is one of the three miRNA-133 members expressed in humans 85. In 

the cornea, miRNA-133b is thought to regulate wound healing by targeting TGF-B1, 

CTGF, SMA and COL1A1 transcripts 86. In line with this, collagen membranes in 

combination with exogeneous miRNA-133b were shown to enhance cornea repair 

without scar formation 87. In relation to angiogenesis, miRNA-133b was shown to 

suppress cell proliferation and migration by targeting MMP-9 88. In the cornea, Lee et 

al., showed that MMP-9 is expressed by neutrophils infiltrating the cornea, and that 

inhibition of MMP-9 using TIMP-1 suppresses angiogenesis 89. It is therefore likely 



 

 

that miRNA-133 targets MMP-9 in the cornea as well, and as a result miRNA-133b 

mimics could be a novel means to inhibit corneal neovascularization that deserves 

further investigation. 

 

2.6 miRNA-145 

Lee et al., showed that limbal epithelial cells predominantly expressed miRNA-145 

which is important for epithelial cell differentiation mediated by ITGB8 90. Injury to the 

cornea results in the expression of pro-inflammatory mediators leading to the 

activation of keratocytes mainly by TGF-β1. Activated keratocytes transform into 

myofibroblasts which can lead to scar formation. Interestingly, miRNA-145 

antagomirs were shown to reverse this transition, by inhibiting myofibroblast cell 

migration, and by down regulation of TGF-β1 expression, hence acting as a potential 

treatment for corneal fibrosis 91. Given the established potential of miRNA-145 as an 

anti-scar molecule in the cornea, additional evaluation to establish its role in corneal 

neovascularization would be of great importance. In tumors, miRNA-145 was shown 

to  target pro-angiogenic genes such as HIF-2α and VEGF to inhibit tumor 

metastasis 92,93. In addition, this molecule has been implicated in numerous tumors 

including B-cell malignancies 94, breast  cancer 95, colon cancer 96 among others, 

where it is thought to mediate anti-angiogenic properties 97. It is probable that 

miRNA-145 may play a similar anti-angiogenic role in the cornea as observed in 

most tumors, but this remains to be investigated. 

 

2.7 miRNA-146 

Toll-like receptors (TLRs) are important for the innate immunity of the cornea. 

Activation of TLRs through MyD88 and NF-κB signaling in corneal epithelial cells and 

fibroblasts leads to the expression of pro-inflammatory mediators to activate a local 

innate immune response. For example, TLR4 is expressed by cells of the cornea 

and conjunctiva and forms complexes with immune cells to recognize pathogens 98. 

In relation to this function, miRNA-146 was previously found to be an important 

mediator of the innate immune system with its expression induced by TLRs, TNFα 

and by IL-1β 99,100. In turn, miRNA-146 regulates signaling of genes such as TNF 



 

 

receptor-associated factor 6 (TRAF6), TLR4 and MyD88 17 to modulate inflammation 

via a negative feedback loop mechanism 101. miRNA-146 isoforms are implicated in 

many other immunological processes such as in monocyte heterogeneity where 

miRNA-146a is involved in triggering myeloid cell differentiation and maturation 102. 

miRNA-146a is strongly upregulated in diabetic corneas and was shown to inhibit 

wound healing in vitro 52,103. Also, studies have shown an association between SNPs 

in miRNA-146 with conditions such as pediatric uveitis, Behcet’s disease and Vogt-

Koyanagi-Harada disease 104,105. In angiogenesis, miRNA-146a is thought to 

promote EC angiogenic properties by enhancing expression of Platelet Derived 

Growth Factor Receptor Alpha (PDGFRA) via BRCA1 106. In another study however, 

miRNA-146a was shown to inhibit VEGF expression by upregulating Adenomatous 

polyposis coli (APC) which targets NFkB signaling to suppress cell metastasis 107. 

These conflicting reports show that miRNA-146 could play different roles in different 

disease conditions, and therefore highlights the need to further explore its function in 

the cornea. 

 

2.8 miRNA-155 

miRNA-155 is an important immunomodulatory molecule required for proper 

functioning of the immune system 108. In innate immunity, miRNA-155 promotes 

expression of pro-inflammatory mediators such as IL-8 and IL-6 109. In a model of 

herpes simplex virus (HSV) corneal infection, miRNA-155 was shown to be highly 

expressed by inflammatory cells, mainly macrophages (CD45+, CD11b+, F4/80+), 

while silencing of miRNA-155 using antagomir-155 diminished lesions and reduced 

the number of inflammatory cells infiltrating the cornea 110. These findings show that 

miRNA-155 facilitates HSV infection; however, the target genes for miRNA-155 were 

not identified in this context. Interestingly, it has been reported in other studies that 

miRNA-155 inhibits suppressor of cytokine signalling 1 (SOCS1), to promote 

inflammation via the SOCS1-STAT3-PDCD4 axis 111. The anti-inflammatory function 

of  SOCS1 has been shown in the retina, where it inhibits inflammatory cell 

recruitment, thereby suppressing retinal inflammation 112. In line with this, expression 

of SOCS1 in the cornea was shown to attenuate ocular HSV-1 infection, with the 

probable mechanism of action being regulating the recruitment of inflammatory cells 



 

 

as noted in the retina, thus suppressing inflammation 113. On the contrary, a report in 

the cornea indicated that miRNA-155 can promote inflammation following 

Pseudomonas aeruginosa infection 114. These conflicting reports can be interpreted 

as evidence for the presence of multiple targets for miRNA-155 in the cornea, 

defined by the type and stage of pathology. It is therefore of great importance to 

identify the target(s) for miRNA-155 to serve as a guide for further interventions 

using either mimics/antagomirs for miRNA-155 in corneal neovascularization. 

However, given the evidence thus far from other model systems, it is not far-fetched 

to hypothesize that miRNA-155 may suppress SOCS1 expression in the cornea to 

promote inflammation, in which case antagomir-155 could be beneficial against 

inflammation. In tumour angiogenesis, miRNA-155 is reported to promote 

angiogenesis by targeting the tumour suppressor gene von Hippel-Lindau (VHL) 115, 

and here too, antagomir-155 could be useful. Therefore miRNA-155 may be a 

potential therapeutic target for the treatment of inflammation-driven pathological 

angiogenesis.  

 

2.9 miRNA-184 and miRNA-205 

miRNA-184 is probably one of the most important miRNAs in the cornea with 

mutations in miRNA-184 characterised by pathologies like endothelial dystrophy, 

stromal thinning (EDICT) syndrome, and iris hypoplasia, among others  53,116. In the 

mouse cornea miRNA-184 is highly enriched in the basal epithelium, but is absent in 

the superficial epithelial cells and absent in limbal and conjunctival epithelia 117. It is 

reported that miRNA-184 may participate in the terminal differentiation of corneal 

epithelia, and it antagonizes miR-205 which is an important factor for corneal wound 

healing via KIR4.1 118 and for keratinocyte migration via polyphosphate 5-

phosphatase (SHIP2) 119. Targeting of miRNA-205 by miRNA-184 maintains 

expression of SHIP2 120, a protein known to negatively regulate intracellular 

phosphatidylinositol phosphate, and was recently described as a promising 

therapeutic target in different conditions 121.  Reports have emerged indicating that 

miRNA-184 inhibits angiogenesis in vivo by directly targeting and repressing the pro-

angiogenic factors: friend of Gata 2 (FOG2) (which targets VEGFA), platelet-derived 

growth factor (PDGF)-β (which targets Akt), and phosphatidic acid phosphatase 2b 



 

 

(PPAP2B) (which targets Akt) 122. In agreement with its role in interfering with VEGF 

signalling, upregulation of miRNA-184 was shown to suppress expression of VEGF 

in human epithelial cells 123. In an inflammatory corneal angiogenesis model,  

miRNA-184 was found to suppress corneal neovascularization, with the anti-

angiogenic properties thought to be mediated by the suppression of VEGF and β-

catenin signaling 124. These studies may support the potential use of miRNA-184 

mimics for suppressing corneal neovascularization.  

 

2.10 miRNA-204 

Recent studies have shown that miRNA-204 is highly expressed by corneal epithelial 

cells, leading to poor wound healing 125,126. In addition, Goa et al. showed that 

miRNA-204-5p through SIRT1 delayed epithelial cell proliferation in diabetic 

keratopathy 127. In another study involving KLEIP−/− mice in a corneal 

neovascularization model, an inverse expression pattern between angiopoietin-1 and 

miRNA-204 was observed. Angiopoietin-1 was upregulated, while miRNA-204 was 

downregulated with the expression verified in vitro 128. Angiopoietin-1 is a member of 

the angiopoietin family of growth factors and a major agonist for the angiopoietin-1 

tyrosine-protein kinase receptor (encoded by the TEK gene) found predominantly on 

vascular ECs. Given the role of angiopoiten-1 (Ang-1)  in blood vessel development 
129,130 and its involvement in mature vessel stability 131,  the findings imply that these 

processes could be targeted indirectly through the administration of angiomiR-204. 

Of interest would be to use angiomiR-204 to supress the expression of Ang-1 to 

destabilise mature vessels in the cornea. Since mature vessels are thought to be 

resistant to the currently available anti-angiogenic therapies, use of angiomiR-204 

may represent a promising approach to destabilise and possibly regress persistent 

corneal neovessels. As a direct link to corneal neovascularization, sub-conjunctival 

administration of angiomiR-204 was shown to inhibit corneal neovascularization, and 

this response was characterised by reduced expression of VEGF and its receptor 

VEGFR2 132. Corroborating these observations, recent transcriptome analysis of 

neovascularized corneas showed that rAAV overexpression of miRNA-204 targets 

multiple genes such as S100A9, Angpt1, Sox4, Epha5 and Csf2, which are involved 

in biological processes including wound healing, epithelial cell proliferation, JAK-



 

 

STAT signalling and Ephrin signalling, to suppress corneal neovascularization 43. In 

tumors, miRNA-204 was recently suggested to inhibit vascular mimicry via reduced 

expression of genes regulating PI3K/AKT/FAK pathway 133. This body of evidence 

presents miR-204 as an interesting candidate for further evaluation for the treatment 

of inflammatory corneal neovascularization.  

