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ABSTRACT 

MicroRNAs (miRNAs) are master gene regulators that have been widely implicated in many 

biological processes as well as pathogenesis of many diseases in the eye. The identification of 

miRNAs that are altered in human diseases as well as in animal models has led to new avenues to 

develop novel therapeutic targets for ocular disorders.  

     The broad focus of studies described in this thesis is the identification of miRNAs that 

have altered expression during neovascularization of the retina using a rat model of oxygen-

induced retinopathy (OIR). miRNA-Seq studies carried out in rats, mice and humans show that 

retinal miRNAs in rats and mice are highly homologous with humans. In exploring the altered 

miRNAs in retinal neovascularization, we found four miRNAs of interest (miR-143, miR-126, 

miR-150 and miR-145) that were down-regulated in the retina preceding neovascularization in 

OIR rats. 

     Further investigation suggested that transforming growth factor-beta activated kinase 1 

(TAK1), a target gene of miRNA-143, was highly up-regulated in the retina of OIR rats. 

Selectively pharmacological inhibition of TAK1 activity by 5Z-7-Oxozeaenol led to significant 

reduction of angiogenic capability of human endothelial cells, as measured by cell proliferation, 

cell migration and tube formation. Moreover, 5Z-7-Oxozeaenol greatly suppressed vascular 

spouting of mice aortic explants. In vivo intravitreal administration of 5Z-7-Oxozeaenol 

profoundly attenuated the retinal neovascularization in OIR rats. 

     Previous studies have reported the down-regulation of miR-126 and miR-150 in OIR 

mice, and the restoration of these altered miRNAs led to significant suppression of retinal 

neovascularization in vivo. Here we focus on miR-143 rather than miR-126 and miR-150 to explore 

its therapeutic potential and underlying mechanisms in retinal neovascularization. Intravitreal 

administration of a synthetic miR-143 mimic into the eyes of OIR rats suppressed retinal 
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neovascularization by ~50%. Further RNA-Seq identified that a gene cluster mediated by Fos, an 

inflammatory and stress gene, plays a crucial role in the suppression of retinal neovascularization 

in OIR rats by the restoration of miR-143.  

     Plasmid vectors of reporter genes and corresponding elements of altered miRNAs such 

as miR-143, miR-126 and miR-150 were devised. Co-transfecting the devised plasmids with 

corresponding mimic of the altered miRNAs in HEK293A cells inhibited reporter gene expression. 

In the context of gene therapy for retinal neovascularization, the results indicate that therapeutic 

gene expression could be regulated in accordance with the disease activity through altered 

miRNAs. 
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CHAPTER 1 LITERATURE REVIEW  

1.1 Introduction  

The retina is supplied by two discrete vascular beds – the retinal circulation and the choroidal 

circulation (1). The retinal circulation supplies the inner two-thirds of the tissue, and this 

consists of superficial and deep networks (1). The outer retina is avascular and is supplied by 

choroidal capillaries that lie underneath the retinal pigment epithelium. Normally, the retinal 

circulation develops in utero by two mechanisms: vasculogenesis (formation of vessels from 

vascular precursor cells) and angiogenesis (sprouts from existing vessels) (2). The superficial 

network develops first, mainly by vasculogenesis, and covers the entire retina at approximately 

26 weeks of gestational age (3). The development of the deep network lags behind that of 

superficial network and is mostly complete by birth (3). Under certain circumstances, however, 

abnormal vascular growth occurs in the retina. In this case, poorly formed fragile blood vessels 

sprout from retinal vessels and grow into the vitreous (4). This pathological angiogenic process 

is termed neovascularization (4, 5). 

Retinal neovascularization is a hallmark of a number of vascular retinopathies including 

proliferative diabetic retinopathy (PDR), central retinal vein occlusion (CRVO), and 

retinopathy of prematurity (ROP) (6). The abnormal new retinal blood vessels are prone to 

bleeding, resulting in a moderate or severe vision loss. Despite with some differences, the 

vascular retinopathies are characterized by endothelial proliferation and migration, elevated 

vascular permeability and inflammation, all processes in which vascular endothelial growth 

factor-A (VEGF-A) plays a crucial role (6). More recently, its inhibition via ocular anti-VEGF 

therapies represents an important treatment for vascular retinopathies, which have shown a 

greatly reduced risk of vision loss. However, there is increasing evidence that some patients 
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are not responding well to such treatments (7). This dilemma has driven clinicians and scientists 

to seek other potential approaches in order to ultimately benefit the patients.  

MicroRNAs (miRNAs) are a class of small non-coding RNA molecules that function 

as guide molecules in RNA silencing (8). miRNAs hybridize to the 3’-untraslated regions 

(UTRs) of target mRNAs and either inhibit translation or degrade transcripts (9). Since 

miRNAs are not perfectly complementary to their target mRNA, they are capable of regulating 

thousands of genes that are involved in many signalling pathways. Therefore, miRNAs may 

play crucial roles in physiological and pathological biogenesis of variety of diseases such as 

tumor development. According to their expression level and major target oncogenes, miRNAs 

may act as oncogenic miRNAs or tumor suppressors miRNAs in tumorigenesis (10). 

Oncogenic miRNAs are generally increased in cancers and contribute to tumor development 

and progression by silencing tumor suppressor genes, while tumor suppressors miRNAs are 

generally decreased in caners, and function by targeting oncogenes involved in tumorigenesis 

(10). Insights into the regulatory roles of miRNAs in carcinogenesis have made miRNA an 

attractive tool to develop novel therapeutic approaches for a variety of diseases. Indeed, several 

miRNA-targeted therapeutics have stepped into clinical trials, including a mimic of tumor 

suppressor miRNA, miR-34, for cancer, and antimiRs targeted at miR-122 for hepatitis (11). 

Since the first miRNA was discovered, miRNA studies have emerged and many of them have 

provided strong evidences that miRNA play crucial roles in the pathogenesis of many ocular 

disorders. However, clear roles of miRNAs in retinal neovascularization have remained elusive 

possibly due to the difficulty of harvesting human retinas with retinal neovascularization. 

Animal models of retinal neovascularization thus become the major source to investigate the 

roles of miRNAs in retinal neovascularization, although animal-based studies provide limited 

information. Nevertheless, it is important to understand the roles of miRNAs in the 
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pathogenesis of retinal neovascularization as recognition of such roles may provide avenues to 

identify new therapeutic targets for therapy. 

Gene therapy has long fascinated scientists, clinicians and the general public as it can 

potentially treat disease at its genetic root. However, gene therapy had a chequered beginning 

about two decades ago (12). One of prominent failures in history of gene therapy is the death 

of Jesse Gelsinger in 1999 (13). He had a condition called ornithine transcarbamylase 

deficiency. Patients with such disease lack a functional enzyme involved in breaking down 

ammonia, a water product of protein metabolism that becomes toxic when its levels elevate too 

high (13). Jesse Gelsinger received the gene therapy that used a viral vector to introduce a 

normal gene encoding the enzyme. However, he had experienced massive immune response 

triggered by gene therapy which eventually led to his death (14). Although the progress in gene 

therapies was subsequently halted for some time, recent approaches to tackling gene correction 

in the limited and somewhat immune privileged environment of the eye have rekindled interest 

in the development of new therapeutic approaches. miRNA-based gene therapies have 

demonstrated promising outcomes in a number of preclinical studies, leading to further 

development of such therapeutics in clinical settings (11). Traditional gene therapy may be 

associated with a number of side effects, including persistent transgene expression, which may 

interfere with physiological process in the target cells or tissues (15). An emerging strategy 

termed “controllable gene therapy” has the potential to minimize such side-effects. In this 

chapter, recent developments in controllable gene therapies will be discussed, and opportunities 

for the application of this technology to the treatment of retinal neovascularization are 

introduced.  
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1.1.1 Overview and epidemiology of retinal neovascularization 

Neovascularization is a type of pathological angiogenesis that specifically occurs in the eye, 

with the potential to lead to a severe visual impairment (Figure 1.1). The unique architecture 

of the retina with dual blood supply make it possible to distinguish two types of 

neovascularization, including retinal neovascularization and choroidal neovascularization (6). 

In retinal neovascularization, sprouting retinal vessels sitting in the two-thirds of inner retina 

penetrate the inner limiting membrane and grow into the vitreous, and in some cases, grow 

through the avascular outer retina into the subretinal space (6). In choroidal neovascularization, 

sprouts from choroidal vessels penetrate Bruch’s membrane and grow underneath retinal 

pigment epithelium and subretinal spaces (16). Considerable clinical and animal studies have 

demonstrated that ischemia (or hypoxia) plays a central role in the pathogenesis of retinal 

neovascularization (17). Occlusion of retinal vessels leading to retinal ischemia is a 

characteristic that shared by some ocular disorders where retinal neovascularization occurs, 

including PDR, CRVO and ROP (6).  

 

Figure 1. 1 Schematic representation of the eye and retinal neovascularization.  

(a) The anterior segment of the eye, consisting primarily of cornea and iris, is separated from 

the posterior segment by the lens. The posterior segment consists primarily of vitreous and 
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retina. (b) The retina is a highly ordered, richly vascularized, and multilayered structure. 

Ischemic retinopathies, such as PDR, CRVO and ROP, can result in retinal neovascularization. 

Reproduced from Martin Friedlander, J Clin Invest. 2007; 117(3): 576–586. 

PDR, an advanced stage of diabetic retinopathy (DR), is a common complication of 

diabetes mellitus, and a leading cause of blindness among working-age populations. It is 

characterized by neovascularization that are prone to bleeding (pre-retina and vitreous 

hemorrhage) and are commonly associated with the formation of fibrous tissue (18). 

Contraction of pre-retinal fibrous tissue may cause traction to the retina and lead to retinal 

detachment. It is well established that PDR is strongly associated with the duration and the 

degree of hyperglycemia, yet the underlying mechanisms of the disease remains unclear (18). 

Nevertheless, numerous studies have shown that several pathways (including accumulation of 

advanced glycation end products, activation of the polyol pathway, the hexosamine pathway, 

the protein kinase C pathway, and poly (ADP-ribose) polymerase activation) (19) have 

collectively produce oxidative stress, inflammation, microvascular dysfunction and 

mitochondrial damage, resulting in the up-regulation of pro-inflammatory mediators, 

transcription factors, chemokines and adhesion molecules (20). The estimated global 

prevalence of PDR is 17 million (21). Moreover, the prevalence of PDR is anticipated to 

accelerate as the prevalence of diabetes is projected to rise from an estimated 415 million in 

2015 to nearly 642 million by 2040 (22). The social and economic burdens of vision-

threatening DR are massive. Additionally, the evidence suggests that DR, particularly in the 

vision-threatening stage such as PDR, has several debilitating effects on quality of life, 

considerably affecting the social, emotional, and physical well-being of patients (23).  

Occlusion of the central retinal vein at the level of the optic nerve is referred to as 

CRVO (24). CRVO is one of types of retinal vein occlusion (RVO), which is the most common 
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retinal vascular disease after DR (25). It can be a debilitating and detrimental process affecting 

majorly the adult population. Even though the understanding of the disease is poorly unclear, 

it is assumed that venous occlusion induces ischemia and hypoxia that ultimately result in 

macular oedema (the build-up of fluid in the macula, an area in the center of the retina) and 

neovascularization. Although much less common than another category of RVO, branch retinal 

vein occlusion (BRVO), CRVO can cause a severe vision impairment due to the occlusion of 

retinal venous drainage that occurs at central retinal vein (24). Globally, among an estimated 

16.4 million adults with RVO, 2.5 million have CRVO and 13.9 million have BRVO (25). Due 

to the extremely limited understanding of CRVO, there is no effective treatment previously for 

CRVO. However, the recent advent of anti-VEGF and dexamethasone therapies have greatly 

improved the efficacy of treatment of CRVO (26). From the perspective of economic and 

societal impact, it is reported that patients with CRVO have a lower vision-related quality of 

life than those without ocular diseases (27). 

ROP is a proliferative disorder of developing retinal blood vessels in the immature 

retina and may lead to poor visual acuity or blindness in preterm infants. The exact etiology of 

ROP is not fully understood and many factors may contribute to the pathogenesis and 

progression of the disease. Prematurity, genetic predisposition, hypoxia, ischemia, insulin-like 

growth factor 1 (IGF-1) and VEGF all have been shown to be associated with the development 

of ROP (28). Moreover, severity of illness, sepsis, acidosis, light and blood transfusions have 

also been shown to be important to ROP (29). Among these risk factors, the degree of 

prematurity itself remains the most significant risk factor, allowing the avascular retina of 

premature babies being at the highest risk (30, 31). It has been shown that incidence and 

severity increase worldwide with low birthweight (LBW) and short gestation (32). A meta-

analysis comprising of 13 population-based studies over the past decade from countries of a 

neonatal mortality rate <5 per 1000 births showed 22% of infants of <32 weeks of gestation 
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developed ROP of any stage (33). Given the great advances in the diagnostic techniques and 

improvements in the neonatal intensive care over years, the diagnosis of ROP is increasing. A 

study reported in 2011 that incidence of ROP has significantly increased from 12.8 per 1000 

LBW babies in 1990 to 125.5 per 1000 LBW babies (34). Moreover, severe ROP remains a 

significant problem due to the survival of extreme LBW (<1000g) babies (35).  

1.1.2 Limitation of current managements 

Although current managements for retinal neovascularization associated with a variety of 

diseases can be effective, they are not without their drawbacks. Laser photocoagulation of the 

peripheral retina has proved to be a gold standard, time tested and effective treatment modality 

for PDR and CRVO as well as ROP. However, it is essentially a destructive procedure that 

does not improve vision and often results in reduced contrast sensitivity and impaired color 

perception, as well as reducing the visual field (36). Intravitreal anti-VEGF agents have short-

term efficacy due to the clearance from the eye, thus frequent injections, typically monthly, are 

needed. This carries the risks of injection-associated complications such as intraocular 

inflammation, haemorrhage, increased intraocular pressure, retinal detachment and potentially 

devastating infections (endophthalmitis) (37). Moreover, the safety and efficacy of the long-

term use of anti-VEGF agents not yet well known, and irreversible side effects might include 

retinal neurodegeneration and atrophy of choriocapillaris (38, 39). Surgical intervention is 

usually applied for patients in an advanced stage of PDR and ROP. The major concern of the 

surgical management is a wide variety of complications that can occur with surgery such as 

rhegmatogenous retinal detachment, elevated intraocular pressure and cataract (40, 41). 

1.2 Pathogenesis of retinal neovascularization 

The pathogenesis of retinal neovascularization has been intensively investigated over the last 

few decades and is relatively well understood. While a great deal has been elucidated about the 
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molecular mechanisms of retinal neovascularisation, the complexities of the process are still 

being realised and many regulators of the process are still being identified. Numerous studies 

have indicated that retinal neovascularization is likely due to the insufficient oxygen 

consumption to meet demand in the retina, or hypoxia. Hypoxia may arise because of vascular 

occlusion caused by various pathologies in the retina, such as hyperglycemia in diabetes, 

thrombosis in vein occlusions, or vascular development delay in ROP (42). As a driving force, 

hypoxia dysregulates a number of growth factors and cytokines mainly relating to angiogenesis 

and inflammation, which collectively result in retinal neovascularization (43). Among these 

growth factors and cytokines for angiogenesis, many studies supported that VEGF is, indeed, 

a major mediator of intraocular neovascularization (44). Two of the most prominent studies 

measured the VEGF levels in the eye fluids from patients and found a strong correlation 

between VEGF concentration and active PDR, CRVO or ROP (45, 46). These studies laid the 

cornerstone for the subsequently intensive studies of anti-VEGF treatment for 

neovascularization. Other growth factors and cytokines that do not directly stimulate 

angiogenesis can modulate angiogenesis by affecting VEGF in a hypoxic context, thus 

resulting in an indirect angiogenic or antiangiogenic effect (47).   

Inflammation-derived angiogenesis is observed in retinal neovascularization at least in 

part because recruitment of leukocytes from blood to angiogenesis are processes that occur at 

the level of the microvasculature during pathological condition (48). For example, a study 

showed that vitreal macrophages (one type of leukocytes) are attracted to the site of retinal 

neovascularization and actively participate in vascular development in an animal model of 

ischemia-induced retinopathy (49). Leukocytes can regulate various pro-angiogenic process by 

promoting a number of factors such as VEGF, erythropoietin, IGF-I, angiopoietin, platelet-

derived growth factor (PDGF), hypoxia-induced factor (HIF), various chemokines and 

cytokines, as well as extracellular proteinases such as matrix metalloproteinases (MMP)-2 and 
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MMP-9 (50-52). These factors are important as they can increase the inflammatory activities 

by recruiting more leukocyte subtypes and further affecting their functions. 

1.2.1 The role of VEGF 

VEGF, a dimeric glycoprotein of about 40kDa, is an endothelial cell mitogen that promotes 

proliferation, tube formation and migration, leading to formation of new blood vessels. VEGF 

is a group of molecules that segregate into seven families: VEGF-A, VEGF-B, VEGF-C, 

VEGF-D, VEGF-E, VEGF-F and placental growth factor (PlGF) (53). Each of these families 

consists of a variety of isoforms arising from alternative splicing, however, with similar binding 

sequences. Moreover, each of families has a distinct physiological effect in angiogenesis.          

In the context of ocular angiogenesis, VEGF-A isoforms are the major contributors. 

Splicing of eight exons and seven introns results in at least six VEGF-A isoforms (VEGF121, 

VEGF145, VEGF165, VEGF183, VEGF189, and VEGF206). Among them, VEGF121, VEGF165 and 

VEGF189 are the most abundant forms (54, 55). The solubility of these isoforms is reliant on 

heparin binding affinity. VEGF189 and VEGF206 have strongest binding affinity for heparin, 

resulting in accumulation in the extracellular matrix. VEGF165 is less bound to heparin, yet still 

can be retained in the matrix, and VEGF121 does not bind heparin (56). Additionally, plasmin 

and MMP-3 can cleave VEGF165, resulting in a product of N-terminal 113-amino acid peptide 

that lacks heparin binding affinity, but nevertheless maintains its bioactivity (57).  

Soluble VEGF binds to the extracellular binding domains of the transmembrane VEGF 

receptors (VEGFRs) including VEGFR-1 (fms-like tyrosine kinase, flt-1), VEGFR-2 (fetal 

liver kinase, flk-1), and VEGFR-3 (flt-4). The VEGFRs consists of three components: an 

approximately 750-amino-acid-residue extracellular VEGF binding domain, the single 

transmembrane region, followed by intracellular tyrosine kinase moieties (58). Both of 

VEGFR-1 and VEGFR-2 bind VEGF-A, but VEGFR-1 has a much higher binding affinity than 
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does VEGFR-2. However, VEGF-A mainly binds to VEGFR-2 which is likely because most 

of VEGFR-1 preferentially decoys PlGF.   

Hypoxic or ischemic environments created by an occlusive retinopathy upregulates 

VEGF expression (59, 60). This pathological condition restrains the hydroxylation of the 

transcription factor, HIF-1α (“cell’s oxygen sensor”), inhibiting its binding to von-Hippel 

Lindau factor, and subsequent proteosomal destruction. A complex formed by dimerization of 

HIF-1α and HIF-1β enters the nucleus where it acts as transcription factor and increases VEGF 

gene expression and promotes VEGFR-1 and VEGFR-2 transcription (61). 

Experimental and clinical evidence suggest a central role of VEGF-A in retinal 

neovascularization. An earlier study using newborn kittens demonstrated that high levels of 

inspired oxygen cause retinal vessel closure and retinal neovascularization, which helped to 

elucidate the mechanism of ROP and provided a template for reliable animal models of 

ischemic retinopathy (62). Comparing to other animals, the mice model of oxygen-induced 

ischemic retinopathy is widely used to investigate molecule roles in retinal neovascularization 

due to the relatively low cost of mice and well understanding of mouse genetics (63). The high 

oxygen environment (hyperoxia) where neonatal mice stay reduces levels of VEGF in the 

retina, repressing vascular development, and resulting in regression of newly developed blood 

vessel. This is because the endothelial cells under hyperoxic condition, unlike endothelial cells 

of mature vessels, are dependent upon VEGF for survival (64, 65). However, when neonatal 

mice return to room air, the pooled vessel-perfused retina turns to hypoxia, leading to excessive 

production of VEGF which promotes retinal neovascularization (66). Experimental increase of 

VEGF levels can also induce retinal neovascularization in animals. For example, sustained 

intravitreal release of VEGF165 (One of VEGF-A isoforms) by implantation of pellets 

containing 30 µg of VEGF165 into the vitreous cavity of rabbits resulted in widespread retinal 

dilation, breakdown of the blood-retinal barrier (BRB) and ultimately retinal 
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neovascularization (67). In vivo inhibition of VEGF action could suppress retinal 

neovascularization were confirmed by a number of studies, further indicating that VEGF plays 

a critical role in retinal neovascularization  (68-70).  

Several studies in humans also point to the critical role of VEGF in retinal 

neovascularization. VEGF levels were significantly higher in vitreous from patients with 

proliferative retinopathy compared to healthy controls (71, 72). In situ hybridization analysis 

demonstrated that the retinal neovascularization being accompanied by an induction of VEGF 

expression only occurred in the poorly perfused retina layer (73). Moreover, another in situ 

hybridization analysis of an autopsy specimen with stage 3 ROP (severely abnormal blood 

vessel growth) showed elevated VEGF mRNA expression in the peripheral avascular region in 

the ganglion cell layer and inner nuclear layer (74). The great successes of two pivotal trials 

(MARINA: minimally classic/occult trial of the anti-VEGF antibody ranibizumab in the 

treatment of neovascular AMD; ANCHOR: anti-VEGF antibody for the treatment of 

predominantly classic choroidal neovascularisation in AMD) (75) using anti-VEGF agents to 

treat neovascular AMD has significantly promoted the studies of anti-VEGF treatment for 

retinal neovascularization. In fact, a review study of anti-VEGF agents for PDR summarized 

that off-label use of anti-VEGF agents was found to be beneficial is PDR particularly in cases 

with neovascular glaucoma, persistent vitreous haemorrhage, and before vitrectomy (76).   

1.2.2 Other growth factors  

Although VEGF is the most widely studied growth factor involved in retinal 

neovascularization, other growth factors have been demonstrated to play important roles in this 

process. IGF-1 is a potent somatic growth factor that binds to surface receptors on most cell 

types and has broad effects (77). Studies showed that IGF-1 plays a role in retinal 

neovascularization. A study using an acidosis-induced retinopathy rat model showed that 
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retinal neovascularization is relevant to down-regulated IGF-1 mRNA expression prior to 

maximal neovascularization and up-regulated VEGF mRNA expression at the time of maximal 

neovascularization (76). Similar changes of IGF-1 and VEGF expression are also seen in a 

severe form of oxygen-induced retinopathy (OIR) rat model where carbon dioxide is added to 

the inspired environment (78). Moreover, a study explored the role of endogenous IGF-1 in 

OIR, and results showed that higher availability of endogenous or exogenous IGF-1 reduces 

OIR risk (79). These results suggest that IGF-1 may be protective and can interact with VEGF 

in retinal neovascularization. In fact, a study showed that IGF-1 receptor may regulate VEGF 

action at least in part through control of VEGF activation of p44/42 mitogen-activated protein 

kinase (80). 

PlGF, a homologue of VEGF, is a multifunctional peptide associated with 

angiogenesis-dependent pathologies in ocular disorders (81). High levels of PlGF have been 

found in the vitreous of patients with retinal vascular diseases such as PDR (82). PlGF 

specifically activates VEGF receptor 1 (VEGFR1), however VEGF-A activates both VEGFR1 

and VEGFR2 (83). In retinal vascular diseases where VEGF-A levels are high, it is unlikely 

that neutralization of PlGF alone would benefit patients more because VEGF-A also activates 

VEGFR1 (63). In other cases of patients with high levels of PlGF, neutralization of VEGF 

would not eliminate all stimuli that contribute to the diseases process. Thus, aflibercept, an 

intravitreally administered anti-VEGF and anti-PlGF agent, has recently been developed for 

retinal neovascularization, providing an advantage over ranibizumab and bevascizumab 

(agents target VEGF alone) (63).  

Erythropoietin (EPO) is a major hematopoietic growth factor that mediates the 

formation of red blood cells by binding to the EPO receptor (84).  Studies have shown that the 

activity of EPO and its receptor is not only limited to erythroid or hematopoietic cells but also 

is involved in the development of in vivo angiogenesis as well as retinal neovascularization 
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(84). Studies using mouse model of proliferative retinopathy found that EPO mRNA 

expression are highly increased during the proliferative phase of retinopathy, and inhibition of 

EPO mRNA expression with siRNA can effectively suppress retinal neovascularization (84, 

85). Moreover, a study showed that vitreous EPO levels are higher in patients with PDR than 

in those with non-diabetic ocular diseases and suppression of EPO significantly reduced 

hypoxia-induced retinal neovascularization in a mouse model of ischemia-induced 

proliferative retinopathy (86). Besides, this study also demonstrated that EPO is more strongly 

associated with the presence of PDR than is VEGF, suggesting that EPO might act 

independently of VEGF during retinal neovascularization in PDR (86).  

Angiopoietin and the Tie2 receptor are endothelial cell-specific, ligand-receptor system 

which is crucial not only in vascular development but also in pathological angiogenesis (87). 

Tie is a tyrosine kinase receptor that is specifically expressed in developing vascular 

endothelial cells (88). The four known angiopoietins all bind to Tie-2 (89). A study of a model 

of corneal angiogenesis showed that angiopoietin-1 and -2 (Ang-1 and Ang-2) promote VEGF-

induced neovascularization (90). Moreover, intravitreal injection of soluble Tie2 fusion protein 

suppressed retinal neovascularization in a mouse model of retinal ischemia (87). Unlike most 

growth factors promoting the early stage of angiogenesis, Ang-1 and Ang-2 mediates late 

stages such as vascular remodelling and maturation (91). Studies have demonstrated that Ang-

2 levels were increased in the retina of ischemia-induced retinopathy model mice and appeared 

to counteract VEGF effects, resulting in suppression of angiogenesis (92, 93).  

PDGF is a potent ubiquitous mitogen that modulates endothelial proliferation and 

angiogenesis (94). Studies revealed that reduced pericyte density, a key feature of retinal 

neovascularization in diabetes, was correlated with low PDGF levels in retinal vascular 

changes typical of diabetic retinopathy, such as formation of microaneurysms and 

neovascularization (95, 96). Mice studies have revealed that retina-specific expression of 
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PDGF-B leads to severe neovascularization and retinal detachment (97). Likewise, increased 

migration and proliferation of endothelial cells induced by PDGF were also found in rabbits 

(98). A study measuring vitreous levels of PDGF in humans found that PDGF levels were up-

regulated in both diabetic and non-diabetic proliferative retinopathy, suggesting that ischemia 

might be a strong stimulator of growth factor in the retina (99). In fact, several clinical trials 

investigating the role of PDGF antagonist in human vascular retinopathy (100). Preliminary 

results from these studies showed positivity in patients in a relatively short term in terms of 

visual gain and decreased central retinal thickness (100). Thus, studies looking at the safety 

profile of the PDGF antagonist as well as their efficacy over a long term should be conducted. 

1.2.3 Chemokines, cytokines and proteinases 

Chemokines are a family of molecules whose chemoattractant properties regulate the 

recruitment of leukocytes such as monocytes during immune surveillance and inflammation. 

They are grouped according to patterns of conserved cysteines, consisting of C (γ chemokines), 

CC (β chemokines), CXC (α chemokines), and CX3C (δ chemokines) families (101). 

Chemokine signalling is believed to play a role in regulation of angiogenesis during 

pathophysiological processes, such as ischemia, wound healing and tumorigenesis. In retina, α 

and β chemokines, such as Ccl2, Cxc11, and Cxc110, are upregulated in both wet and dry forms 

of AMD (102). In experimental choroidal neovascularization (CNV) and light-induced Cx3cr1-

/- models, ablation of Ccl2 or its receptor reduces monocyte infiltration and retinal degeneration 

(103, 104). An in situ study demonstrated that Ccl3, Ccl4, Ccl7. Cxc11, and Cxc110 were 

differently expressed by a combination of Müller cells, activated microglia, and RPE in a light-

induced rat model of retinal degeneration (105). Evidence also showed that the upregulation of 

Ccl2 was in relation to hematogenous macrophages in the retina, resulting in modulating the 

retinal response to ischemia-induced retinopathy (106).  
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Inflammatory cytokines play crucial roles in the development of pathological retinal 

neovascularization. Tumor necrosis factor (TNF)-α is one of the major cytokines in 

inflammation and apoptosis, with properties of anti- and pro-angiogenesis (107). In a model of 

OIR, inhibition of TNF- α via TNF-Rp55 can attenuate retinal neovascularization (108) and 

alter tuft regression by modifying endothelial cell apoptosis (109). Indeed, vitreous TNF- α 

expression level in patients with PDR exceeded those of controls (110). It is believed that 

cyclooxygenase (COX) and nitric oxide synthase (NOS) are involved in retinal angiogenesis 

(111). Inhibition of COX-2 or iNOS can attenuate retinal neovascularization and decrease 

VEGF and MMP-2 expression (111). Cell-type-selective chemotactic cytokine, interleukin 

(IL), produced by inflammatory cells, such as monocytes/macrophages and neutrophils play an 

active role in retinal neovascularization by promoting inflammation and angiogenesis. 