 

2.11 miRNA-206 

In an in vitro study using human astrocytes, miRNA-206 was shown to modulate 

LPS-mediated inflammatory cytokine production leading to increased expression of 

IL-6, IL-1β and CCl5 through the nuclear receptor (NR4A2) 134. In the cornea, 

inflammation is characterised by the upregulation of pro-inflammatory mediators 

such as IL-1β, CCl2, and IL-6, and more recently it was reported that miRNA-206 

was also upregulated in this context, as determined by qPCR analysis 135. It has also 

been reported that the expression of miRNA-206 was inversely correlated to that of 

CCl2 in encephalitis 136. This finding is of particular interest given that CCl2 is highly 

expressed in neovascularized corneas 6, and that antibody-mediated blockade of 

CCl2 suppress corneal neovascularization in mice 7. Still in the cornea, miRNA-206 

was found to promote inflammation by targeting connexin 43 (Cx43) in an alkali burn 

model of corneal neovascularization 135. Cxc43 is a transmembrane protein that 

plays a key role in many biological processes including cell-cell communication, for 

example communication between smooth muscle cells and ECs in regulating 

vascular homeostasis, and in regulating EC response to stimuli such as inflammation 

and hypoxia 137. Studies have shown that Cx43 is expressed in the cornea, and that 

Gap27 a mimic of Cx43 promotes inflammation by enhancing inflammatory cells 

migration, and it promotes subsequent neovascularization of the cornea 138. The 

interaction between miRNA-206 and Cx43 reported in the cornea corroborates 

previous reports that have shown the interplay between Cx43 and miRNA-206 during 

cell differentiation 139. Furthermore, miRNA-206 suppresses angiogenesis by 

blocking 14-3-3ζ/STAT3/HIF-1α/VEGF signalling in tumors 140. In zebrafish, miRNA-

206 directly regulates expression of VEGFA in muscles during developmental 

angiogenesis 141. From these insights, it is probable that miRNA-206 is directly 

involved in regulating pro-angiogenic signalling in the cornea, but this remains to be 



 

 

investigated. Modulating Cx43 via miRNA-206 using either angomir/antagomirs to 

regulate the EC response to inflammatory stimuli that leads to corneal 

neovascularization would be an important signalling axis to investigate.  

 

2.12 miRNA-296 

In the alkali burn model of corneal neovascularization, miRNA-296 was observed to 

be upregulated in the mouse 142. However, no targets for miRNA-296 were identified 

in that study.  In other models of angiogenesis, Würdinger et al., showed that 

microvascular EC expressed high levels of miRNA-296 following stimulation, and 

that miRNA-296 in turn contributes to angiogenesis by directly targeting hepatocyte 

growth factor-related tyrosine kinase substrate (HGS) abrogating the HGS-mediated 

degradation of VEGFR2 and PDGFR-β, to promote angiogenesis 143. In support of 

the pro-angiogenic activity of miRNA-296, Adenovirus-mediated overexpression of 

miRNA-296 was shown to upregulate VEGF/VEGFR2 and downregulate DLL4 and 

Notch1144 to promote angiogenesis. These reports highlight miRNA-296 as a 

potentially important regulator of VEGF/VEGFR2 signalling. It is possible that this 

signalling axis (HGS-VEGF2, PDGFRβ) may be active in the cornea during 

neovascularization, given that VEGF/VEGR2 signalling is important for inflammatory 

corneal neovascularization 145. As such, targeting miRNA-296 for example by using 

antagomir could serve to indirectly suppress VEGF/VEGR2 signalling to suppress 

corneal neovascularization, but this approach remains to be tested experimentally.  

 

2.13 miRNA-451a, miRNA-451 

In a study investigating fungal keratitis in human corneas, miRNA-451a was found to 

be upregulated and was predicted to target genes important for wound healing, 

whose response was modulated through macrophage migration inhibitory factor 

(MIF) 146,147. Macrophages however, can play diverse roles in the cornea, ranging 

from expression of genes that modulate inflammation 148 to expression of genes that 

regulate capillary remodelling 6,149. In agreement with the role of targeting MIF as 

reported in the cornea, miRNA-451a was shown to inhibit cell proliferation in breast 

cancer cells through MIF 150. In addition, miR-451 was shown to suppress 



 

 

angiogenesis by targeting IL-6R-STAT3 pathway in hepatocellular carcinoma 151. 

Signalling via IL-6R is associated with the classical IL-6 signalling pathway and in the 

cornea, IL-6 is expressed by corneal epithelial cells during inflammation 152. 

Expression of IL-6 is important for the recruitment of inflammatory cells such 

neutrophils, which in turn promote inflammatory angiogenesis through the release of 

preformed VEGF 153, among other pro-inflammatory mediators 154. In addition, IL-6 

signalling in neutrophils facilitates neutrophil trafficking during inflammation 155, which 

may be important to sustain the inflammatory response. IL-6 is an important cytokine 

involved in ocular inflammation and angiogenesis, having also been tested as a 

treatment for ocular pathological angiogenesis 156. Given the current knowledge that 

miR-451 modulates IL-6 signalling, it is important to experimentally evaluate the miR-

451/IL-6R signalling axis. Modulation of IL-6 signalling via miRNA-451 could be an 

interesting axis for understanding the pathophysiology of inflammatory corneal 

neovascularization. 

 

2.14 miRNA-466 

Lymphangiogenesis in the cornea is a clinical challenge that often occurs in the later 

stages of hemangiogenesis 157. Lymphangiogenesis is mainly driven by VEGF-C 

signaling via VEGFR-3 leading to lymphatic EC proliferation and tube formation in 

the cornea,  connecting to the pre-existing lymphatic vasculature located in the 

limbus 158. VEGF-A has also been shown to stimulate lymphangiogenesis via 

recruitment of macrophages which in turn express the pro-lymphatic molecules 

VEGF-C and VEGF-D 159. Under inflammatory conditions, CD11b+ macrophages 

express markers for lymphatic EC such as Lymphatic Vessel Endothelial Receptor 

(LYVE-1) and Prospero homebox 1 (PROX-1) 160. Interestingly, miRNA-466 was 

found to inhibit lymphangiogenesis by targeting PROX-1 to potentially suppress 

expression of pro-lymphatic genes such VEGF-C in an alkali burn corneal model of 

angiogenesis 161. In tumors, upregulation of miRNA-466 was shown to correlate with 

reduced tumor size, possibly because miRNA-466 suppresses cell proliferation and 

migration by inducing cell cycle arrest and cell death 162. Taken together, these 

findings suggest that miRNA-466 may play an important anti-angiogenic role. This 



 

 

hypothesis, however, needs verification and the targets for miRNA-466 need to be 

identified in order to gain a better understanding of its mode of action. 

 

2.15 miRNA-762 

miRNA-762 is hypothesised to promote P. aeruginosa infection by suppressing 

expression of the host defense genes RNase7 and ST2 in human corneal epithelial 

cells 163. In another study, miRNA-762 was hypothesised to suppress expression of 

VEGF by binding to its 3’UTR region 164. This mechanism of action could be 

interesting for potential suppression of pathological angiogenesis using miRNA-762 

mimics, but such an approach remains to be investigated. 

 

3. miRNAs in inflammatory corneal neovascularization (GSE81418)  

In addition to the above described literature, we analysed our recently published 

gene expression microarray dataset, to identify differentially expressed miRNAs in 

the suture model of inflammatory corneal neovascularization in the rat 165. In the 

model, neovascularization was induced by suture placement in the cornea for four 

days. On the fourth day, during an active capillary sprouting phase, sutures were 

removed in one group to induce capillary remodelling/regression, while in the second 

group sutures were left in place to maintain continued angiogenesis. Both groups 

were examined 24h following suture removal to gain insights into the differential 

regulation of the transcriptome during vessel growth versus regression. Whole 

transcriptome analysis was performed using GeneChip Gene 2.0 ST 100-Fornat 

Array (Affymetrix Inc) and the raw data was made openly available for analysis 
165. Analysis revealed numerous miRNAs differentially regulated in both groups 

relative to a naïve cornea (Fig.3). 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81418


 

 

 

 
Figure 3. miRNA expression in the neovascularized rat cornea. A miRNA expression in an 

active angiogenic sprouting phase five days following suture placement. B miRNA 

expression in the cornea 24h after suture removal following four days of active sprouting.  

The fold change values on the y-axis represent unlogged fold change relative to a naïve 

cornea, error bars represent SEM, and n= 4 (4 rats/corneas per group, with a total of 12 

corneas). All miRNAs in A and B were significantly differentially expressed relative to the 

naïve cornea p < 0.05. miRNAs appearing in A but not in B indicate their expression during 

angiogenesis and normalization to the level of the naïve cornea 24h after suture removal. 

Data was retrieved from Gene Expression Omnibus accession number: GSE81418 165.  

 

From the miRNAs shown in Fig 3, here we discuss a few miRNAs, correlating their 

expression profile observed in the cornea to that of the available literature. In 

addition, we discuss some of the miRNAs that appear or were much highly 

expressed in A but not in/compared to B and vice versa. 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE81418


 

 

3.1 miRNA-21 

Previous reports have documented a pro-angiogenic activity of miRNA-21. Zhu et al., 

identified the tumour suppressor tropomyosin 1 (TPM1) as a target for miRNA-21. 

miRNA-21 was shown to downregulate TPM1 to promote angiogenesis 166. In 

addition, Gabriely et al., showed that miRNA-21 promotes tumour angiogenesis by 

suppressing the inhibitors of matrix metalloproteinases such as TIMP3 167. 

Interestingly, miRNA-21 was recently shown to alleviate corneal neovascularization 

purportedly through targeting sprouty 2/4-mediated inactivation of p-ERK 168. Of 

interest would be to target miRNA-21 using antagomir21 to investigate the 

mechanism of action of miRNA-21 with respect to corneal neovascularization. 

However, to fully exploit its regulatory potential, the binding partners of miRNA-21 

would need to be identified. 

 

3.2 miRNA-27a 

Class-6 Semaphorins are comprised of members Sema6A-D, with Sema6A known 

to regulate angiogenesis by enhancing VEGF expression and signalling in ECs by 

promoting cell survival and growth 169. miRNA-27a targets Sema6A to promote 

angiogenesis both in vivo and in vitro 170, however, the role of Sema6A in the context 

of corneal neovascularization is not fully understood. Nevertheless, Sema7A, 

another member of the semaphorin family, was shown to induce corneal 

neovascularization following overexpression using Sema7A cDNA vectors 171. The 

pro-angiogenic properties of miRNA-27a observed in other conditions are in line with 

the upregulation of miRNA-27a during corneal neovascularization as demonstrated 

by the microarray data (Fig 3). It is therefore possible that miRNA-27a can regulate 

angiogenesis in the cornea via sema6A, and that miRNA-27a antagomirs could be a 

potential line of investigation as a means to suppress corneal neovascularization. 

 

3.3 miRNA-29 

miRNA-29 is a family of miRNAs that includes members: miRNA-29a, miRNA-29b 

and miRNA-29c. miRNA-29a is expressed in ECs and is known to target PTEN, 

activating AKT signaling to promote angiogenesis 172. miRNA-29a/c-3p is shown to 



 

 

be important for EC migration in preeclampsia 173. In basal cell carcinoma, miRNA-

29c was found to be downregulated 174, and upregulated in  large B-cell lymphoma 
175. In ocular angiogenesis, inhibition of miRNA29a/b was shown to promote 

retinopathy via Forkhead box protein 4 176. Immortalized human corneal endothelial 

cells transfected with miRNA-29b were shown to express fewer proteins of the 

extracellular matrix (ECM) 177, hence inhibition of miRNA-29 is thought to be 

responsible for the subendothelial  ECM accumulation in Fuchs’ endothelial corneal 

dystrophy 178.  

 

3.4 miRNA-142 

Of the other strongly upregulated miRNAs in angiogenesis, miRNA-142 has been 

shown to regulate inflammation by targeting the suppressor of cytokine signalling 1 

(SOCS1) and TGFBR1 179. miRNA-142 also requires evaluation to determine its 

function and binding partners in the cornea. 

 

3.5 miRNA-1224 

Upregulation of miRNA-1224 in vivo in corneal neovascularization is an interesting 

finding given that in vitro, miRNA-1224 promotes angiogenesis by directly inhibiting 

the suppressor of angiogenesis EPSIN2, and by the upregulation of VEGF 180. In 

another study, miRNA-1224 was found to suppress TNFα through Sp1 to suppress 

LPS-induced inflammation 181. Molecules targeting TNFα have been used to inhibit 

hem- and lymphangiogenesis in the cornea 182.  Given these possibilities, it is 

therefore important to experimentally ascertain the targets for miRNA-1224 and 

whether miRNA-1224 mimics can suppress LPS-induced inflammation in the cornea 

as well.  

 

4. miRNA involvement in signaling pathways relevant for neovascularization 

miRNAs are important for angiogenesis as indicated by deletion of Dicer which 

results in embryonic lethality 183, characterized by altered expression of key 

mediators of angiogenesis such as VEGFR2, and eNOS 184. In the VEGF signaling 



 

 

pathway, miRNA-93 and miRNA-200b suppress VEGF expression by binding to the 

3’UTR of the VEGF transcript, and knockdown of these miRNAs can enhance VEGF 

expression to promote neovascularization 185,186. In addition, miRNAs are shown to 

regulate intracellular signaling downstream of VEGF, including miRNA-126 and 

miRNA-221 which target PiK3r2 71 and PiK3r1 187, to regulate VEGF signaling. 

miRNAs can modulate angiogenesis by regulating cell migration, as an example 

miRNA-543 is shown to inhibit speckle-type POZ protein (SPOP) to enhance tumor 

metastasis 188. Several pathways such as Slit/Roundabout (Robo), Notch pathway 

and integrins, cross-talk with VEGF signaling to fine-tune EC responses during 

angiogenesis 189. Interestingly, resent reports indicate that miRNAs may target these 

pathways as well to modulate angiogenesis. In line with this, miRNA-218 encodes 

Slit2 and Slit3 genes, and Slit2 targets Robo1 to negatively regulate angiogenic 

responses 190. Ras, a key regulator acting downstream of VEGF signaling via 

mitogen-activated protein kinase/ERK pathway, is targeted by miRNA-132 in tumor 

angiogenesis 81. The cross-talk between Notch and VEGF signaling is mediated by 

miRNAs, such as miRNA-221 187. Besides their well described cell-autonomous 

activity, some studies suggest a paracrine or endocrine mode of action of these 

molecules 191,192.  Another concept of interest regarding the mode of action of miRNA 

involves competing endogenous RNAs (miRNA decoys) which affect the expression 

of other transcripts by sequestering the would-be inhibitor miRNAs away from the 

3’UTR of the target transcript, thereby promoting its gene expression 193. It is of great 

interest to investigate if the currently known angiogenic pathways are regulated by 

this mechanism. Table 1 below summarises miRNAs, their targets and function in 

the cornea and in relation to other conditions/tissues of angiogenesis. 

 

 

 



 

 

Table 1. A summary of miRNAs, their target genes and the function in the cornea and in relation to other conditions/tissue of 

angiogenesis  

 Cornea  Other condition (e.g. tumor angiogenesis) or tissue/organ 
(e.g. Retina) 

miRNA Target(s)  Function Ref. Target(s) Function Tissue/organ or cell 
line 

Ref. 

miRNA-21 Sprouty 
2/4 

Alleviates corneal 
neovascularization 

168 TPM-1 Promote tumor 
angiogenesis 

Breast tissue (MCF-7) 
 

166 

miRNA-31 FIH-1 Promotes keratocyte 
glycogen metabolism 

50 HIF-1 Promotes tumor 
development 

Colon (Colorectal 
cancer)  

60 

miRNA-27a - Promotes inflammatory 
corneal neovascularization 

6,165 Sena6A Promotes angiogenesis Vascular endothelium 
(HUVEC) 

194 

miRNA-29a - - - PTEN Promote angiogenesis Vascular endothelium 
(HUVEC and mouse 
primary EC) 

172 

miRNA-29a/b - - - FOX Inhibits retinopathy Retina (Müller cells) 176 

miRNA-29c - Promotes inflammatory 
corneal neovascularization 

6,165 VEGFA Suppresses tumor 
angiogenesis 

Lung (adenocarcinoma) 195 

miRNA-122 CPEB1 Promotes graft survival 66 ADAM10, 
SRF, Igf1R 

Anti-angiogenic Liver (Hepatocellular 
carcinoma cells) 

196 

miRNA-126 - Promotes corneal 
neovascularization 

78 VEGF, 
KDR, 
SPRED-1 

Anti-angiogenic in the 
retina 

Retina (CNV mouse 
model) 

197 

miRNA-132 Ras Promotes corneal 
neovascularization 

82 - Promotes angiogenesis   Retina (microvascular 
EC) 

84 



 

 

miRNA-133b TGF-B1, 
CTGF, 
SMA 

Regulate wound healing 86 MMP-9 -  88 

MiRNA-142 - Promotes inflammatory 
corneal neovascularization 

6,165 SOCS1, 
TGFBR1 

Regulate inflammation Brain and spinal cord 
(In vivo model of 
multiple sclerosis) 

179 

miRNA-145 ITGB8 Epithelial cell diff 90 HIF-2α, 
VEGF 

Inhibits tumor 
angiogenesis 

Nerve (Neuroblastoma) 
and Bone 
(Osteosarcoma cells) 

92,93 

miRNA-146a 

 

- -  BRCA-1 Promotes tumor 
angiogenesis 

Liver (Hepatocellular 
carcinoma) 

106 

- Inhibits wound healing 52,103 APC  Inhibits tumour 
metastasis 

Liver (Hepatocellular 
carcinoma) 

107 

miRNA-155 

 

- Promotes HSV infection 110 SOCS1 Promotes inflammation   Arteries 
(Atherogenesis) 

111 

- Promotes inflammation 114 VHL Promotes tumor 
angiogenesis 

Breast tissue (Breast 
cancer) 

115 

miRNA-184 

 

MiRNA-
205 

Antagonizes 120 - -   

VEGF Inhibits corneal 
neovascularization 

123 FOG2, 
PDGF-β 

Inhibits cell proliferation Skin (Human limbal 
epithelial keratinocytes 
(HLEKs)), Matrigel plug 
assay 

122 

miRNA-204 VEGF, 
VEGFR2 

Inhibits corneal 
neovascularization 

132 -    

miRNA-204-
5p 

SIRT1 Delayed epithelial cell 
proliferation 

127 - -   



 

 

miRNA-205 KIR4.1 Impairs wound healing 118 SHIP2 Promotes keratinocyte 
migration 

Skin (Keratinocyte) 119  

miRNA-206 

 

Cx43 Promotes corneal 
inflammation 

135 NR4A2 Pro-inflammatory Neural stem cells 
(Human astrocytes) 

134 

   VEGFA dev. angiogenesis Muscle (Zebrafish) 141 

miRNA-296 - Promotes corneal 
inflammation 

142 HGS, VEGF Promotes angiogenesis  Vascular endothelium 
(Microvascular EC) 

143,144 

miRNA-451a MIF Regulates wound healing 146 MIF Inhibits tumor cell 
proliferation 

Breast (Breast cancer) 150 

miRNA-451 - -  IL-6R-
STAT3 

Inhibit angiogenesis Liver (Hepatocellular 
carcinoma) 

151 

miRNA-466 PROX-1 Inhibit lymphangiogenesis 161 - Inhibits cell proliferation Colon (Colorectal 
cancer) 

162 

miRNA-762 RNase7 
and ST2 

Promote P. aeruginosa 
infection 

163 VEGF Suppress VEGF 
expression 

spinal cord 
(Ischemic 
preconditioning in 
mice) 

164 

miRNA-1224 - Promotes inflammatory 
corneal neovascularization 

6,165 EPSIN2 Promotes angiogenesis Vascular endothelium 
(Human primary EC) 

180 

 

EC-Endothelial cell 

HUVECs-Human Umbilical Vein Endothelial Cells 

CNV-Choroidal neovascularization 



 

 

5. miRNAs in angiogenesis (AngiomiRs) 

About 10% of the so far identified miRNAs are known to modulate EC biology in 

angiogenesis 198. Angio-miRNAs regulate pro-angiogenic properties by targeting the 

negative regulators of angiogenesis 198. Below we discuss angiomiRs with in vivo 

evidence for regulation of angiogenesis such as miRNA-17-92, in addition to miRNA-

126 and miRNA-296 already described above in the context of the cornea.  

 

5.1 miRNA-17–92 cluster 

In a previous study, miRNA-17-92 was reported to suppress thrombospondin-1 

(TSP-1) and CTGF in tumors to enhance perfusion 199. TSP-1 is a member of the 

glycoprotein family of proteins, produced by many cell types, and is important for cell 

migration, attachment and differentiation. In the cornea, TSP-1 is expressed in the 

epithelium, in the Descemet’s membrane and in the endothelium, and is a known 

endogenous inhibitor of angiogenesis 200,201. It is possible that inhibition of miRNA-

17-92 using antagomir could promote the expression of TSP-1 to suppress corneal 

neovascularization, but this hypothesis requires experimental verification.  