Introvitreal injection of recombinant IL-12 reduced both avascular areas and 

neovascularization in OIR mice by enhancing the expression of interferon-gamma (IFN-γ) and 

other downstream chemokines (112). Moreover, elevated expression level of vitreous IL-1β, 

IL-6 and IL-8 was found in patients with PDR (110, 113, 114). Other inflammatory mediators 

such as intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule 

(VCAM)-1 also have increased levels of expression level in the eyes of people with PDR (115). 

Together, these factors facilitate the invasion and migration of endothelial cells through the 

capillary basement and into the adjacent extracellular matrix. This invasive process is 

coordinated with the activity of extreacellular proteinases, including uroknase and the MMPs.  

The MMPs constitute another class of factors that involved in the formation of retinal 

neovascularization. It was shown that that levels of urokinase and MMP-2 and MMP-9 in 

retinas were significantly increased and inhibition of MMP suppressed retinal 

neovascularization in an OIR model (51). A study using MMP-2-/- and MMP-9-/- mice to induce 

OIR showed that there was a 75% and 44% reduction in retinal neovascularization relative to 
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wild-type control mice, suggesting that MMP-2 plays a predominant role in retinal 

neovascularization (116). Moreover, MMP-2 expression was detected in endothelial cells in 

retinal neovascularization tissue from PDR patients, and aqueous expression level of MMP-2 

was increased in patients of PDR compared to the controls (117).    

Together, all these factors, chemokines, cytokines and proteinases form a well-

coordinated and functional network of molecules involving in the physiological and 

pathological retinal angiogenesis. Increasing evidence suggest that anti-angiogenic strategies 

may require therapeutic approaches that target multiple players in pathways involved in retinal 

neovascularization (118-120). Indeed, microRNA (miRNA)-based therapeutics may serve as 

such therapeutic approach for retinal neovascularization. 

1.3 MicroRNA  

The first member of microRNA (miRNA) family, LIN-4, was identified in Caenorhabditis 

elegans (a free-living, transparent nematode) through a genetic screen for gene mutations in 

specific postembryonic developmental events (121). Studies further revealed that the most 

genes identified from mutagenesis screens are protein-coding genes except for LIN-4. LIN-4 

encodes a 22 nucleotide non-coding RNA that is an incompletely complementary to 7 

conserved sites located in the 3’-untranslated region (UTR) of the LIN-14 gene (122, 123). 

LIN-14 encodes a nuclear protein which is crucial to the larval development of Caenorhabditis 

elegans (122). LIN-4 can negatively regulate the expression of LIN-14 through partially binding 

to 3’-UTR of LIN-14 (123). The discovery of LIN-4 and its action of translational modification 

brought up a new mechanism of gene regulation in organismal metabolism and development. 

The findings also sparked a series of molecular and biochemical studies that demonstrated that 

both precise and imprecise base pairing between LIN-4 and 3’-UTR of LIN-14 was critical for 

the regulation LIN-14 expression (124-126). The LIN-4 RNAs base pair to sites in the LIN-14 
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3’-UTR to form multiple RNA duplexes that serve to down-regulate LIN-14 translation (126). 

The association between LIN-4 and the LIN-14 3’-UTR allows normal translational initiation, 

while inhibits such steps afterwards, such as translational elongation and/or the release of stable 

LIN-14 protein (124). It was initially thought LIN-4 mRNA was unique to Caenorhabditis 

elegans, however a study identified a small RNA, let-7, also in Caenorhabditis eleganst that 

similarly acted as a negative regulator of LIN-41 and HBL-1 (LIN-57) by binding to their 3’-

UTR (127-129). The identification of let-7 not only demonstrated regulation of gene expression 

by small non-coding RNAs, but also suggested that such regulation might be universal across 

species. Indeed, both LIN-4 and let-7 were evolutionarily conserved across a wide range of 

species from molluscs to flies, as well as mice and humans (130). To date, thousands of 

miRNAs have been identified in various organisms, and their unique molecular functions in 

regulating gene expression have been extensively studied in both normal cell function and 

pathophysiological conditions.  

There are a number of classes of small endogenous RNA molecules involved in cellular 

functions, such as small transfer RNA (tRNA), ribosomal RNA (rRNA), small nucleolar RNA 

(snoRNA), small interfering RNA (siRNA) and miRNA. Of these, siRNA and miRNA are 

usually functionally and biochemically indistinguishable (Table 1.1). Both are ~22 nucleotides 

long and packed into RNA induced silencing complexes (RISCs) to silence target gene 

expression (131, 132). These two classes of small RNAs are differentiated from each other by 

their respective origins. siRNA is from a long double-stranded RNA (dsRNA) while miRNA 

is derived from a double strand of larger precursors that form imperfect stem-loop structures 

(60-70 nucleotides long). Moreover, miRNAs were viewed as endogenous and expressed 

products of an organism’s own genome, whereas siRNA were believed to be sampled more 

randomly from long dsRNA that can be introduced exogenously or produced from bi-

directionally transcribed endogenous RNAs that anneal to form dsRNA (133). 
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Table 1. 1 Comparison of general attributes between miRNA and siRNA.  

Adapted from Lam JK, Mol Ther Nucleic Acids. 2015; 15(4):e252. 

 miRNA siRNA 

Prior to Dicer processing  Precursor miRNA (pre-

miRNA) that contains 70-

100 nucleotides with 

interspersed mismatches and 

stem-loop structure 

Double stranded RNA that 

contains 30 to over 100 

nucleotides 

Mature structure  19-25 nucleotide RNA 

duplex with 2 nucleotides 3’-

overhang 

21-23 nucleotide RNA 

duplex with nucleotides 3’-

overhang 

Complementary to mRNA Partially (in most of cases) or 

completely complementary 

to mRNA, typically targeting 

the 3' untranslated region of 

mRNA 

Completely complementary 

to mRNA 

mRNA target Multiple (could be over 100 

at the same time) 

Unique one 

Mechanism of silencing 

gene 

Translational repression 

Degradation of mRNA 

Endonucleolytic cleavage of 

mRNA (rare, only when 

there is a high level of 

complementary between 

miRNA and mRNA) 

Endonucleolytic cleavage of 

mRNA  

Clinical application Drug target, therapeutic 

agent, biomarker tool 

  Therapeutic agent  

 

1.3.1 Biogenesis 

Human miRNA biogenesis consists of series of events occurring in the nucleus and 

subsequently in the cytoplasm (Figure 1.2). miRNA is transcribed and subsequently cleaved 

by two ribonucleases (RNase) III endonuclease, Drosha and Dicer. These processes result in a 

miRNA duplex (miRNA passage and miRNA mature strand), and ultimately a mature strand 

that is released into the cytoplasm.    
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Figure 1. 2 Schematic describing a general model of miRNA biogenesis and function.  

After transcription by RNA polymerase II, miRNA primary transcripts are recognized by 

DGCR8 and Drosha in the nucleus, which cleaves the hairpin precursor. Exportin-5 transports 

the precursor miRNA to Dicer and its RNA binding partner, TRBP/Loqs, for final processing 

to a mature 22-nucleotide miRNA. One strand is selected for binding with Argonaute, where it 

serves as a guide to specifically target mRNAs. Depending upon complementarity with target 

mRNA, miRNA regulates mRNA at post-transcriptional level via a different mechanism. 

1.3.1.1 Transcription  

RNA coding sequences are located in various genomic regions, most frequently within 

intergenic regions and introns of protein-coding genes (134, 135). Intronic miRNAs share the 

same promotor as their host genes and are transcribed along with the primary transcript. 

Alternatively, intronic miRNAs may be independently transcribed under the control of their 

own promoter (136). In contrast, intergenic miRNAs are far from known protein-coding genes 
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and are thought to be transcribed under the regulation of their dedicated promoters (137, 138). 

Genomic studies have indicated that primary miRNA precursors are akin to mRNA, which 

consist of distinct 5’ and 3’ boundaries, 7-methyl guanylate (m7G) caps and poly (A) tails 

(139). It is believed that the majority of miRNAs are transcribed by RNA polymerase II (140, 

141). Polymerase II is a catalytic component of the complex of proteins that responsible for 

DNA transcription (142). Other studies have found that polymerase III is able to synthesize 

small non-protein coding RNAs that are responsible for regulating cell cycle and growth (143, 

144).  

1.3.1.2 Nuclear processing  

Following transcription, nascent miRNAs (pri-miRNA) are cleaved sequentially by two RNase 

III enzymes, Drosha and Dicer (Figure 1.2). Both are ds-RNA specific endonuclease that 

produces two nucleotide-long 3’ overhangs at the cleavage site (145). Drosha is a 145-160 kDa 

protein with primarily nuclear localization and containing two RNase III domains (RIIIDa and 

RIIIDb). RIIIDa cleaves the 3’ strand of the pri-miRNA, while RIIIDb cleaves the 5’ strand, 

resulting in the pre-miRNAs of ~70 base pairs (bp) that contains an imperfect stem-loop 

structure (146). It is suggested that a number of proteins binding with Drosha help cleave the 

pri-miRNA. These include double-stranded RNA binding proteins (dsRBDs), heterogeneous 

ribonucleoprotein particle (hnRNPs), DEAD-box/DEAH-box RNA helicases and DiGeorge 

syndrome chromosomal region 8 (DGCR8) (146). Of these proteins, DGCR8 is believed the 

most important protein for Drosha pri-mRNA processing. The complex of the Drosha and 

DGCR8 is generally known as the Microprocessor (147). Drosha has preferential affinity for 

pri-miRNA hairpins with large (≥10 nucleotides) unstructured terminal loop sequences (148). 

The loop sequence is not essential, while the flanking single-stranded RNA (ssRNA) segments 

are crucial for Drosha process (149). A study demonstrated that the loop could be easily 
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replaced by an extended duplex with open termini in a synthetic hairpin (149). These studies 

suggested that Microprocessor complex recognizes the pri-miRNA at the ssRNA regions 

flanking the base of the lower stem. A biochemical study has revealed that Drosha cropping 

site is generally ~11 nucleotides from the end of the loop, suggesting that Drosha may function 

as a molecular measurer that measures the distance from either end of the stem or loop to 

determine the cropping site (149).  

1.3.1.3 Transportation from nucleus into cytoplasm  

After initial cleavage by Drosha, the pre-miRNA hairpin product is exported from the nucleus 

into the cytoplasm by active Exportin-5 in a Ran-GTP-dependent manner (150) (Figure 1.2). 

In the nucleus, the Exportin-5 forms a trimetric complex with Ran-GTP and its pre-miRNA 

cargo. One proposed model of pre-miRNA transport postulated that export of the pre-miRNA 

is activated when the Exportin-5 recognizes the >14bp dsRNA hairpin with a 3’ overhang 

followed by binding to the pre-miRNA and GTP-bound cofactor Ran in the nucleus (150). The 

complex is subsequently translocated through the nuclear pore complexes, which are large 

proteinaceous channels embedded in the nuclear membrane (151). Once inside the cytoplasm, 

the GTP is hydrolyzed to GDP, resulting in a conformational change in Ran and dissociation 

of the complex and the release of pre-miRNA hairpin (152).  

1.3.1.4 Cytoplasmic processing and maturation  

After translocation into the cytoplasm, the hairpin precursors are subjected to a second cleavage 

reaction by Dicer and its double-stranded RNA binding cofactor trans-activation response 

RNA-binding protein (TRBP, also called loquacious, Loqs), which turns the pre-miRNA into 

a small dsRNA that contains both the mature and passenger strands (153) (Figure 1.2). The 

mature strands are bound to argonaute (AGO) proteins, whereas mostly passenger strands are 

degraded in the cellular apparatus. However, in some cases, passenger strand may also be 
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biologically functional (154). For example, a study demonstrated that fibroblast exosomal-

derived miR-21* (passenger miRNA strand) is a potent paracrine-acting RNA molecule that 

induces cardiomyocyte hypertrophy. To differentiate the two strands, the nomenclature for 

miRNA is thus applied that uses suffixes -5p or -3p dependent on which side of the stem loop 

they are from.  

Human Dicer is a 218 kDa protein that resides primarily in cytoplasm and co-localizes 

with the endoplasmic reticulum marker calreticulin (155). Dicer contains a number of 

conserved globular domains including helicase domain, a DUF283 domain, a Piwi-Argonaute-

Zwille (PAZ) domain, a dsRNA-binding domain (dsRBD) and two tandem RNase-III domains. 

Studies on PAZ structures suggested that the PAZ domain is necessary for molecular ruler 

functionality and interact with dsRNA that present 2-nucleotide 3’ overhangs that result from 

Drosha cleavage (156, 157). Dicer cleavage also needs the presence of both overhang and 

minimally sized stem, suggesting that Dicer PAZ domain might place the site of the RNase-III 

cleavage on the stem of pre-miRNA though recognition of the end of the overhang (158). The 

efficient Dicer cleavage generates ~22 nucleotide miRNA duplex that contains passenger and 

mature strand of miRNA. As aforementioned, the passenger strand of this short-lived duplex 

is degraded, while the mature strand is remained as mature miRNA. The mature miRNA is 

quickly loaded onto an AGO protein to form an effector complex called RNA Induced 

Silencing Complex (RISC) (159).  

1.3.1.5 Post-transcriptional repression by microRNA  

miRNAs act as adaptors for the miRNA-RISC complex, enabling the complex to specifically 

recognize and bind to the target mRNAs. Nucleotide residues 2-8 located at the 5’ end of the 

miRNA, termed as “seed region”, are predominantly responsible for binding to the sequence 

at the 3’UTR of a target mRNA (160) (Figure 1.2). The miRNA regulation is highly depending 
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on the degree of complementarity in between miRNA and mRNA. Perfect complementarity 

between miRNA seed region and 3’ UTR of the target gene is likely to induce mRNA cleavage, 

leading to suppression of gene expression. However, partial seed complementarity coupled 

with binding other nucleotide residues with 3’UTR leads to translational repression. Studies 

have shown that translational repression is the most common mechanism by which miRNAs 

repress gene expression both in animals and plants (133). Perfectly complementarity may 

additionally engage in the miRNA regulation mechanism.  