 

5.2 miRNA-221/222 

miRNA-221/222 have similar targets and have been identified to inhibit angiogenesis 

in vivo and in vitro by targeting stem cell factors (SCF) receptor, c-Kit 202,203. In 

relation to ocular-associated pathologies, miRNA-221 was found to downregulate 

p27Kip1 in pterygium 204. 

 

5.3 miRNA-23/27 

miRNA-23/27 are expressed highly in EC 202 and are involved in regulation of cell 

proliferation and differentiation 205. In ocular angiogenesis, inhibition of miRNA-23/27 

was shown to inhibit choroidal neovascularization mediated by repression of 

sprouty2 and Sema6A 206. Sprouty interferes with the phosphorylation and activation 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thrombospondin-1


 

 

of Raf, an activator of MAPK pathway. Therefore, miRNA-23/27 enhances MAPK 

pathway activation in response to VEGF 206,207. 

 
6. miRNA modulation and delivery systems 
Means to manipulate miRNAs have been refined over the years, and they currently 

include approaches such as miRNA masking antisense oligonucleotides, designed 

fully complementary to the 3’ UTR of the target transcript to inhibit the given miRNA 

from binding to the mRNA, hence preventing miRNA-RISC mediated degradation 208.  

Another inhibitory approach is the locked nucleic acid constructs, designed to 

increase the thermal stability, and affinity of the nucleic acid analogs targeting RNA 

and DNA strands 209. The miRNA sponge construct is another approach, which 

works in simple terms by sequestering target miRNA 210. The sponge construct 

contains multiple tandem-binding sites complementary to the target miRNA, thereby 

preventing the miRNA from binding to the mRNA 210. Another approach of anti-sense 

oligonucleotide delivery involves the use of competitive inhibitors of miRNA that bind 

to the miRNA guide strand, preventing it from binding to the target mRNA 211. Other 

modulatory approaches may be used to enhance miRNA activity, for example using 

mature miRNA mimics to promote activity of a given miRNA molecule. These 

different miRNA modulation approaches and associated delivery systems are 

summarized in Table 2 below. 
Table 2. Summary of miRNA modulation approaches and miRNA delivery systems 
a) miRNA inhibitory approaches Example of miRNA Reference 
- Anti-sense oligonucleotide  miRNA-19 199 
- Locked nucleic acid (LNA) constructs miRNA-21 212 
- miRNA sponge constructs  miRNA-155 213 
- miRNA masking antisense oligonucleotides miRNA-133 208 
   
b) miRNA restoration approach   
- Mature miRNA mimics miRNA-424 214 
   
c) miRNA delivery systems   
Viral vectors   
- Adenovirus miRNA-375 215 
- Lentiviruses miRNA-145 90 
   
Non-viral vectors   
- Lipid-based e.g. Lipoplexes miRNA-29b 216 
- Polymer-based e.g. polyethyleneimine miRNA-145 217 
- Inorganic carriers e.g. gold nano particles miRNA-335 218 



 

 

6.1 Therapeutic potential of miRNAs 

Today’s therapies for pathological ocular angiogenesis such as antibody-based 

therapy, require repeated administration and yet provide only short-term benefits, 

with a high risk of relapse once treatment is stopped. Gene-based therapies, on the 

other hand, aim to provide more sustained effect over a longer time period. In the 

cornea, the possibility of redundant pathways regulating corneal neovascularization 

cannot be ruled out, and this may be a partial explanation for the limited efficacy of 

the currently available treatments targeting single molecules. miRNA-based therapy 

may help circumvent this problem, given that a single miRNA molecule can 

potentially regulate the expression of numerous genes, an approach today’s 

treatments do not address. In instances where a defined miRNA is required, specific 

miRNA mimics, or overexpression of endogenous miRNAs using expression 

systems such as Adenovirus-mediated gene expression can be of value, given that 

these expression systems have already been tested in the cornea 219. miRNA 

replacement therapy is a potentially interesting approach which has shown promising 

results in cancer. Interestingly, therapeutics based on miRNAs are starting to make 

their way into clinical trials. For example, miravirsen, an antimir drug candidate for 

the treatment of hepatitis C infection 220, is under clinical trials. Miravirsen works by 

inhibiting synthesis of mature miRNA-122, a molecule important for metabolism 31.  

In order to exploit the full potential of this promising mode of therapy, the associated 

drawbacks such as immunostimulatory effects, toxicity, endosomal escape and 

localised delivery need to be addressed. On a positive note, a recent report indicated 

that using recombinant adeno-associated virus (rAAV) vectors as delivery systems 

can reduce immunogenicity and have high in vivo transduction and long-term 

efficacy. Therefore, with local gene delivery to the cornea via conventional methods 

like subconjunctival injection or applied as topical formulations, miRNAs could 

become attractive targets for the treatment of corneal neovascularization in the near 

future. 

 

7. Prospects and conclusions 

With high throughput genomic tools becoming increasingly accessible and routine, 

large volumes of transcriptomic data are being, and will continue to be generated. 



 

 

Effort should therefore be devoted to identifying target transcripts for the identified 

miRNAs and verifying targets and functions experimentally in different disease 

models. This could for example, be aided by using public and commercially available 

bioinformatics tools. Using available miRNA analysis methods, miRNAs relevant for 

corneal inflammation and angiogenesis need to be identified and verified, to provide 

information that links a given miRNA to its target(s). Such information could be a 

missing piece of the puzzle needed to fully exploit miRNAs as therapeutic targets for 

corneal neovascularization. It is furthermore important to understand the spatial and 

temporal activity of miRNAs in the cornea, to allow for specific therapeutic 

interventions in the future. The cornea being an accessible external tissue, allows for 

easier administration of viral vectors containing a molecule of interest using different 

delivery techniques, offering exciting opportunities for gene therapy in general.  In 

conclusion, modulating miRNAs is emerging as a promising approach with great 

potential to treat pathological ocular angiogenesis. 

 

Financial support 

This work was supported by a grant from the Swedish Research Council (Grant No. 

2012-2472). Scholarships from the foundation Beth and David Dahlin, from the KMA 

Foundation, Crown Princess Margareta's Foundation for the Visually Impaired, and 

from the charity Synskadades Väl. 



 

 

References 
1 Chang, J.-H., Gabison, E. E., Kato, T. & Azar, D. T. Corneal neovascularization. 

Current opinion in ophthalmology 12, 242-249 (2001). 
2 Roshandel, D. et al. Current and upcoming therapies for corneal neovascularization. 

The ocular surface (2018). 
3 Tomas‐Barberan, S. & Fagerholm, P. Influence of topical treatment on epithelial 

wound healing and pain in the early postoperative period following photorefractive 
keratectomy. Acta Ophthalmologica 77, 135-138 (1999). 

4 Guidera, A. C., Luchs, J. I. & Udell, I. J. Keratitis, ulceration, and perforation 
associated with topical nonsteroidal anti-inflammatory drugs. Ophthalmology 108, 
936-944 (2001). 

5 Lin, J. C., Rapuano, C. J., Laibson, P. R., Eagle, R. C. & Cohen, E. J. Corneal 
melting associated with use of topical nonsteroidal anti-inflammatory drugs after 
ocular surgery. Archives of ophthalmology 118, 1129-1132 (2000). 

6 Mukwaya, A. et al. Factors regulating capillary remodeling in a reversible model of 
inflammatory corneal angiogenesis. Scientific reports 6, 32137 (2016). 

7 Yoshida, S., Yoshida, A., Matsui, H., Takada, Y.-i. & Ishibashi, T. Involvement of 
Macrophage Chemotactic Protein-1 and Interleukin-1β During Inflammatory but Not 
Basic Fibroblast Growth Factor–Dependent Neovascularization in the Mouse Cornea. 
Laboratory investigation 83, 927 (2003). 

8 Dastjerdi, M. H. et al. Topical bevacizumab in the treatment of corneal 
neovascularization: results of a prospective, open-label, noncomparative study. 
Archives of Ophthalmology 127, 381-389 (2009). 

9 Park, S. C., Su, D. & Tello, C. Anti-VEGF therapy for the treatment of glaucoma: a 
focus on ranibizumab and bevacizumab. Expert opinion on biological therapy 12, 
1641-1647 (2012). 

10 Chen, Y. et al. Selection and analysis of an optimized anti-VEGF antibody: crystal 
structure of an affinity-matured Fab in complex with antigen. Journal of molecular 
biology 293, 865-881 (1999). 

11 Holash, J. et al. VEGF-Trap: a VEGF blocker with potent antitumor effects. 
Proceedings of the National Academy of Sciences 99, 11393-11398 (2002). 

12 Mani, N., Khaibullina, A., Krum, J. M. & Rosenstein, J. M. Activation of receptor-
mediated angiogenesis and signaling pathways after VEGF administration in fetal rat 
CNS explants. Journal of Cerebral Blood Flow & Metabolism 23, 1420-1429 (2003). 

13 Calvetti, L. et al. The coming of ramucirumab in the landscape of anti-angiogenic 
drugs: potential clinical and translational perspectives. Expert opinion on biological 
therapy 15, 1359-1370 (2015). 

14 Kim, B. et al. Inhibition of ocular angiogenesis by siRNA targeting vascular 
endothelial growth factor pathway genes: therapeutic strategy for herpetic stromal 
keratitis. The American journal of pathology 165, 2177-2185 (2004). 

15 Zuo, L., Fan, Y., Wang, F., Gu, Q. & Xu, X. A siRNA targeting vascular endothelial 
growth factor-A inhibiting experimental corneal neovascularization. Current eye 
research 35, 375-384 (2010). 

16 Singh, N. et al. Unique homologous siRNA blocks hypoxia-induced VEGF 
upregulation in human corneal cells and inhibits and regresses murine corneal 
neovascularization. Cornea 26, 65-72 (2007). 

17 Lee, R. C., Feinbaum, R. L. & Ambros, V. The C. elegans heterochronic gene lin-4 
encodes small RNAs with antisense complementarity to lin-14. cell 75, 843-854 
(1993). 

18 Davison, T. S., Johnson, C. D. & Andruss, B. F. [2] Analyzing Micro‐RNA Expression 
Using Microarrays. Methods in enzymology 411, 14-34 (2006). 



 

 

19 Lau, N. C., Lim, L. P., Weinstein, E. G. & Bartel, D. P. An abundant class of tiny 
RNAs with probable regulatory roles in Caenorhabditis elegans. Science 294, 858-
862 (2001). 

20 Schmittgen, T. D., Jiang, J., Liu, Q. & Yang, L. A high‐throughput method to monitor 
the expression of microRNA precursors. Nucleic acids research 32, e43-e43 (2004). 

21 Cummins, J. M. et al. The colorectal microRNAome. Proceedings of the National 
Academy of Sciences 103, 3687-3692 (2006). 

22 Lu, J. et al. MicroRNA expression profiles classify human cancers. nature 435, 834 
(2005). 

23 Válóczi, A. et al. Sensitive and specific detection of microRNAs by northern blot 
analysis using LNA-modified oligonucleotide probes. Nucleic acids research 32, 
e175-e175 (2004). 

24 Liu, C.-G. et al. An oligonucleotide microchip for genome-wide microRNA profiling in 
human and mouse tissues. Proceedings of the National Academy of Sciences 101, 
9740-9744 (2004). 

25 Yin, J. Q. & Zhao, R. C. Identifying expression of new small RNAs by microarrays. 
Methods 43, 123-130 (2007). 

26 Schuster, S. C. Next-generation sequencing transforms today's biology. Nature 
methods 5, 16 (2007). 

27 Willenbrock, H. et al. Quantitative miRNA expression analysis: comparing 
microarrays with next-generation sequencing. Rna 15, 2028-2034 (2009). 

28 Morin, R. D. et al. Application of massively parallel sequencing to microRNA profiling 
and discovery in human embryonic stem cells. Genome research 18, 610-621 
(2008). 

29 Behm-Ansmant, I. et al. mRNA degradation by miRNAs and GW182 requires both 
CCR4: NOT deadenylase and DCP1: DCP2 decapping complexes. Genes & 
development 20, 1885-1898 (2006). 

30 Gu, S. & Kay, M. A. How do miRNAs mediate translational repression? Silence 1, 11 
(2010). 

31 Krützfeldt, J. et al. Silencing of microRNAs in vivo with ‘antagomirs’. Nature 438, 685 
(2005). 

32 Nishi, K., Nishi, A., Nagasawa, T. & Ui-Tei, K. Human TNRC6A is an Argonaute-
navigator protein for microRNA-mediated gene silencing in the nucleus. Rna 19, 17-
35 (2013). 

33 Pitchiaya, S., Heinicke, L. A., Park, J. I., Cameron, E. L. & Walter, N. G. Resolving 
subcellular miRNA trafficking and turnover at single-molecule resolution. Cell reports 
19, 630-642 (2017). 

34 O'Brien, J., Hayder, H., Zayed, Y. & Peng, C. Overview of microrna biogenesis, 
mechanisms of actions, and circulation. Frontiers in endocrinology 9, 402 (2018). 

35 Meijer, H. et al. Translational repression and eIF4A2 activity are critical for 
microRNA-mediated gene regulation. Science 340, 82-85 (2013). 

36 Truesdell, S. et al. MicroRNA-mediated mRNA translation activation in quiescent 
cells and oocytes involves recruitment of a nuclear microRNP. Scientific reports 2, 
842 (2012). 

37 Agrawal, N. et al. RNA interference: biology, mechanism, and applications. 
Microbiology and molecular biology reviews 67, 657-685 (2003). 

38 Bartel, D. P. MicroRNAs: target recognition and regulatory functions. cell 136, 215-
233 (2009). 

39 Ritter, T., Lehmann, M. & Volk, H.-D. Improvements in Gene Therapy. BioDrugs 16, 
3-10 (2002). 

40 Carlson, E. C. et al. In vivo gene delivery and visualization of corneal stromal cells 
using an adenoviral vector and keratocyte-specific promoter. Investigative 
ophthalmology & visual science 45, 2194-2200 (2004). 



 

 

41 Tsubota, K. et al. Adenovirus-mediated gene transfer to the ocular surface 
epithelium. Experimental eye research 67, 531-538 (1998). 

42 Johnson, L. N., Cashman, S. M. & Kumar-Singh, R. Cell-penetrating peptide for 
enhanced delivery of nucleic acids and drugs to ocular tissues including retina and 
cornea. Molecular Therapy 16, 107-114 (2008). 

43 Lu, Y. et al. Transcriptome Profiling of Neovascularized Corneas Reveals miR-204 as 
a Multi-target Biotherapy Deliverable by rAAVs. Molecular Therapy-Nucleic Acids 10, 
349-360 (2018). 

44 Basche, M. et al. Sustained and Widespread Gene Delivery to the Corneal 
Epithelium via In Situ Transduction of Limbal Epithelial Stem Cells, Using Lentiviral 
and Adeno-Associated Viral Vectors. Human Gene Therapy 29, 1140-1152 (2018). 

45 Blair‐Parks, K., Weston, B. C. & Dean, D. A. High‐level gene transfer to the cornea 
using electroporation. The Journal of Gene Medicine: A cross‐disciplinary journal for 
research on the science of gene transfer and its clinical applications 4, 92-100 
(2002). 

46 Zhou, R. & Dean, D. A. Gene transfer of interleukin 10 to the murine cornea using 
electroporation. Experimental Biology and Medicine 232, 362-369 (2007). 

47 Oshima, Y. et al. Targeted gene transfer to corneal stroma in vivo by electric pulses. 
Experimental eye research 74, 191-198 (2002). 

48 Seitz, B. et al. Retroviral vector-mediated gene transfer into keratocytes in vitro and 
in vivo. American journal of ophthalmology 126, 630-639 (1998). 

49 Morgan, C. P. & Bale, T. L. Sex differences in microRNA regulation of gene 
expression: no smoke, just miRs. Biology of sex differences 3, 22 (2012). 

50 Peng, H. et al. MicroRNA-31 targets FIH-1 to positively regulate corneal epithelial 
glycogen metabolism. The FASEB Journal 26, 3140-3147 (2012). 

51 Ljubimov, A. V. & Saghizadeh, M. Progress in corneal wound healing. Progress in 
retinal and eye research 49, 17-45 (2015). 

52 Funari, V. A. et al. Differentially expressed wound healing-related microRNAs in the 
human diabetic cornea. PLoS One 8, e84425 (2013). 

53 Hughes, A. E. et al. Mutation altering the miR-184 seed region causes familial 
keratoconus with cataract. The American Journal of Human Genetics 89, 628-633 
(2011). 

54 Cursiefen, C. et al. Nonvascular VEGF receptor 3 expression by corneal epithelium 
maintains avascularity and vision. Proceedings of the National Academy of Sciences 
103, 11405-11410 (2006). 

55 Azar, D. T. Corneal angiogenic privilege: angiogenic and antiangiogenic factors in 
corneal avascularity, vasculogenesis, and wound healing (an American 
Ophthalmological Society thesis). Transactions of the American Ophthalmological 
Society 104, 264 (2006). 

56 Holden, B. A. & Mertz, G. W. Critical oxygen levels to avoid corneal edema for daily 
and extended wear contact lenses. Investigative ophthalmology & visual science 25, 
1161-1167 (1984). 

57 Ohh, M. et al. Ubiquitination of hypoxia-inducible factor requires direct binding to the 
β-domain of the von Hippel–Lindau protein. Nature cell biology 2, 423 (2000). 

58 Coleman, M. L. et al. Asparaginyl hydroxylation of the Notch ankyrin repeat domain 
by factor inhibiting hypoxia-inducible factor. Journal of Biological Chemistry 282, 
24027-24038 (2007). 

59 Ratcliffe, P. et al. Update on hypoxia-inducible factors and hydroxylases in oxygen 
regulatory pathways: from physiology to therapeutics. Hypoxia 5, 11 (2017). 

60 Chen, T. et al. MicroRNA-31 contributes to colorectal cancer development by 
targeting factor inhibiting HIF-1α (FIH-1). Cancer biology & therapy 15, 516-523 
(2014). 



 

 

61 Chen, P., Yin, H., Wang, Y., Wang, Y. & Xie, L. Inhibition of VEGF expression and 
corneal neovascularization by shRNA targeting HIF-1α in a mouse model of closed 
eye contact lens wear. Molecular vision 18, 864 (2012). 

62 Pedrioli, D. M. L. et al. miR-31 functions as a negative regulator of lymphatic vascular 
lineage-specific differentiation in vitro and vascular development in vivo. Molecular 
and cellular biology 30, 3620-3634 (2010). 

63 Beauregard, C. et al. Keratocyte apoptosis and failure of corneal allografts. 
Transplantation 81, 1577 (2006). 

64 Niederkorn, J. Y. Immune mechanisms of corneal allograft rejection. Current eye 
research 32, 1005-1016 (2007). 

65 Bava, F.-A. et al. CPEB1 coordinates alternative 3′-UTR formation with translational 
regulation. Nature 495, 121 (2013). 

66 Wang, T., Li, F., Geng, W., Ruan, Q. & Shi, W. MicroRNA-122 ameliorates corneal 
allograft rejection through the downregulation of its target CPEB1. Cell death 
discovery 3, 17021 (2017). 

67 Yin, J. et al. CPEB1 modulates differentiation of glioma stem cells via downregulation 
of HES1 and SIRT1 expression. Oncotarget 5, 6756 (2014). 

68 Wang, Y. et al. Overexpression of SIRT1 Promotes High Glucose–Attenuated 
Corneal Epithelial Wound Healing via p53 Regulation of the IGFBP3/IGF-1R/AKT 
Pathway. Investigative ophthalmology & visual science 54, 3806-3814 (2013). 

69 Calderone, V. et al. Sequential functions of CPEB1 and CPEB4 regulate pathologic 
expression of vascular endothelial growth factor and angiogenesis in chronic liver 
disease. Gastroenterology 150, 982-997. e930 (2016). 

70 Agrawal, S. & Chaqour, B. 
71 Fish, J. E. et al. miR-126 regulates angiogenic signaling and vascular integrity. 

Developmental cell 15, 272-284 (2008). 
72 Wang, S. et al. The endothelial-specific microRNA miR-126 governs vascular 

integrity and angiogenesis. Developmental cell 15, 261-271 (2008). 
73 Zhou, Q. et al. Strand and cell type-specific function of microRNA-126 in 

angiogenesis. Molecular Therapy 24, 1823-1835 (2016). 
74 Bai, Y. et al. MicroRNA-126 inhibits ischemia-induced retinal neovascularization via 

regulating angiogenic growth factors. Experimental and molecular pathology 91, 471-
477 (2011). 