1.3.2 MicroRNA and retinal development  

miRNAs have been affirmed its important roles in cell biology and tissue development. A 

number of transcriptome analyses have demonstrated that many miRNAs are expressed in the 

mouse retina and are involved in retinal development (161-164). The relative abundance of 

miRNAs in the retina is presumably because of the need for stringent regulation of gene 

expression which requires for complex cellular metabolism that meets the highly demanding 

and dynamic environment (165). 

miRNAs are indispensable to retinal development, survival and normal function. Our 

knowledge of the role of miRNAs in the retinal development depends largely upon analyses of 

the phenotypes observed after global loss of miRNA regulation induced by conditional knock-

out (CKO) of Dicer in mice. In Cre-mediated Dicer-CKO mice,  a study found that retinal 

progenitors were suffered from a variety of severities, thus resulting in abnormal phenotypes, 

likely dependent on the time and the degree of Dicer deletion (166). For example, when Dicer 

deletion began earlier in retinal development, or when Cre was consistently expressed 

throughout the development of retina, more severe phenotypes were observed. Indeed, a similar 

effect of cell death was also observed at different extents and times in all the retina of CKO 

mice when Dicer CKO occurred in the developing cortex (167). In addition, different Cre-
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mediated Dicer CKO would lead to various extent of retinal severity. For example, a study 

used a floxed Dicer conditional allele and the retinal Chx10Cre to remove specifically Dicer 

from the retina, resulting in reduced electroretinography (ERG) responses and morphological 

defects including the formation of photoreceptor rosettes at post-natal day 16 (168). Dicer CKO 

induced by αPax6Cre could inactivate Dicer in a less mature population of retinal progenitors 

than Chx10Cre, generating a more severe phenotype, such as increased production of early 

generated ganglion cells and horizontal cells (169). Moreover, Dkk3cre-mediated Dicer CKO 

led to tremendous death of retinal progenitor cells, resulting in microphthalmia and the absence 

of layers (170). Besides, distinct miRNA expressed in the retina is likely responsible for 

neuronal survival. By disruption of Rncr3 (the primary source of miR-124a), retinal cone cells 

degenerated in miR-124a deficient mouse (171). However, depletion of highly expressed 

miRNA in the retina such as miR-182 did not reveal any apparent structural abnormalities and 

thus miR-182 may be not a major determinant of retinal development (172). Global depletion 

of Dicer in mouse was shown that a significant reduction of mature miRNA and early lethality 

at embryonic day 7.5 (173). A study demonstrated that mice with deletion of Dicer gene 

displayed a retarded phenotype and died between days 12.5 and 14.5 of gestation and deficient 

blood vessel formation in the mutated embryos and yolk sacs (174). 

Different miRNAs may play key roles in controlling the timing of retinal neurogenesis. 

miRNAs such as let7, miR-9 and miR-125 are expressed in the early retinal progenitors and 

function as a key regulator throughout the retinal development. In Dicer CKO mice, the number 

of retinal ganglion cells was reduced due to down-regulation of these miRNAs, whereas up-

regulation of these miRNAs accelerated retinal neurogenesis (175). Moreover, miR-129, miR-

155, miR-214, and miR-222 were found to be down-regulated in the early progenitors as retinal 

development proceeds (166). Such down-regulation of these miRNAs is mediated by the 
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inhibition of the Shh signalling, which supports cell cycle progression, both in the retina (176) 

and in the mouse cerebral cortex (177), resulting in the lengthening the cell cycle. 

1.4 MicroRNA and angiogenesis  

Developmental vascular abnormalities attributable to Dicer deficiency have also been reported 

(174, 178, 179). Expression of crucial angiogenesis factors such as VEGF, VEGFR1, 

VEGFR2, angiopoietin-2 receptor, and Tie-1 were altered in CKO Dicer mice, likely through 

a process of miRNA that regulate expression of putative target proangiogenic genes (174). 

Another study showed that lack of Dicer resulted in female infertility in part due to the 

compromising new capillary vessel growth in the ovary (180).   

MicroRNA transcriptome analyses have suggested that miRNAs are involved in 

angiogenesis (181). Several miRNAs that are highly expressed in endothelial cells are thought 

to play major roles in vascular development and angiogenesis. Using a miRNA microarray, a 

study identified 27 highly expressed miRNAs in human umbilical vein endothelial cells 

(HUVECs), 15 of which potentially regulated the expression level of receptors for 

proangiogenic factors (181). In particular, they showed that miR-221 and miR-222 affected c-

Kit expression and thus controlled the ability of endothelial cells to contribute to angiogenesis. 

A study (182) summarized a number of miRNA profiling studies and identified a total of 200 

miRNAs that are likely to be expressed by endothelial cells. Among those miRNAs, at least 28 

were identified in more than half of the included studies. 

Several studies have explored the miRNA regulation of target genes and the resultant 

cellular function, implying that some miRNAs play the predominant roles in endothelial cell 

physiology. miR-126 is enriched in endothelial cells and endothelial progenitor cells, and is 

thus considered a master regulator of physiological angiogenesis (183). A study showed that 

miR-126 was responsible for endothelial cell migration, proliferation and the stability of 
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capillary tubes (184). Furthermore, loss of miR-126 in endothelial cells inhibited VEGF-

dependent Akt and Erk signalling by repression of the p85beta subunit of PI3 kinase and 

Spred1, respectively (185). Depletion of miR-126 in the zebrafish led to the loss of vascular 

integrity and haemorrhage during embryonic development (184). Additionally, miR-126 

knockout mice showed abnormal angiogenesis in the ordinarily avascular cornea (185) as well 

as leaky vessels, hemorrhaging, and partial embryonic lethality (186). Studies have also 

indicated that miR-126 acts, at least in part, by activating MAPK and PI3K signalling in 

response to VEGF and bFGF (178, 184, 186).  

The miR-17 ~ 92 cluster, also named OncomiR-1, was the first identified miRNA that 

promotes tumor growth as well as tumor angiogenesis (118). This miRNA cluster gene locates 

within an 800bp region of human chromosome 13 and encodes for six miRNA including miR-

17, miR-18a, miR-19a, miR-20a, miR-19b-1, and miR-92-a (187). Genetic analyses revealed 

that depletion of this cluster in mice resulted in early postal lethality, with severe hypoplastic 

lungs, ventricular septal defects and defects in B-cell development (188). The members of this 

cluster also have specific functions in endothelial cells. A study using Dicer-depleted cells 

found that transfection of VEGF-regulated miRNAs (miR-17-5, miR-18a, mi-20a) into these 

cells rescued and restored the defects in endothelial cell proliferation and organization induced 

by elimination of Dicer (189). Furthermore, treatment with anti-miRs targeting miR-17-5, -

18a, and -20a decreased the network of VEGF-induced HUVECs (179). These studies 

concluded that this cluster may in part mediate VEGF-induced proliferation and morphogenesis 

when Dicer is inactivated (179, 189). 

1.5 MicroRNA and retinal neovascularization  

It has been reported that around 480 miRNAs are expressed in the human retina by next 

generation sequencing (NGS) (190), and that many of these play roles in retinal development, 
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function and disease (191). Given the difficulties associated with of sampling human retinal 

tissue, most studies of miRNAs in retinal neovascularization rely on the use of animal models. 

Recent studies have profiled the pattern of the miRNA expression during retinal 

neovascularization in an OIR mouse model (192-194). In this model, a study using microarray 

showed that there were 67 differentially expressed miRNAs in OIR retinas, of which 6 (miR-

1907, miR-3970, miR-5107-5p, miR-133b-5p, miR-3962 and miR-145b) were significantly 

up-regulated and 11 (miR-495-3p, miR-677-3p, miR-let-7d-3p, miR-328-3p, miR-301a-3p, 

miR-128-3p, miR-872-5p, miR-181c-5p, miR-744-5p, miR-130a-3p and miR-377-3p) were 

remarkably down-regulated (194). Moreover, a microarray study reported that 8 miRNAs 

(miR-351, -762, -210, -145, -486, -339, -34c and -155) were significantly up-regulated while 

9 miRNAs (miR-129-5p, -150, -375, -203, 129-3p, -449a, -383, -1907 and -409) were down-

regulated in OIR retinas relative to normal controls (192). Likewise, another microarray 

analysis demonstrated that 7 miRNAs (miR-106a, -146, -181, -199a, -214, -424, and -451) 

were substantially increased while 3 miRNAs (miR-31, -150, and -184) were dramatically 

decreased in ischemic retina (193). The disparity between the three studies are likely due to 

different tissue collection time points and differing exposure to relative retinal hypoxia in the 

same strain of mice. In addition, it is likely that the aforementioned screening studies might 

have missed out some key miRNAs involved in retinal neovascularization as microarray assays 

lack the sensitivity of advanced approaches such as NGS (195).  

Studies have not only interrogated retinal miRNA expression profiles in retinal 

neovascularization, but also examined the role of several individual miRNAs in retinal 

neovascularization with in vitro and in vivo models. One study found that the expression of 

miR-210 progressively increased in endothelial cells upon exposure to hypoxia, and inhibition 

of miR-210 suppressed the angiogenesis in vitro (196). A study demonstrated that miR-21 

levels were overexpressed in the retina of db/db mice, a model of type 2 diabetes, and knockout 
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of miR-21 alleviated inflammation, microvascular damage and cell apoptosis in retinas of this 

model through increased peroxisome proliferator–activated receptor-α (PPARα). It also 

showed that miR-21 levels were upregulated and protein levels of PPARα are decreased, 

suggesting pathogenic role of miR-21 in diabetic retinopathy as well as retinal 

neovascularization through downregulation of PPARα (197). Another study also reported that 

miR-21 was up-regulated in OIR mice, and blockage of miR-21 by a specific antisense 

attenuated retinal neovascularization which was associated with rescuing of the expression of 

tissue inhibitor of matrix metalloproteinases 3 (TIMP3), a downstream target of signal 

transducer and activator of transcription 3 (STAT3)/miR-21 pathway (198). miR-155 

expression has been shown to be increased in human retinal microvascular endothelial cells 

treated with VEGF as well as in OIR mice (199, 200). miR-155 is inflammation-related and 

located mainly in areas of microglia activation. Deficiency of miR-155 led to reduced 

microglial activation and relative resistance to retinal vascular abnormalities following 

ischemic insult (200). Moreover, a study suggested that the mechanism by which inhibition of 

miR-155 results in alleviated retinal neovascularization could be via PI3K/Akt signalling 

pathway (199). OIR is associated with the up-regulation of a range of retinal miRNAs and the 

down-regulation of others. For example, miR-29a expression was decreased in OIR retinas 

compared to control retinas, while the protein levels of its target genes including VEGF, 

hepatocyte growth factor (HGF), angiotensin (ANG) and angiotensin II (AngII) were 

increased. By intravitreal injection of miR-29a mimics in OIR mice, the protein level of 

aforementioned target genes of miR-29a were down-regulated, and retinal vascular density and 

neovascularization was significantly reduced, suggesting that miR-29a plays an important role 

in retinal neovascularization through regulating its target genes (201). miR-150 was 

significantly suppressed in OIR mice in two studies using microarray assay (192, 193). A study 

(202) showed that miR-150 is endothelial-specific and that it substantially reduced endothelial 
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function including cell proliferation, migration, and tube formation as well as retinal 

neovascularization in vivo. Moreover, loss of miR-150 dramatically promoted vascular 

spouting in explanted aortic rings and choroid and significantly increased laser-induced 

choroidal neovascularization in vivo (202). Several novel miRNAs have been investigated as 

well. In particular, miR-126, generally regarded as one of key miRNAs governing vascular 

integrity, was significantly decreased in the retina of OIR mouse (203). Moreover, 

proangiogenic factors including VEGF, IGF-2 and HIF-α were decreased in the retina of OIR 

mice by restoration of miR-126 expression via intravitreal injection of plasmid pCMV-MIR-

126 expressing miR-126 (203). The proposed mechanism for these effects was via the down-

regulation of p38 and ERK signalling. miR-126 has also been demonstrated to regulate VCAM-

1 and BCL2L11, thus reducing endothelial cell apoptosis, vascular leakage, and retinal 

permeability in OIR, as well as protecting hypoxic retinal Müller cells via STAT3 signalling 

(204). In addition to endothelial-specific miRNAs, a few other miRNAs that associated with 

retinal angiogenesis such as miR-181a, miR-218, miR-329, and miR-410 have been reported 

to suppress retinal neovascularization in vivo through various mechanisms (205-208).  

1.6 Animal models of retinal neovascularization  

While rodent models of OIR are the most widely used experimental system to investigate 

retinal neovascularization in vivo, several other animal models of retinal neovascularization 

have been developed (16). The most commonly used models are presented below. Some 

models are based on retinal ischemia that induced by oxygen or the induction of retinal vascular 

occlusion using laser photocoagulation, with or without photodynamic therapy. Other models 

involve genetically modified animals that develop retinal neovascularization. Each of these 

models has its own limitations and none fully reflect the full spectrum of the human pathology. 
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1.6.1 Oxygen-induced model of retinal neovascularization 

Animal models of OIR have been used for retinal neovascularization research for more than 

six decades (209). The prototype of this model was been developed in cats (210), and then 

extended to other species including rats, mice, dogs, and zebrafish (16). OIR animal models 

involve the exposure of newborn animals to high ambient oxygen environments (hyperoxia), 

which inhibits the relative retinal hypoxia (a result of progressive retinal development and 

metabolic activity), which ordinarily drives retinal blood vessel development.  As a result, early 

retinal vascular development is arrested. During this first phase of the model retinal neuronal 

development continues without retinal vascularisation, with oxygen furnished via diffusion 

from the underlying choroidal circulation. In the second phase of the model animals are 

returned to room air (normoxia), inducing a state of relative hypoxia in the retina as oxygen 

diffusion from the choroidal circulation is no longer able to meet the demands of the 

metabolically active in avascular retina. This process mimics the retinal ischemia in the human 

pathology of retinal neovascularization and thus leads to unregulated, pathological 

neovascularization, where the upregulation of HIF drives the expression of a suite of 

proangiogenic factors including VEGF. Retinal neovascularization in this model  occurs 

between the junction of the vascular and avascular regions of the retina, followed by the gradual 

resolution of retinal neovascularization and remodelling of the retinal vessels in rodents (16). 

The most commonly used animal model of OIR is the mouse.  

Mouse OIR was first described by Smith et al. (211) in 1994. Newborn C57BL/6L mice 

and their nursing mothers were subjected to constant 75% oxygen from post-natal day 7 (P7) 

in an oxygen chamber for 5 days, followed by a return to room air at P12. Retinal 

neovascularization was induced at P17 and regressed over time. The major advantage of the 

mouse OIR model over other species is the availability of genetically modified mice, allowing 
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the study of specific genes associated with the pathogenesis of retinal neovascularization. 