75 Wang, L. et al. miR-126 regulation of angiogenesis in age-related macular 
degeneration in CNV mouse model. International journal of molecular sciences 17, 
895 (2016). 

76 Hu, M.-H. et al. MicroRNA-126 inhibits tumor proliferation and angiogenesis of 
hepatocellular carcinoma by down-regulating EGFL7 expression. Oncotarget 7, 
66922 (2016). 

77 Hua, Y. et al. MicroRNA‐126 inhibits proliferation and metastasis in prostate cancer 
via regulation of ADAM9. Oncology letters 15, 9051-9060 (2018). 

78 Kuhnert, F. et al. Attribution of vascular phenotypes of the murine Egfl7 locus to the 
microRNA miR-126. Development 135, 3989-3993 (2008). 

79 Mun, J. J., Tam, C., Evans, D. J. & Fleiszig, S. M. Expression Of MicroRNAs In 
Human Corneal Epithelial Cells Is Modified By Exposure To Human Tear Fluid And 
Pseudomonas Aeruginosa Antigens. Investigative Ophthalmology & Visual Science 
52, 1942-1942 (2011). 

80 Vo, N. et al. A cAMP-response element binding protein-induced microRNA regulates 
neuronal morphogenesis. Proceedings of the National Academy of Sciences 102, 
16426-16431 (2005). 

81 Anand, S. et al. MicroRNA-132–mediated loss of p120RasGAP activates the 
endothelium to facilitate pathological angiogenesis. Nature medicine 16, 909 (2010). 

82 Mulik, S. et al. Role of miR-132 in angiogenesis after ocular infection with herpes 
simplex virus. The American journal of pathology 181, 525-534 (2012). 



 

 

83 Biswas, P. S. & Rouse, B. T. Early events in HSV keratitis—setting the stage for a 
blinding disease. Microbes and infection 7, 799-810 (2005). 

84 Zhang, L. & Tao, L. miR-132 promotes retinal neovascularization under anoxia and 
reoxygenation conditions through up-regulating Egr1, ERK2, MMP2, VEGFA and 
VEGFC expression. INTERNATIONAL JOURNAL OF CLINICAL AND 
EXPERIMENTAL PATHOLOGY 10, 8845-8857 (2017). 

85 Sokol, N. S. in Current topics in developmental biology Vol. 99    59-78 (Elsevier, 
2012). 

86 Robinson, P. M. et al. MicroRNA signature in wound healing following excimer laser 
ablation: role of miR-133b on TGFβ1, CTGF, SMA, and COL1A1 expression levels in 
rabbit corneal fibroblasts. Investigative ophthalmology & visual science 54, 6944-
6951 (2013). 

87 Zhao, X., Song, W., Chen, Y., Liu, S. & Ren, L. Collagen-based materials combined 
with microRNA for repairing cornea wounds and inhibiting scar formation. 
Biomaterials science 7, 51-62 (2019). 

88 Wu, D. et al. microRNA-133b downregulation and inhibition of cell proliferation, 
migration and invasion by targeting matrix metallopeptidase‐9 in renal cell carcinoma. 
Molecular medicine reports 9, 2491-2498 (2014). 

89 Lee, S., Zheng, M., Kim, B. & Rouse, B. T. Role of matrix metalloproteinase-9 in 
angiogenesis caused by ocular infection with herpes simplex virus. The Journal of 
clinical investigation 110, 1105-1111 (2002). 

90 Lee, S. K.-W. et al. MicroRNA-145 regulates human corneal epithelial differentiation. 
PLoS One 6, e21249 (2011). 

91 Ratuszny, D. et al. miR-145 is a promising therapeutic target to prevent cornea 
scarring. Human gene therapy 26, 698-707 (2015). 

92 Zhang, H. et al. MicroRNA-145 inhibits the growth, invasion, metastasis and 
angiogenesis of neuroblastoma cells through targeting hypoxia-inducible factor 2 
alpha. Oncogene 33, 387 (2014). 

93 Fan, L., Wu, Q., Xing, X., Wei, Y. & Shao, Z. MicroRNA-145 targets vascular 
endothelial growth factor and inhibits invasion and metastasis of osteosarcoma cells. 
Acta Biochim Biophys Sin 44, 407-414 (2012). 

94 Akao, Y., Nakagawa, Y., Kitade, Y., Kinoshita, T. & Naoe, T. Downregulation of 
microRNAs‐143 and‐145 in B‐cell malignancies. Cancer science 98, 1914-1920 
(2007). 

95 Radojicic, J. et al. MicroRNA expression analysis in triple-negative (ER, PR and 
Her2/neu) breast cancer. Cell cycle 10, 507-517 (2011). 

96 Tan, Y.-G., Zhang, Y.-F., Guo, C.-J., Yang, M. & Chen, M.-Y. Screening of 
differentially expressed microRNA in ulcerative colitis related colorectal cancer. Asian 
Pacific journal of tropical medicine 6, 972-976 (2013). 

97 Cui, S. Y., Wang, R. & Chen, L. B. Micro RNA‐145: a potent tumour suppressor that 
regulates multiple cellular pathways. Journal of cellular and molecular medicine 18, 
1913-1926 (2014). 

98 DE LAS CÉLULAS, C. I. & TLR, D. Immunological characteristics of limbal epithelial 
cells: in vitro analysis of TLR4 function. Arch Soc Esp Oftalmol 82, 95-102 (2007). 

99 Sonkoly, E., Ståhle, M. & Pivarcsi, A. in Seminars in cancer biology.  131-140 
(Elsevier). 

100 Jung, Baltimore David, T. K. D., P, B. M. & Kuang, C. NF-kappaB-dependent 
induction of microRNA miR-146, an inhibitor targeted to signaling proteins of innate 
immune responses, (2006). 

101 Quinn, S. R. & O'neill, L. A. A trio of microRNAs that control Toll-like receptor 
signalling. International immunology 23, 421-425 (2011). 

102 Morris, V. A. et al. MicroRNA-150 expression induces myeloid differentiation of 
human acute leukemia cells and normal hematopoietic progenitors. PLoS One 8, 
e75815 (2013). 



 

 

103 Winkler, M. A., Dib, C., Ljubimov, A. V. & Saghizadeh, M. Targeting miR-146a to 
treat delayed wound healing in human diabetic organ-cultured corneas. PLoS One 9, 
e114692 (2014). 

104 Wei, L. et al. MicroRNA-146a and Ets-1 gene polymorphisms are associated with 
pediatric uveitis. PLoS One 9, e91199 (2014). 

105 Yu, H., Liu, Y., Bai, L., Kijlstra, A. & Yang, P. Predisposition to Behçet’s disease and 
VKH syndrome by genetic variants of miR-182. Journal of Molecular Medicine 92, 
961-967 (2014). 

106 Zhu, K. et al. MiR-146a enhances angiogenic activity of endothelial cells in 
hepatocellular carcinoma by promoting PDGFRA expression. Carcinogenesis 34, 
2071-2079 (2013). 

107 Zhang, Z., Zhang, Y., Sun, X.-X., Ma, X. & Chen, Z.-N. microRNA-146a inhibits 
cancer metastasis by downregulating VEGF through dual pathways in hepatocellular 
carcinoma. Molecular cancer 14, 1 (2015). 

108 Rodriguez, A. et al. Requirement of bic/microRNA-155 for normal immune function. 
Science 316, 608-611 (2007). 

109 Bhattacharyya, S. et al. Elevated miR-155 promotes inflammation in cystic fibrosis by 
driving hyperexpression of interleukin-8. Journal of Biological Chemistry 286, 11604-
11615 (2011). 

110 Bhela, S. et al. Role of miR-155 in the pathogenesis of herpetic stromal keratitis. The 
American journal of pathology 185, 1073-1084 (2015). 

111 Ye, J. et al. miR-155 regulated inflammation response by the SOCS1-STAT3-PDCD4 
axis in atherogenesis. Mediators of inflammation 2016 (2016). 

112 Yu, C.-R. et al. Suppressor of cytokine signaling-1 (SOCS1) inhibits lymphocyte 
recruitment into the retina and protects SOCS1 transgenic rats and mice from ocular 
inflammation. Investigative ophthalmology & visual science 52, 6978-6986 (2011). 

113 Yu, C.-R. et al. Suppressor of cytokine signaling 1 (SOCS1) mitigates anterior uveitis 
and confers protection against ocular HSV-1 infection. Inflammation 38, 555-565 
(2015). 

114 Huang, X. et al. MicroRNA-155 Enhances Ocular Inflammation after Pseudomonas 
aeruginosa Infection. Investigative Ophthalmology & Visual Science 52, 5814-5814 
(2011). 

115 Kong, W. et al. Upregulation of miRNA-155 promotes tumour angiogenesis by 
targeting VHL and is associated with poor prognosis and triple-negative breast 
cancer. Oncogene 33, 679 (2014). 

116 Iliff, B. W., Riazuddin, S. A. & Gottsch, J. D. A single-base substitution in the seed 
region of miR-184 causes EDICT syndrome. Investigative ophthalmology & visual 
science 53, 348-353 (2012). 

117 Ryan, D. G., Oliveira-Fernandes, M. & Lavker, R. M. MicroRNAs of the mammalian 
eye display distinct and overlapping tissue specificity. Mol Vis 12, I175-I184 (2006). 

118 Lin, D. et al. Inhibition of miR-205 impairs the wound-healing process in human 
corneal epithelial cells by targeting KIR4. 1 (KCNJ10). Investigative ophthalmology & 
visual science 54, 6167-6178 (2013). 

119 Yu, J. et al. MicroRNA-205 promotes keratinocyte migration via the lipid phosphatase 
SHIP2. The FASEB journal 24, 3950-3959 (2010). 

120 Yu, J. et al. MicroRNA-184 antagonizes microRNA-205 to maintain SHIP2 levels in 
epithelia. Proceedings of the National Academy of Sciences, pnas. 0803992105 
(2008). 

121 Suwa, A., Kurama, T. & Shimokawa, T. SHIP2 and its involvement in various 
diseases. Expert opinion on therapeutic targets 14, 727-737 (2010). 

122 Park, J. K. et al. miR-184 exhibits angiostatic properties via regulation of Akt and 
VEGF signaling pathways. The FASEB Journal 31, 256-265 (2016). 



 

 

123 Zong, R. et al. Down-Regulation of MicroRNA-184 Is Associated With Corneal 
NeovascularizationMicroRNA-184 and Corneal Neovascularization. Investigative 
ophthalmology & visual science 57, 1398-1407 (2016). 

124 Zong, R. et al. Down-regulation of microRNA-184 is associated with corneal 
neovascularization. Investigative ophthalmology & visual science 57, 1398-1407 
(2016). 

125 An, J. et al. MicroRNA expression profile and the role of miR-204 in corneal wound 
healing. Investigative ophthalmology & visual science 56, 3673-3683 (2015). 

126 Drewry, M., Helwa, I., Allingham, R. R., Hauser, M. A. & Liu, Y. miRNA profile in 
three different normal human ocular tissues by miRNA-Seq. Investigative 
ophthalmology & visual science 57, 3731-3739 (2016). 

127 Gao, J., Wang, Y., Zhao, X., Chen, P. & Xie, L. MicroRNA-204-5p–Mediated 
Regulation of SIRT1 Contributes to the Delay of Epithelial Cell Cycle Traversal in 
Diabetic Corneas. Investigative ophthalmology & visual science 56, 1493-1504 
(2015). 

128 Kather, J. N. et al. Angiopoietin-1 is regulated by miR-204 and contributes to corneal 
neovascularization in KLEIP-deficient mice. Investigative ophthalmology & visual 
science 55, 4295-4303 (2014). 

129 Suri, C. et al. Requisite role of angiopoietin-1, a ligand for the TIE2 receptor, during 
embryonic angiogenesis. Cell 87, 1171-1180 (1996). 

130 Partanen, J. & Dumont, D. in Vascular growth factors and angiogenesis     159-172 
(Springer, 1999). 

131 Uemura, A. et al. Recombinant angiopoietin-1 restores higher-order architecture of 
growing blood vessels in mice in the absence of mural cells. The Journal of clinical 
investigation 110, 1619-1628 (2002). 

132 Zhang, X. et al. Epithelium-derived miR-204 inhibits corneal neovascularization. 
Experimental eye research 167, 122-127 (2018). 

133 Salinas-Vera, Y. M. et al. Cooperative multi-targeting of signaling networks by 
angiomiR-204 inhibits vasculogenic mimicry in breast cancer cells. Cancer letters 
(2018). 

134 Duan, X. et al. miR-206 modulates lipopolysaccharide-mediated inflammatory 
cytokine production in human astrocytes. Cellular signalling 27, 61-68 (2015). 

135 Li, X., Zhou, H., Tang, W., Guo, Q. & Zhang, Y. Transient downregulation of 
microRNA-206 protects alkali burn injury in mouse cornea by regulating connexin 43. 
International journal of clinical and experimental pathology 8, 2719 (2015). 

136 Zhang, G., Wang, J., Yao, G. & Shi, B. Downregulation of CCL2 induced by the 
upregulation of microRNA-206 is associated with the severity of HEV71 encephalitis. 
Molecular medicine reports 16, 4620-4626 (2017). 

137 Sáez, J. C., Berthoud, V. M., Branes, M. C., Martinez, A. D. & Beyer, E. C. Plasma 
membrane channels formed by connexins: their regulation and functions. 
Physiological reviews 83, 1359-1400 (2003). 

138 Elbadawy, H. M. et al. Effect of connexin 43 inhibition by the mimetic peptide Gap27 
on corneal wound healing, inflammation and neovascularization. British journal of 
pharmacology 173, 2880-2893 (2016). 

139 Anderson, C., Catoe, H. & Werner, R. MIR-206 regulates connexin43 expression 
during skeletal muscle development. Nucleic acids research 34, 5863-5871 (2006). 

140 Xue, D. et al. MicroRNA-206 attenuates the growth and angiogenesis in non-small 
cell lung cancer cells by blocking the 14-3-3ζ/STAT3/HIF-1α/VEGF signaling. 
Oncotarget 7, 79805 (2016). 

141 Stahlhut, C., Suárez, Y., Lu, J., Mishima, Y. & Giraldez, A. J. miR-1 and miR-206 
regulate angiogenesis by modulating VegfA expression in zebrafish. Development 
139, 4356-4365 (2012). 



 

 

142 Ji, K. B. et al. MicroRNA-296 mediated corneal neovascularization in an animal 
model of corneal burns after alkali exposures. Experimental and therapeutic medicine 
15, 139-144 (2018). 

143 Würdinger, T. et al. miR-296 regulates growth factor receptor overexpression in 
angiogenic endothelial cells. Cancer cell 14, 382-393 (2008). 

144 Feng, J. et al. Pro‐angiogenic microRNA‐296 upregulates vascular endothelial 
growth factor and downregulates Notch1 following cerebral ischemic injury. Molecular 
medicine reports 12, 8141-8147 (2015). 

145 Gan, L., Fagerholm, P. & Palmblad, J. Vascular endothelial growth factor (VEGF) 
and its receptor VEGFR‐2 in the regulation of corneal neovascularization and wound 
healing. Acta ophthalmologica Scandinavica 82, 557-563 (2004). 

146 Boomiraj, H., Mohankumar, V., Lalitha, P. & Devarajan, B. Human corneal microRNA 
expression profile in fungal keratitis. Investigative ophthalmology & visual science 56, 
7939-7946 (2015). 

147 Gadjeva, M., Nagashima, J., Zaidi, T., Mitchell, R. A. & Pier, G. B. Inhibition of 
macrophage migration inhibitory factor ameliorates ocular Pseudomonas aeruginosa-
induced keratitis. PLoS pathogens 6, e1000826 (2010). 

148 Liu, J. et al. CCR2− and CCR2+ corneal macrophages exhibit distinct characteristics 
and balance inflammatory responses after epithelial abrasion. Mucosal immunology 
10, 1145 (2017). 

149 Mukwaya, A. et al. Time-dependent LXR/RXR pathway modulation characterizes 
capillary remodeling in inflammatory corneal neovascularization. Angiogenesis, 1-19 
(2018). 

150 Liu, Z. et al. miR-451a inhibited cell proliferation and enhanced tamoxifen sensitive in 
breast cancer via macrophage migration inhibitory factor. BioMed research 
international 2015 (2015). 

151 Liu, X., Zhang, A., Xiang, J., Lv, Y. & Zhang, X. miR-451 acts as a suppressor of 
angiogenesis in hepatocellular carcinoma by targeting the IL-6R-STAT3 pathway. 
Oncology reports 36, 1385-1392 (2016). 

152 Banerjee, K., Biswas, P. S., Kim, B., Lee, S. & Rouse, B. T. CXCR2−/− mice show 
enhanced susceptibility to herpetic stromal keratitis: a role for IL-6-induced 
neovascularization. The Journal of Immunology 172, 1237-1245 (2004). 

153 Gong, Y. & Koh, D.-R. Neutrophils promote inflammatory angiogenesis via release of 
preformed VEGF in an in vivo corneal model. Cell and tissue research 339, 437-448 
(2010). 

154 Ruan, X. et al. Corneal expression of the inflammatory mediator CAP37. Investigative 
ophthalmology & visual science 43, 1414-1421 (2002). 

155 Fielding, C. A. et al. IL-6 regulates neutrophil trafficking during acute inflammation via 
STAT3. The Journal of Immunology 181, 2189-2195 (2008). 

156 Mesquida, M., Leszczynska, A., Llorenç, V. & Adán, A. Interleukin‐6 blockade in 
ocular inflammatory diseases. Clinical & Experimental Immunology 176, 301-309 
(2014). 

157 Cursiefen, C., Maruyama, K., Jackson, D. G., Streilein, J. W. & Kruse, F. E. Time 
course of angiogenesis and lymphangiogenesis after brief corneal inflammation. 
Cornea 25, 443-447 (2006). 

158 Hos, D., Bachmann, B., Bock, F., Onderka, J. & Cursiefen, C. Age-related changes in 
murine limbal lymphatic vessels and corneal lymphangiogenesis. Experimental eye 
research 87, 427-432 (2008). 

159 Cursiefen, C. et al. VEGF-A stimulates lymphangiogenesis and hemangiogenesis in 
inflammatory neovascularization via macrophage recruitment. The Journal of clinical 
investigation 113, 1040-1050 (2004). 

160 Maruyama, K. et al. The maintenance of lymphatic vessels in the cornea is 
dependent on the presence of macrophages. Investigative ophthalmology & visual 
science 53, 3145-3153 (2012). 



 

 

161 Seo, M., Choi, J.-S., Rho, C. R., Joo, C.-K. & Lee, S. K. MicroRNA miR-466 inhibits 
Lymphangiogenesis by targeting prospero-related homeobox 1 in the alkali burn 
corneal injury model. Journal of biomedical science 22, 3 (2015). 

162 Tong, F. et al. MicroRNA-466 (miR-466) functions as a tumor suppressor and 
prognostic factor in colorectal cancer (CRC). Bosnian journal of basic medical 
sciences (2018). 

163 Mun, J. et al. MicroRNA-762 is upregulated in human corneal epithelial cells in 
response to tear fluid and Pseudomonas aeruginosa antigens and negatively 
regulates the expression of host defense genes encoding RNase7 and ST2. PLoS 
One 8, e57850 (2013). 

164 Ueno, K. et al. Increased plasma VEGF levels following ischemic preconditioning are 
associated with downregulation of miRNA-762 and miR-3072-5p. Scientific reports 6, 
36758 (2016). 

165 Mukwaya, A. et al. A microarray whole-genome gene expression dataset in a rat 
model of inflammatory corneal angiogenesis. Scientific data 3, 160103 (2016). 

166 Zhu, S., Si, M.-L., Wu, H. & Mo, Y.-Y. MicroRNA-21 targets the tumor suppressor 
gene tropomyosin 1 (TPM1). Journal of Biological Chemistry (2007). 

167 Gabriely, G. et al. MicroRNA 21 promotes glioma invasion by targeting matrix 
metalloproteinase regulators. Molecular and cellular biology 28, 5369-5380 (2008). 

168 Zhang, Y., Zhang, T., Ma, X. & Zou, J. Subconjunctival injection of antagomir-21 
alleviates corneal neovascularization in a mouse model of alkali-burned cornea. 
Oncotarget 8, 11797 (2017). 

169 Segarra, M. et al. Semaphorin 6A regulates angiogenesis by modulating VEGF 
signaling. Blood, blood-2012-2002-410076 (2012). 

170 Urbich, C. et al. MicroRNA-27a/b controls endothelial cell repulsion and angiogenesis 
by targeting semaphorin 6A. Blood, blood-2011-2008-373886 (2011). 

171 Ghanem, R. C. et al. Semaphorin 7A promotes angiogenesis in an experimental 
corneal neovascularization model. Current eye research 36, 989-996 (2011). 