Several other advantages such as reproducibility, low cost, large litter sizes and short 

generation times have contributed to the wide adoption of this model. However, retinal vascular 

arrest and subsequent retinal neovascularization develops in the central retina in mice as 

opposed to the peripheral retinal, where it principally develops in humans. Despite this major 

drawback, the OIR mouse model is widely accepted to simulate many of the cellular and 

molecular mechanisms of human ROP and hypoxia-induced human retinal angiogenesis more 

broadly.  

OIR in rats was reported firstly by Ricci in 1990 (212), and a number of revisions based 

on the original induction protocol were developed (213-216). Unlike in conventional OIR 

mouse models, where the exposure to high ambient oxygen levels is constant, OIR rat models 

typically involve exposure to alternating cycles of hyperoxia and normoxia (relative retinal 

hypoxia) (16). In the original report of rat OIR, Ricci et al. described exposing newborn rat 

litters to humidified oxygen at 80% from P0 to P7 and later to room air (21% oxygen) from P7 

to P14 (217). While pathological changes in retinal structure and function were found in this 

model, the retinal neovascularization did not occur. Penn et al. observed the pre-retinal 

neovascularization in the newborn rats after exposure oxygen cycling between 40% and 80% 

every 12 hours for 14 days, followed by room air exposure for a further 4 days (218). Variations 

of the oxygen exposure paradigm have been reported. Retinal neovascularization has been 

induced in rats at P18 by exposing newborn pups to cyclic oxygen between 50% and 10% every 

24 hours for 14 days, followed by 4 days in room air (214). Other studies exposed newborn 

rats to cyclic oxygen between 80% and room air every 24 hours, inducing retinal 

neovascularization at P18 (215). Moreover, a study also generated retinal neovascularization 

in rats by exposure between P0 to P11 in 80% oxygen cycled with 20% oxygen for 3 hours per 

day, followed by returning to room air until P18 (216). OIR in rats more closely emulates the 
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pathology observed in human ROP than does OIR in mice, as retinal neovascularization is most 

pronounced at the junction of the vascularised central retina and the avascular peripheral retina 

(219).  

The OIR model has been adapted to other species such as cat, dog and zebrafish. For 

example, newborn kittens were exposed to 70-80% of oxygen within hours after birth for 96 

hours, and then returned to room air, with the subsequent development of pathological retinal 

vascular changes (220). Tractional retinal folds and intravitreal vascularized membranes, 

features typical of advanced human ROP, were observed after exposing newborn canine pups 

to 95-100% oxygen for 4 days and returning them to room air until 22-45 days of age (221). 

Despite the successful induction of retinal neovascularization in these animals, they are rarely 

used in studies of retinal neovascularization at least in part due to their relatively high costs 

and for ethical considerations when rodent models recapitulate key features of the disease. 

Interestingly, OIR can be induced in adult zebrafish (222). Adult Fli-EGFP-Tg zebrafish were 

first placed in normoxic water, and the oxygen tension was gradually reduced to the final  10% 

air saturation, where zebrafish were exposed in for different time points with a maximal period 

of 15 days (222). Using this approach, retinal neovascularization reached a peak at day 12. 

Although initiating pathological angiogenesis in the retina, OIR zebrafish is not widely adopted 

presumably due to its limitations such as being more evolutionarily distant and less faithfully 

recapitulation of the human condition. 

1.6.2 Vascular occlusion model of retinal neovascularization 

Pre-retinal neovascularization can also be achieved by retinal vein occlusion through laser 

photocoagulation or photodynamic therapy in rats and pigs (223-226). Similar to clinical retinal 

vein occlusion, retinal vein occlusion in rat result in venous dilation, vascular tortuosity, and 

retinal edema. Venous occlusion leads to reduced retinal blood flow, retinal ischemia, and 
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ultimately resulting hypoxia-induced neovascularization of the retina and retinal edema. 

Retinal neovascularization and tractional retinal detachment developed later in a proportion of 

animals. However, complications following the later treatment such as retinal haemorrhage and 

edema in these animal model have largely limited their usage.  

1.6.3 Transgenic model of retinal neovascularization 

A number of transgenic mouse strains with spontaneous retinal neovascularization have served 

as useful tool to study the roles of specific genes in retinal angiogenesis. Given the central role 

of VEGF in the formation of retinal neovascularization, early studies overexpressed VEGF to 

induce retinal neovascularization in mice. Okamoto et al. (227) observed the development of 

intraretinal and subretinal neovascularization originating from the deep capillary bed of the 

retina in the transgenic mice with VEGF driven by the rhodopsin promotor. Overexpression of 

human VEGF165 (hVEGF) controlled by rhodopsin promotor in the transgenic trVEGF029 

mice (Kimba) model resulted in various phenotypes ranging from mild to severe retinal 

neovascularization (228). Crosses between transgenic Kimba mice (VEGF+/+) with other 

transgenic mice with hyperglycemia (Akita mice, Ins2Akita) resulted in the generation of 

Akimba mice (Ins2AkitaVEGF+/−) (229). Akimba develop hyperglycemia and spontaneous 

retinal neovascularization , which is a useful model to study retinal edema and retinal 

neovascularization in DR (229). Other transgenic mice in which genes such as Nrl and Grk1, 

which are involved in the inactivation and normal recovery of cone pigments, and rod 

phototransduction were knockout developed retinal neovascularization in all retinal layers 

(230). Recently a novel mutant mouse model, termed neoretinal vascularization 2 (NRV2), was 

described. These mice developed multiple areas of retinal depigmentation and spontaneous 

retinal neovascularisation (231). This mouse model mimics early stages of human retinal 
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angiomatous proliferation (RAP), however, the relevance of these models to the study of 

human retinal neovascularisation is unclear. 

1.6.4 Other models of retinal neovascularization 

Retinal neovascularization can also be induced in animals by other methods such as intraocular 

injection of pro-angiogenic molecules or via radiation. Intravitreal injection of fibroblasts in 

rabbits resulted in the growth of fibrous strands from the retina with associated retinal 

neovascularization (232). However, out of 43 eyes in this study, only 31 (72%) developed 

neovascularization (232). In addition, retinal neovascularization can be induced by repeated 

intravitreal injections of hyaluronidase in rabbits (233). The induction of retinal 

neovascularization through invasive procedures is traumatic and more inflammatory than OIR 

models, and retinal detachment is often associated. Another study that overexpressed VEGF 

via an adeno-associated virus (AAV) in the mouse retina resulted in gradual retinal 

neovascularisation (234). Retinal irradiation is well known to result in delayed retinal vascular 

abnormalities and neovascularisation in humans. Experimental irradiation of the retinal 

vasculature in monkeys induced the focal loss of capillary endothelial cells and pericytes, 

followed by large areas of retinal vascular occlusion and subsequently retinal and iris 

neovascularization (235). Although these models result in the induction of retinal 

neovascularization, they are rarely used in experimental retinal neovascularization studies 

presumably due to relatively high cost and a range of associated complications such as 

ruberosis iris with neovascular glaucoma (235).  

1.7 Gene therapy for ocular disorders 

Gene therapy is an evolving technology that introduces the new genetic materials to restore or 

add gene expression, for the purpose of treating disease. Over the last two decades, the eye has 

been at the forefront of gene therapy research. The eye is an attractive organ for gene therapy 
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studies for a range of reasons including: (1) easy accessibility to allow for quick and repeated 

examinations; (2) the relatively-enclosed structure and small size of the eye require low doses 

of vector for delivery; (3) the blood-retinal barrier limits the spread of vectors into the systemic 

circulation, maintaining a relatively immune-privileged environment; (4) in the same subject 

one eye can be used as experimental target and the other as the control; (5) individual or 

multiple genes have been identified that are primarily or partly involved in particular ocular 

disorders; (6) advanced imaging and electrophysiological tools that allow for precise structural 

and functional assessments and thus monitoring of disease progression and, or treatment  

response (236). 

Numerous pre-clinical studies of ocular gene therapies have shown promising results, 

and several have been trialled in clinical settings for hereditary and non-hereditary ocular 

diseases (237). Whilst there are many approaches to gene therapy, key approaches for 

hereditary retinal diseases due to loss of function mutations involve gene replacement. 

Therapies for non-hereditary diseases include the delivery of therapeutic genes that aim to 

down-regulate disease-causing target proteins (238). For example, in a phase I clinical trial 

involving patients with neovascular AMD, intravitreal injection of adenoviral vectors carrying 

pigment-epithelium-derived factor (PEDF), an antiangiogenic cytokine, could repress the 

growth of neovascular AMD (239). Gene therapy is not only characterized by gene delivery 

via viral vectors also includes targeting specific genes using small molecules such as siRNA 

and miRNA.  

1.8 MicroRNA-based gene therapy 

Since the discovery of miRNAs two decades ago, insights into the roles of miRNAs in 

development and diseases, particularly in cancer, have made miRNAs attractive tools and 

targets for novel therapeutic approaches. Numerous studies have confirmed that dysregulation 
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of miRNAs result in abnormal organismal development and are causal in many diseases (11). 

miRNA mimics and molecules targeting miRNAs (antimiRs) have demonstrated promising 

outcomes in numerous preclinical studies. However, initial studies using naked miRNA 

mimics, or viral vectors encoding miRNAs for treatment have demonstrated poor therapeutic 

efficacy due to pharmacological challenges such as degradation and unsuccessful delivery to 

the target site. Rapid developments in RNA chemistry and delivery technologies, including 

nanoparticle systems, have allowed miRNA-based gene therapy to reach to clinic trials. A 

thorough review (11) details clinical trials of miRNAs as a therapeutics.  

1.8.1 The development of microRNA therapeutics 

The development of miRNA therapeutics is a long and complex process. The first step is to 

systematically select miRNA candidates (11). This requires the analysis of human samples, 

followed by the elucidation of the underlying biology and relevance of the miRNA candidates 

to the disease via in vitro and in vivo validation. There are a number of searchable online 

databases that provide miRNA expression profiles in diseased and control tissues. Having 

identified candidate miRNAs, the next challenge is the development of chemical modifications 

or delivery systems for miRNA mimics or antimiRs for in vivo application. One of the major 

obstacles for ribonucleotide-based therapeutics is their rapid degradation by nucleases. 

Chemical modifications have been developed to enhance the stability of these ribonucleotudes, 

such as the addition of a 2ʹ-O-methyl group or locked nucleic acid (LNA), a modified RNA 

nucleotide referred to as inaccessible RNA (240). Apart from chemical modifications, several 

encapsulation methods have been developed to facilitate the delivery of RNA therapeutics. Of 

these, the use of lipid nanoparticles with targeting moieties to facilitate efficient delivery are 

most commonly used. Two major limitations that hamper the advances of these approaches 

towards clinical application are immunogenicity and non-specific targeting. Alternative 
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approaches using viral vectors, such as adeno-associated virus (AAV), to deliver miRNA 

mimics or miRNA inhibitors have achieved promising results in animals, including models of 

Huntington's disease (241), myotonic dystrophy (242), and spinal cord injury (243). 

Nonetheless, concerns regarding the safety of AAV-mediated miRNA therapy have long 

caused worries. For example, high, unregulated expression of shRNA delivered by AAV has 

been reported to saturate endogenous miRNA and resulted in fatalities in mice (244, 245). On 

the other hand, studies focusing on the improvement of AAV technology have produced safer 

and more efficient delivery of miRNA mimics or inhibitors (246). Overall, the development of 

miRNA therapeutics is an emerging field with a lot of hope due to the potential of these agents 

to serve as master regulators of gene expression. While targeting targeting multiple genes has 

its advantages, is also has its costs. A thorough understanding of miRNA functions and well-

developed miRNA delivery systems are prerequisite for successful clinical translation of 

miRNA-based therapeutics.  

1.8.2 MicroRNA-based ocular gene therapy 

miRNAs play critical regulatory roles at post-transcription level during active stages of ocular 

diseases, such as early and late stages of DR (120, 247). Specifically, several miRNAs are 

implicated in the pathogenesis of retinal ischemia, inflammation and angiogenesis (120). 

miRNAs interact with their target mRNAs in order to either maintain appropriate gene 

expression for normal vascular function or may cause cellular dysfunction that lays the 

cornerstone for miRNA-based therapy for ocular vascular diseases. A number of studies have 

demonstrated that several miRNAs are either underexpressed or overexpressed in the retina of 

OIR rodents (192, 248). Follow-up studies have focused chiefly on miRNAs that were 

underexpressed in OIR, supplementing them with their respective miRNA mimics to further 

examine their roles in retinal neovascularization. For example, miR-150 has been found to be 
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endogenously expressed in normal vessels, and functions as an endothelium-specific 

endogenous inhibitor of pathological angiogenesis (249). In an OIR mouse model, retinal miR-

150 was found to be underexpressed compared to controls, and intravitreal injection of miR-

150 mimics attenuated retinal neovascularization in this animal model (249). Likewise, miR-

126 is endothelium-specific, and intravitreal administration of miR-126 mimics significantly 

reduced retinal neovascularization in OIR mice by down-regulating VEGF, insulin-like growth 

factor-2, and HIF-1α (203). In addition, miR-410 reduced retinal neovascularization in OIR 

mice by down-regulating VEGF alone (207). Other investigators have used AAV encoding 

candidate miRNAs to suppress target genes in various disease models, such as liver tumor and 

cardiac dysfunction (250, 251). Overall, these studies suggest that it the pursuit a miRNA-

based gene therapy for retinal neovascularization is warranted. 

1.9 Gene therapy for retinal neovascularization associated with proliferative diabetic 

retinopathy 

In the last two decades, studies of gene therapy for retinal neovascularization have focussed 

mainly on retinal neovascularization associated with PDR. The cardinal feature of PDR, retinal 

neovascularization, is related to endothelial cell proliferation and results from an imbalance 

between pro- and anti-angiogenic factors (252-255). DR gene therapy therefore attempts to 

inhibit the proliferation of endothelial cells, largely by restore this angiogenic balance.  

One such approach has been to inhibit or antagonize pro-angiogenic factors. As the key 

player in angiogenesis and a key mediator of retinal vascular hyperpermeability and DME, 

VEGF has been the obvious target for gene therapy studies (256-261). Several approaches have 

been attempted to neutralize intraocular VEGF. sFlt-1, a soluble splice variant of the VEGFR-

1 (or Flt-1) acts as a decoy VEGF receptor in the extracellular space, and has been examined 

as a therapeutic gene to inhibit retinal neovascularization in multiple preclinical animal studies 
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as well as early phase human clinical trials (257-262). VEGF can also be targeted 

intracellularly. Flt23k was created as a novel “intraceptor” consisting of the VEGF binding 

domains 2 and 3 of Flt-1 coupled to KDEL, a tetrapeptide that binds an endoplasmic reticulum 

retention receptor. Flt23k can thus both disrupt VEGF signaling and degrade VEGF 

intracellularly (263-265). A recent study demonstrated that Flt23k, delivered by an AAV 

vector, can inhibit choroidal neovascularization in mice via downregulation of VEGF (199). 