172 Wang, J. et al. Transforming growth factor β-regulated microRNA-29a promotes 
angiogenesis through targeting the phosphatase and tensin homolog in endothelium. 
Journal of Biological Chemistry 288, 10418-10426 (2013). 

173 Zhou, C. et al. Preeclampsia downregulates microRNAs in fetal endothelial cells: 
roles of miR-29a/c-3p in endothelial function. The Journal of Clinical Endocrinology & 
Metabolism 102, 3470-3479 (2017). 

174 Sand, M. et al. Expression of microRNAs in basal cell carcinoma. British Journal of 
Dermatology 167, 847-855 (2012). 

175 Fang, C. et al. Serum microRNAs are promising novel biomarkers for diffuse large B 
cell lymphoma. Annals of hematology 91, 553-559 (2012). 

176 Zhang, J. et al. Downregulation of MicroRNA 29a/b exacerbated diabetic retinopathy 
by impairing the function of Müller cells via Forkhead box protein O4. Diabetes and 
Vascular Disease Research 15, 214-222 (2018). 

177 Toyono, T. et al. MicroRNA-29b over-expression decreases extracellular matrix 
mRNA and protein production in human corneal endothelial cells. Cornea 35, 1466 
(2016). 

178 Matthaei, M. et al. Endothelial cell microRNA expression in human late-onset Fuchs' 
dystrophy. Investigative ophthalmology & visual science 55, 216-225 (2014). 

179 Talebi, F. et al. MicroRNA-142 regulates inflammation and T cell differentiation in an 
animal model of multiple sclerosis. Journal of neuroinflammation 14, 55 (2017). 

180 Sakai, E. et al. A mammalian mirtron miR-1224 promotes tube-formation of human 
primary endothelial cells by targeting anti-angiogenic factor epsin2. Scientific reports 
7, 5541 (2017). 

181 Niu, Y. et al. Lipopolysaccharide‐induced miR‐1224 negatively regulates tumour 
necrosis factor‐α gene expression by modulating Sp1. Immunology 133, 8-20 (2011). 



 

 

182 Ferrari, G., Bignami, F. & Rama, P. Tumor necrosis factor-α inhibitors as a treatment 
of corneal hemangiogenesis and lymphangiogenesis. Eye & contact lens 41, 72-76 
(2015). 

183 Bernstein, E. et al. Dicer is essential for mouse development. Nature genetics 35, 
215 (2003). 

184 Suárez, Y., Fernández-Hernando, C., Pober, J. S. & Sessa, W. C. Dicer dependent 
microRNAs regulate gene expression and functions in human endothelial cells. 
Circulation research 100, 1164-1173 (2007). 

185 Long, J., Wang, Y., Wang, W., Chang, B. H. & Danesh, F. R. Identification of 
microRNA-93 as a novel regulator of vascular endothelial growth factor in 
hyperglycemic conditions. Journal of Biological Chemistry 285, 23457-23465 (2010). 

186 McArthur, K., Feng, B., Wu, Y., Chen, S. & Chakrabarti, S. MicroRNA-200b regulates 
vascular endothelial growth factor–mediated alterations in diabetic retinopathy. 
Diabetes 60, 1314-1323 (2011). 

187 Nicoli, S., Knyphausen, C.-P., Zhu, L. J., Lakshmanan, A. & Lawson, N. D. miR-221 
is required for endothelial tip cell behaviors during vascular development. 
Developmental cell 22, 418-429 (2012). 

188 Xu, J., Wang, F., Wang, X., He, Z. & Zhu, X. miRNA-543 promotes cell migration and 
invasion by targeting SPOP in gastric cancer. OncoTargets and therapy 11, 5075 
(2018). 

189 Herbert, S. P. & Stainier, D. Y. Molecular control of endothelial cell behaviour during 
blood vessel morphogenesis. Nature reviews Molecular cell biology 12, 551 (2011). 

190 Small, E. M., Sutherland, L. B., Rajagopalan, K. N., Wang, S. & Olson, E. N. 
MicroRNA-218 regulates vascular patterning by modulation of Slit-Robo signaling. 
Circulation research 107, 1336-1344 (2010). 

191 Mitchell, P. S. et al. Circulating microRNAs as stable blood-based markers for cancer 
detection. Proceedings of the National Academy of Sciences 105, 10513-10518 
(2008). 

192 Chen, X. et al. Characterization of microRNAs in serum: a novel class of biomarkers 
for diagnosis of cancer and other diseases. Cell research 18, 997 (2008). 

193 Poliseno, L. et al. A coding-independent function of gene and pseudogene mRNAs 
regulates tumour biology. Nature 465, 1033 (2010). 

194 Urbich, C. et al. MicroRNA-27a/b controls endothelial cell repulsion and angiogenesis 
by targeting semaphorin 6A. Blood 119, 1607-1616 (2012). 

195 Liu, L. et al. MicroRNA-29c functions as a tumor suppressor by targeting VEGFA in 
lung adenocarcinoma. Molecular cancer 16, 50 (2017). 

196 Bai, S. et al. MicroRNA-122 inhibits tumorigenic properties of hepatocellular 
carcinoma cells and sensitizes these cells to sorafenib. Journal of Biological 
Chemistry 284, 32015-32027 (2009). 

197 Wang, L. et al. miR-126 regulation of angiogenesis in age-related macular 
degeneration in CNV mouse model. International journal of molecular sciences 17, 
895 (2016). 

198 Wang, S. & Olson, E. N. AngiomiRs—key regulators of angiogenesis. Current 
opinion in genetics & development 19, 205-211 (2009). 

199 Dews, M. et al. Augmentation of tumor angiogenesis by a Myc-activated microRNA 
cluster. Nature genetics 38, 1060 (2006). 

200 Hiscott, P., Seitz, B., Schlötzer-Schrehardt, U. & Naumann, G. O. Immunolocalisation 
of thrombospondin 1 in human, bovine and rabbit cornea. Cell and tissue research 
289, 307-310 (1997). 

201 Cursiefen, C. et al. Roles of thrombospondin-1 and-2 in regulating corneal and iris 
angiogenesis. Investigative ophthalmology & visual science 45, 1117-1124 (2004). 

202 Poliseno, L. et al. MicroRNAs modulate the angiogenic properties of HUVECs. Blood 
108, 3068-3071 (2006). 



 

 

203 Li, Y. et al. MicroRNA-221 regulates high glucose-induced endothelial dysfunction. 
Biochemical and biophysical research communications 381, 81-83 (2009). 

204 Wu, C.-W. et al. MiRNA-221 negatively regulated downstream p27Kip1 gene 
expression involvement in pterygium pathogenesis. Molecular vision 20, 1048 (2014). 

205 Chhabra, R., Dubey, R. & Saini, N. Cooperative and individualistic functions of the 
microRNAs in the miR-23a~ 27a~ 24-2 cluster and its implication in human diseases. 
Molecular cancer 9, 232 (2010). 

206 Zhou, Q. et al. Regulation of angiogenesis and choroidal neovascularization by 
members of microRNA-23∼ 27∼ 24 clusters. Proceedings of the National Academy 
of Sciences 108, 8287-8292 (2011). 

207 Ma, Y., Yu, S., Zhao, W., Lu, Z. & Chen, J. miR-27a regulates the growth, colony 
formation and migration of pancreatic cancer cells by targeting Sprouty2. Cancer 
letters 298, 150-158 (2010). 

208 Xiao, J. et al. Retracted: Novel approaches for gene‐specific interference via 
manipulating actions of microRNAs: Examination on the pacemaker channel genes 
HCN2 and HCN4. Journal of cellular physiology 212, 285-292 (2007). 

209 Petersen, M. et al. The conformations of locked nucleic acids (LNA). Journal of 
Molecular Recognition 13, 44-53 (2000). 

210 Ebert, M. S., Neilson, J. R. & Sharp, P. A. MicroRNA sponges: competitive inhibitors 
of small RNAs in mammalian cells. Nature methods 4, 721 (2007). 

211 Esau, C. C. Inhibition of microRNA with antisense oligonucleotides. Methods 44, 55-
60 (2008). 

212 Valeri, N. et al. MicroRNA-21 induces resistance to 5-fluorouracil by down-regulating 
human DNA MutS homolog 2 (hMSH2). Proceedings of the National Academy of 
Sciences 107, 21098-21103 (2010). 

213 Bolisetty, M. T., Dy, G., Tam, W. & Beemon, K. L. Reticuloendotheliosis virus strain T 
induces miR-155, which targets JARID2 and promotes cell survival. Journal of 
virology 83, 12009-12017 (2009). 

214 Chamorro-Jorganes, A. et al. MicroRNA-16 and microRNA-424 regulate cell-
autonomous angiogenic functions in endothelial cells via targeting vascular 
endothelial growth factor receptor-2 and fibroblast growth factor receptor-1. 
Arteriosclerosis, thrombosis, and vascular biology 31, 2595-2606 (2011). 

215 Wang, Y. et al. miR-375 regulates rat alveolar epithelial cell trans-differentiation by 
inhibiting Wnt/β-catenin pathway. Nucleic acids research 41, 3833-3844 (2013). 

216 Wu, Y. et al. Therapeutic delivery of microRNA-29b by cationic lipoplexes for lung 
cancer. Molecular Therapy-Nucleic Acids 2, e84 (2013). 

217 Ibrahim, A. F. et al. MicroRNA replacement therapy for miR-145 and miR-33a is 
efficacious in a model of colon carcinoma. Cancer research 71, 5214-5224 (2011). 

218 Schade, A. et al. Innovative strategy for microRNA delivery in human mesenchymal 
stem cells via magnetic nanoparticles. International journal of molecular sciences 14, 
10710-10726 (2013). 

219 Lai, C.-M., Spilsbury, K., Brankov, M., Zaknich, T. & Rakoczy, P. E. Inhibition of 
corneal neovascularization by recombinant adenovirus mediated antisense VEGF 
RNA. Experimental eye research 75, 625-634 (2002). 

220 Gebert, L. F. et al. Miravirsen (SPC3649) can inhibit the biogenesis of miR-122. 
Nucleic acids research 42, 609-621 (2013). 

 


	Försättsblad
	Revised CLEAN_ Manuscript_2019_37
	Anti-angiogenic factors such as PEDF, restin, angiostatin and endostatin expressed by the corneal epithelium 54 are important for the avascularity of the cornea 55. Conditions such as the prolonged use of contact lenses can lead to hypoxia in the corn...
	spinal cord