Further studies are required to examine its effects on retinal neovascularization as occurs in 

DR. Alternately, intravitreal injections of siRNA-expressing plasmids targeting VEGF have 

also been shown to reduce VEGF levels in mice, thereby impeding retinal neovascularization 

(258).  

An alternative strategy to reduce angiogenesis is to increase expression of anti-

angiogenic factors, such as PEDF, tissue inhibitor of metalloproteinase-3, endostatin, and 

angiostatin. The retinal transduction of PEDF by an AAV vector decreased VEGF levels and 

inhibited the expression of angiogenesis-related fibrosis factors such as MMP and connective 

tissue growth factor in transgenic mice overexpressing insulin-like growth factor-1 in the retina 

(256). The delivery of anti-angiogenic factors such as tissue inhibitor of metalloproteinase-3 

and endostatin into the eye by transfection with an AAV vector has also shown a reduction in 

retinal neovascularization in mice exposed to OIR (266). Endostatin, a cleavage product of type 

XVIII collagen, is a potent inhibitor of endothelial cell proliferation and angiogenesis (267). In 

an OIR mouse model, intravitreal injection of endostatin down-regulated intraocular VEGF 

expression (268). Retinal transduction of endostatin by AAV vector in mice exposed to OIR 

was associated with a marked reduction in retinal neovascularization and partly preserved the 

normal retinal vascular architecture, relative to control mice exposed to oxygen in the same 

way (269). Angiostatin, derived from plasminogen, has the ability to inhibit proliferating 

endothelial cells. Lentivirus carrying an angiostatin-expressing unit has also been used 
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successfully for the inhibition of retinal neovascularization in mice exposed to OIR (270). 

Another angiostatic molecule is the amino-terminal fragment of urokinase-type plasminogen 

activator. It impedes the migration of endothelial cells by disrupting the binding of urokinase-

type plasminogen activator to its receptor. Intravitreal injection of adenoviral vectors carrying 

either the amino-terminal fragment of urokinase-type plasminogen activator or endostatin also 

reduced retinal neovascularization in an OIR mouse model (271). Virus-mediated gene therapy 

is a promising strategy for retinal neovascularization treatment; however, a number of 

challenges still hinder its clinical translation, one of which is irreversible gene expression. 

Therefore, it is sensible to develop a gene therapy approach that delivers the desired therapeutic 

gene in a controllable manner. 

1.10 Controllable gene therapy 

Despite the versatility of gene therapy, one major concern is the irreversibility of transgene 

expression: once the gene of interest is delivered into the host cells or tissues, the transgene is 

expressed continuously and cannot be eliminated for an extended period of time, often years. 

This could result in unregulated protein production, which may have unwanted effects in the 

cell and indeed may be dangerous. In addition, the vector delivery system itself could be 

harmful in the host cells. Over the last few years, a number of new tools have become available 

to facilitate regulation of transgene expression or selectively destroy fragments of the delivery 

vehicle (272), which could be applied to gene therapy for retinal neovascularization. 

1.10.1 Destabilizing domains 

Several recent studies have demonstrated that gene expression can be “switched on and off” at 

the protein level through the use of destabilizing domains (DD), a protein destruction system. 

Fusing a DD sequence with the transgene of interest allows the resultant fusion protein to be 

quickly degraded by the endogenous proteasomal system shortly after translation. To date, 
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three DDs have been investigated: FK506- and rapamycin-binding protein, E. coli 

dihydrofolate reductase, and estrogen receptor ligand-binding domain. These fusion proteins 

can be rescued in the presence of shielding small molecule ligands such as synthetic ligand 

sheild-1, trimethoprim, and 4-hydroxytamoxifen respectively, which therefore protect the 

active protein from destruction (273, 274). An appealing aspect of this strategy to regulate gene 

expression is that these ligands can be administered orally at time when transgene expression 

is desirable, such as during an exacerbation of DME (273). Cessation of ligand treatment would 

then result in rapid transgene degradation. 

1.10.2 Other strategies 

An alternative approach involves the regulation of transgene expression by disease mechanisms 

per se through specific enhancer or responsive elements incorporated into the transgene 

expression cassette. This would allow for increased gene expression when the disease is 

progressing, or decreased gene expression during disease regression. Enhancers that respond 

to transcription factors that are elevated when retinal neovascularization progresses, such as 

HIF-1, could promote therapeutic gene expression when needed (275). Additionally, miRNAs 

have been shown to have the potential to inhibit transgene expression as pathological 

conditions, such as retinal hypoxia, regress through binding with specifically engineered 

responding elements in the expression cassette (276). Given that the expression of a number of 

miRNAs vary with disease activity in retinal neovascularization, such an approach may allow 

the modulation of transgene expression by disease activity – endogenous transgene regulation 

in effect – and could become an attractive approach in gene therapy.   

1.11 Summary  

The current management of retinal neovascularization has notable limitations and alternative 

therapeutic strategies are required. Dysregulation of miRNA expression has been found to 
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occur in a wide range of diseases, suggesting that miRNAs as master gene regulators could be 

therapeutic strategies for retinal neovascularization. Further interrogating the regulation of 

miRNAs in retinal neovascularization and understanding their modes of action may identify 

novel molecular mechanisms of retinal neovascularization and identify new therapeutic 

avenues. Unlike many other human tissues which are relatively accessible for biopsy, the 

human retina is difficult to sample. Consequently, animal models of proliferative retinopathy 

are used to investigate the role of miRNAs in this context. The OIR rodent model is widely-

adopted for studying the pathogenesis of pathological retinal angiogenesis, or testing novel 

treatments for therapeutic application. Transcriptome assays such as miRNA array and NGS 

are powerful tools to screen dysregulated miRNAs in retinal neovascularization potentially 

unmasking novel genes involved in this disease that may serve as targets for new therapies. 

miRNA profiling may facilitate the development of miRNA-based therapeutics or other 

applications such as a gene therapy that is regulated endogenously by disease activity.  

1.12 Overall hypotheses 

1. Altered miRNA expression in the retina contributes to retinal neovascularization, and 

putative target genes of altered miRNAs are therefore mediators of pathways involved in 

neovasvular pathology.  

2. Targeting the altered miRNAs or their related pathways can stop the progression of retinal 

neovascularization.  

3. Disease-associated alterations in miRNAs can be used to regulate transgene expression.  

1.13 Aims 

1. To profile the miRNA expression signature in the retinas of OIR model rats. 

2. To unveil the molecular pathways involved in retinal neovascularization in OIR via in silico 

analysis of miRNA-regulated pathways.  
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3. To alleviate retinal neovascularization with treatments targeting altered miRNAs and related 

pathways.  

4. To regulate transgene expression via disease-associated alterations in miRNA levels. 
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CHAPTER 2 GENERAL MATERIALS AND METHODS  

2.1 Materials 

2.1.1 Chemicals, reagents, equipment, and kits 

Chemicals and general reagents in the methods are listed in Table 2.1. 

Table 2. 1 Chemicals and general reagents.  

Chemicals  Source Catalogue No. 

General reagents   

Ethanol Merck 1009742511 

Disodium EDTA Sigma-Aldrich 6381-92-6 

Glacial Acetic Acid Sigma-Aldrich ARK2183 

Isopropanol Merck 1096342511 

Trizma® base Sigma-Aldrich T1503 

Animal study    

Fluorescence mounting medium DAKO S3023 

16% paraformaldehyde ProSciTech C004 

Chloromycetin Eye Ointment Sigma Chlorsig 

High-Capacity cDNA Reverse Transcription Kit 
Applied 

Biosystems 
4368814 

Isolectin GS-IB4 From Griffonia simplicifolia, 

Alexa Fluor™ 488 Conjugate 
Life Technologies I21411 

Ketamine, 100 mg/mL Troy Laboratories Ketamil 

Lethobarb Virbac 57-33-0 

miRNeasy Mini Kit Qiagen 217004 

RNAlater RNA Stabilization Reagent Qiagen 76104 

RNeasy Mini Kit Qiagen 74106 

TaqMan® Fast Advanced Master Mix 
Applied 

Biosystems 
4444557 

TaqMan™ MicroRNA Reverse Transcription Kit 
Applied 

Biosystems 
4366596 

Triton X-100 Sigma-Aldrich 9002-93-1   

UltraPure™ DEPC-Treated Water 
Thermo Fisher 

Scientific 
750023 

Xylazine, 100 mg/mL Troy Laboratories 
Ilium Xylazil-

100 

Cell culture   

Dulbecco’s Modified Eagle Medium (DMEM) Life Technologies 11330057 

Dimethyl sulfoxide Sigma-Aldrich 67-68-5   

DMSO Sigma-Aldrich D8418-50ML 

Dulbecco’s Phosphate-Buffered Saline (PBS) 
Thermo Fisher 

Scientific 
14190250 
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EBM-2 Basal Medium 500 ml Lonza CC-3156 

EGM™-2 BulletKit™ Lonza CC-3162 

Foetal Bovine Serum (FBS) Bovogen SFBS-X 

Matrigel 
In Vitro 

Technologies 
FAL354234 

Penicillin/Streptomycin Life technologies 15070063 

Propidium iodide Life technologies P3566 

RNase A Life technologies EN0531 

Trypan blue Solution Sigma-Aldrich 72-57-1   

Trypsin-EDTA (0.25%) Life technologies 25200072 

Molecular biology   

Agarose Sigma-Aldrich 9012-36-6   

1-kb Plus DNA ladder 
Thermo Fisher 

Scientific 
10482028 

Ampicillin (for bacterial culture) Sigma-Aldrich A9518-5G 

Buffer 3.1 
New England 

Biolabs 
B7203S 

DNA Gel Loading Dye (6X) ThermoFisher R0611 

GelRed nucleic acid gel stain Biotium 
41001-41003-

T 

LB Broth Sigma-Aldrich 61748 

Lipofectamine® 2000 Transfection Reagent Life technologies 11668019 

NotI restrictive digestion enzyme 
New England 

Biolabs 
R0189S 

Opti-MEM® I Reduced Serum Medium Life technologies 11058021 

SalI restrictive digestion enzyme 
New England 

Biolabs 
R0138T 

SOC media Sigma-Aldrich S1797 

T4 ligase 
New England 

Biolabs 
M0202T 

T4 ligase buffer (10x) 
New England 

Biolabs 
B0202S 

T4 Polynucleotide Kinase (PNK) 
New England 

Biolabs 
M0201L 

TE buffer Life technologies AM9849 

UltraPure™ DNase/RNase-Free Distilled Water Life technologies 10977023 

Pharmacological agents    

5Z-7-Oxozeaenol Tocris 3604/1 

 

Equipment in the methods are listed in Table 2.2. 

Table 2. 2 Equipment.  

Equipment Source Catalogue No. 

Compact Oxygen Controller BioSpherix PROOX 110 
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100 mm × 15 mm Not TC-Treated 

Bacteriological Petri Dish 
Corning 351029 

3.5X-90X digital zoom boom stand 

trinocular stereo microscope 
Omas Microscope XV436B54P10 

Axio Imager M2 fluorescent microscope Zeiss N/A 

AxioCam MRm R3 camera Zeiss N/A 

BD LSRFortessa™ cell analyzer BD Biosciences 
Fortessa 1 - The 

Phantom 

Cell counter Thermo Fisher Scientific C10227 

ChemiDoc™ XRS+ System Bio-Rad N/A 

BD Falcon™ Cell Culture Flasks, 25 cm2 Corning 353109 

BD Falcon™ Cell Culture Flasks, 75 cm2 Corning 353136 

Countess™ Cell Counting Chamber 

Slides 
Thermo Fisher Scientific C10228 

Desktop microcentrifuges Eppendorf 5424 

Falcon tubes, polypropylene, 15 ml Corning 352097 

Falcon tubes, polypropylene, 50 ml Corning 352070 

Filtered sterile pipette tips e.g., Corning   

HiSeq 2500 Sequencing System Illumina SY–401–2501 

MicroAmp™ Optical 96-Well Reaction 

Plate with Barcode 
Thermo Fisher Scientific 4306737 

Microplate readers Tecan Spark® 20M 

Mr. Frosty™ Freezing Container Thermo Fisher Scientific 5100-0001 

NanoDrop 1000 spectrophotometry Thermo Fisher Scientific N/A 

Nunc-Immuno™ MicroWell™ 96 well 

solid plates 
Sigma-Aldrich M9410-1CS 

PCR Tubes & Caps, RNase-free Thermo Fisher Scientific AM12230 

Phase contrast microscope Nikon TE2000-U 

Platinum leads Grass Telefactor F-E-30 

Prism 6 software GraphPad Software N/A 

Bio-rad T100™ Thermal Cycler Bio-rad N/A 

Research Radiometer 
International Light 

Technologies 
ILT1700 

Ring-shaped reference electrodes, 99.9% A&E Metal Merchants N/A 

RNase-free Microfuge Tubes, 1.5 mL Thermo Fisher Scientific AM12450 

Spectral-domain Optical coherence 

tomography 
Bioptigen 

Envisu R2200 

VHR 

Stainless steel needle electrode Grass Telefactor F-E2-30 

StepOnePlus™ Real-Time PCR System Applied Biosystems 4376600 

Falcon® 6 Well Clear Flat Bottom TC-

Treated Plate 
In Vitro Technologies 353046 

Falcon® 12 Well Clear Flat Bottom TC-

Treated Plate 
In Vitro Technologies 353043 

UMP3 UltraMicroPump World Precision Instruments UMP3-3 

UV transilluminator Wealtec MD-20 / HD-20 

ZEN 2 pro (blue edition) image 

acquisition software 
Zeiss N/A 
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Commercially available kits in the methods are listed in Table 2.3. 

Table 2. 3 Commercially available kits.  

Kits  Source Catalogue No. 

CyQUANT™ NF Cell Proliferation Assay Kit Invitrogen C35006 

Dual-Luciferase® Reporter Assay System Promega E1910 

High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368814 

miRNeasy Mini Kit Qiagen 217004 

QIAGEN Plasmid Maxi Kits Qiagen 12162 

QIAprep Spin Miniprep Kit Qiagen 27106 

RNeasy Mini Kit Qiagen 74104 

TaqMan® Fast Advanced Master Mix Applied Biosystems 4444557 

TaqMan™ MicroRNA Reverse Transcription Kit Applied Biosystems 4366596 

Wizard® SV Gel and PCR Clean-Up System Promega A9282 

 

TaqMan primers in the methods are listed in Table 2.4. 

Table 2. 4 TaqMan probes used for real-time quantitative polymerase chain reaction. 

Assay Name Assay ID Source TaqMan probe sequence 

rno-miR-143 
Rn03466026_pri  

 

Thermo Fisher 

Scientific/Applied 

Biosystems 

GCGGAGCGCCUGUCUC

CCAGCCUGAGGUGCAG

UGCUGCAUCUCUGGUC

AGUUGGGAGUCUGAGA

UGAAGCACUGUAGCUC

AGGAAGGGAGAAGAUG

UUCUGCAGC 

rno-miR-150 
Rn03466044_pri  

 

Thermo Fisher 

Scientific/Applied 

Biosystems 

CUUCUCAAGGCCCUGU

CUCCCAACCCUUGUACC

AGUGCUGUGCCUCAGA

CCCUGGUACAGGCCUG

GGGGACAGGGACUUGG

GGAC 

rno-miR-126 
Rn03464585_pri  

 

Thermo Fisher 

Scientific/Applied 

Biosystems 

UGACAGCACAUUAUUA

CUUUUGGUACGCGCUG

UGACACUUCAAACUCG

UACCGUGAGUAAUAAU

GCGUGGUCA 

rno-miR-145 
Rn03466035_pri  

 

Thermo Fisher 

Scientific/Applied 

Biosystems 

CACCUUGUCCUCACGG

UCCAGUUUUCCCAGGA

AUCCCUUGGAUGCUAA

GAUGGGGAUUCCUGGA
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AAUACUGUUCUUGAGG

UCAUGGCU 

rno-miR-451 
Rn03465141_pri  

 

Thermo Fisher 

Scientific/Applied 

Biosystems 

UUUGGGAAUGGCGAGG

AAACCGUUACCAUUAC

UGAGUUUAGUAAUGGU

AAUGGUUCUCUUGCUG

CUCCCACA 

U6 snRNA 001973 

Thermo Fisher 

Scientific/Applied 

Biosystems 

GTGCTCGCTTCGGCAGC

ACATATACTAAAATTGG

AACGATACAGAGAAGA

TTAGCATGGCCCCTGCG

CAAGGATGACACGCAA

ATTCGTGAAGCGTTCCA

TATTTT 

ACTB Rn00667869_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

GAPDH Rn99999916_s1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

TAK1 Rn01437015_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

TNF- Rn01525859_g1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

IL-6 Rn01410330_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

TGF-Β1 Rn00572010 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

VEGF-A Rn01511602_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

VEGF-B Rn01454585_g1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

VEGF-C Rn01488076_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

FOS Rn02396759_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 

EGR1 Rn00561138_m1 

Thermo Fisher 

Scientific/Applied 

Biosystems 

N/A 
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miRNA mimic in the methods are listed in Table 2.5. 

Table 2. 5 miRNA mimic used in in vivo studies. 

miRNA 

mimic Catalogue number  Source Sequences (5’-3’) 

rno-miR-

143-3p MIMAT0000849 Dharmacon UGAGAUGAAGCACUGUAGCUCA 

rno-miR-

150-5p 
MIMAT0000853 Dharmacon UCUCCCAACCCUUGUACCAGUG 

rno-miR-

126a-3p 
MIMAT0000832 Dharmacon UCGUACCGUGAGUAAUAAUGCG 

rno-miR-

145-5p 
MIMAT0000851 Dharmacon GUCCAGUUUUCCCAGGAAUCCCU 

Scrambled 

RNA 
MIMAT0000039 Dharmacon 

UCACAACCUCCUAGAAAGAGUAG

A 

 

2.1.2 Reagent setup 

TAE electrophoresis solution Dilute 50 x TAE buffer in dH2O to a 1 x working concentration, 

and store it at room temperature (18-22oC) for up to 6 months. 

50x TAE Electrophoresis Buffer 

Tris free base 242g 

Disodium EDTA 18.61g 

Glacial Acetic Acid 57.1mL 

dH2O to 1L 

 

Oligo dT, 100mM Resuspend oligo dT to 100μM in UltraPure water. Prepare aliquots and 

store them at −20°C for up to 2 years. 

2.1.3 Equipment setup 

Standard LB agar plates (100mm Petri dish, ampicilin) Reconstitute the LB broth with agar 

at a concentration of 35g/L in deionized water and swirl to mix. Autoclave the mixture to 

sterilize. Allow the LB agar to cool to 55°C before adding ampicillin to a final concentration 
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of 100μg/mL. On a sterile bench area, pour ~25mL of LB agar per 100-mm square bioassay 

dish. Place the lids on the plates and allow them to cool for ~30 minutes until solidified. Invert 

the plates and let them sit for several more hours prior to be stored in plastic bags at 4°C for up 

to 3 months.  

2.1.4 Cell origin 

Cells used in the methods are listed in Table 2.6. 

Table 2. 6 Cell origin.  

Cell name Source 
Catalogue 

No. 

Human Umbilical Vein Endothelial Cell (HUVEC) Lonza C2517A 

Human Microvascular Endothelial Cell (HMEC) Lonza C0105C 

Human Embryonic Kidney 293A (HEK293A) Cell Life Technologies R70507 

Subcloning Efficiency™ DH5α™ Competent Cell 
Thermo Fisher 

Scientific 
18265017 

2.1.5 Plasmids origin 

Plasmids used in the methods are listed Table 2.7. 

Table 2. 7 Plasmid origin. 

Plasmid name Source Catalogue No. 

pHpa-trs-SK 

Kindly provided by Douglas M McCarty, 

Center for Gene Therapy, Nationwide 

Children’s Hospital 

N/A 

pRL-SV40 Promega E2231 

pGL3 Promega E1751 

 

2.2 Animal ethics 

Animal ethics (Reference Number 004/16 for Sprague Dawley rats and 13-044UM for Brown 

Norway rats) were approved by the St Vincent's Hospital’s and the University of Melbourne’s 

Animal Ethics Committee and were adhered to the ARVO Statement for the Use of Animals 

in Ophthalmic and Vision Research.  
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2.3 Animal husbandry 

All experiments were carried out in Sprague Dawley rats except for electroretinography (ERG) 

and optical coherence tomography (OCT) which were conducted in Brown Norway rats. Aortae 

were isolated from wild-type C57BL/6 mice (8-12 weeks). The adult or pregnant Sprague 

Dawley rats were supplied by Animal Resources Centre, Perth, Australia and were housed at 

the Experimental Medical and Surgical Unit, St Vincent’s Hospital.  

2.4 Anaesthetics 

Intravitreal injection will be performed under general (inhalational isoflurane) anaesthesia, and 

topical antibiotics (chloromycetin eye ointment, Table 2.1) will be applied to prevent infection 

after intravitreal injection in Sprague Dawley rats. As for ERG and OCT in Brown Norway 

rats and other experiments in C57BL/6 mice, anaesthesia was achieved via an intramuscular 

injection of 60mg/kg ketamine (100mg/mL, Table 2.1) and 5mg/kg xylazine (100mg/mL, 

Table 2.1). Animals will be sacrificed with Lethobarb according to the approved animal ethics. 

2.5 Animal experimentation 

2.5.1 Establishment of the animal model of retinal neovascularization 

Oxygen-induced retinopathy (OIR) rat model was established as previously described (216). 

Briefly, newborn Sprague Dawley rats with their nursing mother were housed in a cage and 

placed in a custom-built, humidified chamber within 12 hours of birth (postnatal day 0, P0) and 

exposed to daily cycles of 80% O2 for 21 hours, and room air for 3 hours from P0 to 14. A 12-

hour light/dark cycle was implemented throughout the experiment, and animals were allowed 

food and water ad libitum. These pups were then returned to room air until P18. An oxygen 

controller (Table 2.2) was used to monitor and control the oxygen level (Figure 2.1). 
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Figure 2. 1 Custom-built humidified oxygen chamber setup.   

2.5.2 Retinal flat mount and image analysis 

After euthanasia, eyes were enucleated from each animal. Eyes were fixed in 4% 

paraformaldehyde (Table 2.1) for 1 hour and were transferred to PBS (Table 2.1) for dissection. 

The retinal flat mounts were prepared and stained with fluorophore-conjugated isolectin B4 

(5g/m, Table 2.1) overnight at 40C. Retinal flat mount were then washed in PBS and mounted 

in fluorescence mounting medium (Table 2.1). Images of retinal flat mount were captured using 

Axio Imager M2 fluorescent microscope (Table 2.2) with a 10X objective, an AxioCam MRm 

R3 camera (Table 2.2), and ZEN 2 pro image acquisition software (Table 2.2). The tiles 

software module in ZEN 2 pro was used to automatically capture the entire retina in high-

resolution segments, with each image consisting of 156 to 196 separate tiles of 1338 x 1040 

pixels. Images were saved with the Tagged Image File Format.  Analysis and quantification of 

retinal flat mount images were performed by two masked assessors. Adobe Photoshop 
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Elements 13 was used to quantify the neovascularization and vaso-obliteration in the retina 

(277). Several advanced Photoshop features adapted by Dr. Damien Ling were used to increase 

the accuracy and speed of quantification (Table 2.8).  

Table 2. 8 Adobe Photoshop advanced features and techniques were used for accurate 

analysis of retinal flat mount images.  

Adapted with permission from Dr. Damien Ling. 

Feature 

(Location/Symbol) 

Description 

Selections 

Select menu -> Load 

/ Save Selections 

Photoshop allows the loading, saving, and copying of defined 

selection areas. This makes managing outlined neovascular, 

avascular, or retinal areas easier and more efficient, as they can be 

stored in a single file. 

Layers 

Layer menu 

Images in Photoshop can be comprised of multiple layers, allowing 

the preservation of specific areas. By copying a defined area to a new 

layer, a portion of the retina can be analyzed without affecting the 

entire image. This is particularly useful in images with uneven 

brightness or colour saturation. 

Magic Wand 

Selection Tool 

 

Selects a similarly coloured area with a single click. Colour range 

can be specified by adjusting tolerance. Shift-clicking can add to 

selection, whilst Alt-clicking subtracts from the selection. 

Magnetic Lasso 

Selection Tool 

 

Selection tool which automatically detects and conforms to defined 

edges. Particularly useful for complex, high-contrast edges, such as 

retinal or avascular area boundaries. 

Colour Range 

Select menu -> 

Colour Range 

Selection feature which allows the user to define a region of one or 

more colours, then adjusting a threshold value (by moving a sliding 

bar) to refine the precise area. Can be used in conjunction with the 

Layers feature (e.g. copying a defined area to a new layer, hiding the 

rest of the image, then using the Colour Range feature). 

Polygonal Lasso 

Tool 

 

Selection tool which creates straight-edged segments with each 

click. Shift-clicking can add to selection, whilst Alt-clicking 

subtracts from the selection. Useful for defining selection areas that 

are not overly complex, e.g. initial outlining of the retina. 

Lasso Tool 

 

Selection tool which allows freehand selections. Shift-clicking can 

add to selection, whilst Alt-clicking subtracts from the selection. 

Useful when other selection tools have difficulty outlining complex 

areas. 
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2.5.3 Extraction of microRNAs from rat retina 

The eyes of OIR and normoxic rats were enucleated at the designated time point (e.g. P14, P18, 

or P29) and stored in the RNAlater (Table 2.1), and retinas were dissected immediately under 

dissection microscope. miRNAs and total RNAs were isolated from the retina using a 

miRNeasy mini kit (Table 2.3) as per manufacturer’s instructions. Retinas were added with 

700µL QIAzol Lysis Reagent and homogenized by sonication at 4°C for 10 seconds, followed 

by incubation at room temperature for 5 minutes. Samples were added with 140µL chloroform 

and were shaken vigorously for 15 seconds prior to incubation at room temperature for 2-3 

minutes. Chloroform facilitated separation of the sample. Protein remained in the lower organic 

phase and DNA partitions to the interphase while the RNA partitions to the upper aqueous 

phase. Samples were centrifuged for 15 minutes at 12,000 x g at 4°C.  The RNA containing 

aqueous phase was transferred to a fresh RNAse free collection tube and 1.5 x volume of 100% 

ethanol was added to facilitate binding to the RNeasy Mini column. Samples were pipetted into 

RNeasy® Mini column in a provided 2 mL collection tube and centrifuged at ≥8,000 x g for 

15 seconds at room temperature. Columns were washed with 700µL Buffer RWT and 

centrifuged for 15 seconds at ≥8,000 x g. Columns were again washed twice with 500 µL 

Buffer RPE and centrifuged for 15 seconds at ≥8,000 x g to remove any trace of salts in the 

samples. To dry the membrane, spin columns were placed in clean collection tubes and 

centrifuged at full speed for 1 minute. RNeasy spin columns were placed into RNAse free 

Eppendorf tubes, and RNA was eluted using 60μL of RNAse free water and centrifuged at 

≥8000 x g for 1 minute. The quantity of miRNA was measured by using NanoDrop 1000 

spectrophotometry (Table 2.2). The purity of the sample was assessed by calculating the ratio 

of absorbance at 260 and 280 nm. A 260/280 ratio of <2.0 was accepted as pure. miRNA 

samples were aliquoted stored at -800C until use.   



 

 

55 

2.5.4 Extraction of total RNA from rat retina 

The eyes of rats were enucleated at the designated time point (e.g. P18) and stored in the 

RNAlater (Table 2.1), and retinas were dissected immediately under dissection microscope. 

Total RNAs were isolated from retinas using a RNeasy mini kit (Table 2.2) as per 

manufacturer’s instructions. Retinas were lysed with 600µL Buffer RLT and homogenized by 

sonication at 4°C for 10 seconds, followed by centrifugation for 3 minutes at maximum speed. 

The supernatant was pipetted into a new collection tube and added 1 volume of 70% ethanol 

and mixed well by pipetting. The samples were transferred to RNease Mini spin columns 

placed in a 2mL collection tube and centrifuged for 15 seconds at ≥8,000 x g, and flow through 

were discarded. The columns were washed with 700μL Buffer RW1, followed by twice washes 

with 500μL Buffer RPE and centrifugation for 15 seconds at ≥8,000 x g to remove any trace 

of salts in the samples. To dry the membrane, spin columns were placed in clean collection 

tubes and centrifuged at full speed for 1 minute. RNeasy spin columns were placed into RNAse 

free Eppendorf tubes, and RNAs were eluted using 60μL RNAse free water and centrifuged at 

≥8000 x g for 1 minute. The quantity of RNAs was measured by using NanoDrop 1000 

spectrophotometry (Table 2.2). The purity of the sample was assessed by calculating the ratio 

of absorbance at 260 and 280nm. A 260/280 ratio of <2.0 was accepted as pure. RNA samples 

were aliquoted and stored at -80oC until use.   

2.5.5 Complementary deoxyribonucleic acid (cDNA) synthesis  

miRNAs or total RNAs extracted from rat retinas were reversely transcribed to cDNA to allow 

for analysis of miRNAs or gene expression, respectively via quantitative reverse transcription 

PCR (qRT-PCR). The detailed protocols were according to manufacturer’s instruction and 

described below. 
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2.5.5.1 Reverse transcription for microRNAs  

miRNAs were reversely transcribed to cDNA for detection of miRNAs using specific reverse 

transcription primers of the Taqman microRNA Reverse Transcription (RT) kit (Table 2.2) 

according to the manufacturer’s instructions. For each reaction, 100ng of total miRNAs in 5µL 

of RNAse free water were reversely transcribed to individual cDNA with individual miRNA 

RT primer. In a 15µL reaction solution, it consisted of 7μL master mix (See table below), 3 μL 

primer, and 5μL RNA sample. Thermal cycling conditions were used as follows: 16°C for 30 

minutes, 42°C for 30 minutes, 85°C for 5 minutes and infinite 4°C hold. cDNA was stored at -

200C. 

Component Master Mix Volume/15μL Reaction 

100mM dNTPs (with dTTP) 0.15 

MultiScribe™ Reverse Transcriptase, 50U/μL 1.00 

10X Reverse Transcription Buffer 1.50 

RNase Inhibitor, 20U/μL 0.19 

Nuclease-free water 4.16 

Total 7.00 

 

2.5.5.2 Reverse transcription for mRNA  

mRNA was reversely transcribed to cDNA for detection of gene expression using Taqman 

RNA Reverse Transcription kit (Table 2.3) according to the manufacturer’s instructions. For 

each reaction, 100ng of total RNAs in 5µL of RNAse free water were reversely transcribed. In 

a 10µL reaction solution, it contained 5μL master mix (See table below) and 5µL total RNA 

sample. Thermal cycling condition were used as follows: 25°C for 10 minutes, 37°C for 120 

minutes, 85°C for 5 minutes and infinite 4°C hold. cDNA was stored at -20°C. 

Component Master Mix Volume/10μL Reaction 

10X RT Buffer 1.0 

25X dNTP Mix (100mM) 0.4 

10X RT Random Primers 1.0 

MultiScribe™ Reverse Transcriptase 0.5 

Nuclease-free water 2.1 
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Total 5.0 

 

2.5.6 Quantitative polymerase chain reaction (qPCR) 

qPCR was performed using a TaqMan faster PCR master mix and commercially available rat 

miRNA (TaqMan MicroRNA Assays, Table 2.2) or gene probe sets (TaqMan Gene Expression 

Assay, Table 2.2). The U6 small nuclear RNA was employed as endogenous control to 

normalise the expression levels of miRNAs of interest. Rat beta-actin (ACTB) or GAPDH was 

used as a housekeeper gene. cDNA was diluted 10 times with Nuclease-free H2O before use. 

For each sample, a 10µL reaction contained 8μL master mix (see Table below) and 2µL diluted 

cDNA sample. For analysis of miRNA and gene expression, relative expression levels of 

miRNAs and target genes of interest relative to experimental control were calculated using 

^^Ct method which has been previously described by Livak (278). All RT-qPCR assays (Table 

2.4) used in this thesis for validation of miRNAs and genes of interest were performed in 

duplicate. 

Component Master Mix Volume/10μL Reaction 

TaqMan® Fast Advanced Master Mix (Table 2.3) 5.0 

TaqMan® primer (Table 2.4) 0.5 

Nuclease-free water 2.5 

Total  8.0 

 

2.5.7 miRNA Next-Generation Sequencing 

One microgram of RNAs containing miRNAs in triplicate from normoxic and OIR rats at P14 

were prepared as per the manufacturers’ instructions (Table 2.3). The libraries of cDNA from 

the biological samples in triplicates for control and OIR group were sequenced by using an 

Illumina Hiseq-2500 RNA-seq platform (Table 2.2) as 50bp single end chemistry at Australian 

Genome Research Facility (AGRF, Melbourne, VIC, Australia) (279, 280). Briefly, the 

sequence reads from all samples were analyzed for overall quality, screened for the presence 
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of any contaminants and trimmed accordingly. The cleaned sequence reads were then 

processed through the quantification modules miRDEEP2 ver2.0.0.7 pipeline for known 

miRNA expression profiling. Rat miRNAs from miRBASE release21 were used for mapping 

and quantification (281). Differential miRNA expression analysis was undertaken using the 

Limma bioconductor package (https://www.bioconductor.org/packages/release/bioc/vignettes 

/limma/inst/doc/usersguide.pdf). Expression profiling comparisons were performed for mature 

miRNAs between normoxic and OIR rats at P14 with a data filter set to ≤ -1 Log2 (Fold Change) 

and false discovery rate (FDR) of 0.05.   

2.5.8 RNA Next-generation Sequencing 

The libraries of cDNA preparation were similar to miRNA-Seq as described above. The quality 

of the raw reads were assessed by using FASTQC (282), and we ensured that all reads had 

phred scores > 28.  The reference genomic sequence of Rattus norvegicus (rn6) were retrieved 

from the iGenomes (obtained on 19th June 2017, https://support.illumina.com/sequencing/ 

sequenci-ng_software/igenome.html) and used for all analysis. The quality reads were mapped 

to the reference genome using TopHat (283). After that, Cufflinks software was used to 

estimate gene expression level using Fragments per Kilobase of transcript per Million mapped 

reads (FPKM) (284). To identify genes, Cuffdiff (284) statistical method was employed to 

calculate the expression and transcript level differences between different groups. q-value was 

used to calculate differentially expressed genes between groups in the study. The above-

mentioned tools used in analysis was hosted on Galaxy-Server (http://usegalaxy.org/). 

CummeRbund (285) transforms the Cuffdiff data into the R statistical computing environment, 

which was used for functional analysis and generating plots. Heatmaps were generated using 

ClustVis (286). Functional analysis of genes and their networks were used in the analysis and 

the significance of any gene function in a network was denoted by a p-value of less than 0.05 
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(Fisher Exact Test). Genes were deemed to be ‘regulated’ if the fold change was greater than 

1.7, up (+0.77 Log2) or down (-0.77 Log2) (287). 

2.5.9 Intravitreal injection 

Intravitreal injections were performed in experimental and control rats using a surgical 

microscope similar to that previously described (85, 288). In brief, after making a guide track 

through the conjunctiva and sclera at the superior temporal hemisphere behind the limbus using 

a 30-gauge needle, a hand-pulled glass micropipette was inserted into the vitreal cavity. A total 

of 1μL of miRNA mimics of interest (1μg) was injected into the eye of rats, and an equal 

amount of non-targeting scrambled negative control miRNAs was injected into the 

contralateral eye of the same animal at a rate of 200nL/s using a UMP3-2 Ultra Micro Pump 

(Table 2.2). Similarly, 1μL of low (15ng) or high dose (90ng) 5Z-7-Oxozeaenol diluted in 1% 

DMSO, or balanced salt solution containing 1% DMSO, was injected into the eyes of rats. 

2.5.10 Electroretinography (ERG) 

Rats were dark-adapted overnight prior to ERG assessment under fully dark-adapted 

conditions. Details for functional assessment are as previously described (289). Briefly, a pair 

of custom-made chloride silver active and ring-shaped reference electrodes (Table 2.3), 

connected to platinum leads (Table 2.3), were located in the central cornea and sclera, 

respectively. A stainless-steel needle electrode (Table 2.3) was inserted subcutaneously into 

the tail of the anima to replace ground. Measurements were recorded simultaneously for both 

eyes. ERG analysis as previously described consists of three major waveforms. Each waveform 

reflects function of different retinal cells, such as the photoreceptor (a-wave), bipolar cell (b-

wave), and ganglion cell (scotopic threshold response, STR).  
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2.5.11 Spectral-domain Optical coherence tomography (OCT) 

Following ERG measurement, rat eyes were imaged using spectral domain-OCT (Table 2.3). 

Volume scans consisting of 1000 A-scans per 100 B-scans (Equally space across the 1.4mm 

vertical dimension; 100 horizontal B-scans evenly spaced in the vertical dimension) centred on 

the optic nerve head (ONH; 1.4 x 1.4 x 1.57mm) were obtained from both eyes. Four B-scans 

that crossed the ONH were analyzed using FIJI software (https://fiji.sc/). In each B-scan the 

inner limiting membrane, retinal nerve fiber layer (RNFL), inner plexiform layer and Bruch's 

membrane were manually segmented by a masked observer as previously described (289). 

Total retinal thickness (TRT) was measured from the inner limiting to Bruch’s membrane. 

Retinal nerve fibre layer (RNFL) thickness was measured from the inner limiting membrane to 

the inner aspect of the inner plexiform layer. Outer retinal thickness was measured from 

Bruch’s membrane to the outer plexiform layer. 

2.6 Cell culture 

2.6.1 Cell maintenance 

All cells were cultured in sterile cell culture flasks (Table 2.2) at 37oC in a humidified 5% 

carbon dioxide incubator. All HEK293A cells (Table 2.6) were maintained in DMEM 

containing 10% foetal bovine serum (Table 2.1) unless otherwise stated. HUVECs or HMECs 

(Table 2.6) were cultured in Endothelial Growth Medium-2 (Table 2.1, supplemented with 

reagents from BulletKit™) with 5% FBS (Table 2.1). All cells were passaged at a dilution of 

1:5 every 2-3 days in 75cm2 cell culture flasks (Table 2.2). The passaging was done by washing 

cells with PBS and detaching cells with 1mL of Trypsin-EDTA (Table 2.1) for 2 minutes in 

incubator at 37oC. The detached cells were re-suspended with 9mL complete growth medium 

and pelleted by centrifuge at 800rpm for 5 minutes. The cell pellets were re-suspended in 5mL 
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complete growth medium and aliquoted to five new 75cm2 cell culture flasks with 9mL fresh 

complete growth medium. 

2.6.2 Cell counting  

All cells were counted whenever necessary. Cell suspension (20µL) was mixed well with equal 

volume of trypan blue solution (Table 2.1) prior to loading to Countess™ Cell Counting 

Chamber Slides (Table 2.2). The slides were inserted into the slot of Countess™ Automated 

Cell Counter (Table 2.2), and counting were automatically occurred by the machine. The final 

cell density was averaged by two counting.  

2.6.3 Cell freezing 

All cells were appropriately stored in FBS containing 10% DMSO. Prior to freezing cells, 20% 

freezing media was prepared by adding 10mL of DMSO to 40mL of FBS. Cells in complete 

media (0.5mL) were mixed well with equal volume of 20% freezing media (the final freezing 

media contains 10% DMSO). Cells were placed in Mr. Frosty™ Freezing Container (Table 

2.2) filled with isopropanol and stored in -80°C prior to placing to liquid nitrogen. 

2.7 Angiogenesis assays in vitro 

2.7.1 Endothelial tube formation assay 

Endothelial tube formation assay was performed as previously described (290). Matrigel (Table 

2.1) was thawed at 4°C overnight and then spread evenly over each well (50μL) of 96-well 

plate. The plate was incubated at 37°C for 30 minutes before seeding to allow Matrigel to 

polymerize. HUVECs or HMECs were seeded at 2 x 104 cells per well and grown in 100μL of 

EGM™-2. Cells were immediately treated with Transforming Growth Factor-beta Activated 

Kinase 1 (TAK1) inhibitor (5Z-7-Oxozeaenol, Table 2.1) at a concentration of 10nM, 100nM, 

1000nM, or left untreated as controls. Images were taken for each group 6 hours after treatment. 

Endothelial lumen formation and branch point were quantified by using Angiogenesis Analyzer 
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Plugin for ImageJ (http://image.bio.methods.free.fr/ImageJ/?Angiog-enesis-Analyzer-for-

ImageJ) (291). The control samples were defined as 100% tube formation, and the percentage 

change in tube formation relative to control was calculated for the treated samples.  

2.7.2 Cell proliferation assay 

For the cell proliferation assay, a cell proliferation assay kit was used as per the manufacturer’s 

instruction (Table 2.3). Briefly, HUVECs or HMECs were seeded at 5,000 per well in 96-well 

plate. The cells were then treated with 5Z-7-Oxozeaenol at a concentration of 10nM, 100nM, 

1000nM, or left untreated as controls. The medium was removed and replaced with the diluted 

binding solution with DNA dye 24 or 48 hours after drug treatment. To allow the DNA being 

stained, the plate was incubated at 37°C for 1 hour prior to assessment of fluorescence intensity. 

The fluorescence intensity of samples was measured using a fluorescence microplate reader 

(Table 2.2) with excitation at ~485nm and emission detection at ~530nm. The results were 

normalized to the percentage of control.  

2.7.3 Cell migration 

HUVECs or HMECs were seeded at a concentration of 2 x 105cells/well in a 6-well tissue 

culture plate prior to treatment. Cell monolayers were then wounded by scraping, followed by 

treatment with 5Z-7-Oxozeaenol at a concentration of 10nM, 100nM, 1000nM, or left untreated 

as controls. Cells were incubated at 37 °C for 24 hours. Images of cells were taken immediately 

after scraping and 24 hours after 5Z-7-Oxozeaenol treatment under phase contrast microscope 

(Table 2.2). For each image, the distance between the gap was quantified and normalised to the 

original would distance. Four fields per well were quantified with ImageJ.  

2.8 Flow cytometric analysis  

HUVECs were harvested in PBS, washed once with PBS, and fixed for 30 minutes in cold 70% 

ethanol. Fixed cells were washed twice with PBS and permeabilized with 0.2% Triton X-100 
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(Table 2.1) in PBS. Cells were then stained with 4 μg/mL of propidium iodide (Table 2.1) and 

50units/mL RNase A (Table 2.1) for 30 minutes. Stained cells were analyzed with a 

fluorescence-activated cell sorter (FACS) Calibur (Table 2.2), and the data were analyzed using 

a mod-fit cell cycle analysis program. 

2.9 Aortic ring assay 

Aortic ring assay was performed as previously described (292). Briefly, aortae were removed 

from euthanized C57BL/6 mice and immediately transferred to a culture dish containing ice-

cold EGM™-2 (Table 2.1). The peripheral fibroadipose tissue was carefully removed. The 

aortae were sectioned into rings ~1mm in width. Each aortic ring was placed in an individual 

well covered with 120uL of growth factor-reduced Matrigel (Table 2.1), and was cultured in 

200uL of EGM™-2 for 9 days. For explants treated with 5Z-7-Oxozeaenol, 5Z-7-Oxozeaenol 

was added to the medium at 1µM. Medium was replaced and drug was supplemented every 3 

days for all groups. Images of individual explants were taken on day 0 to 9 after plating using 

Zeiss microscope (Table 2.2). The neo-formed vascular sprouting area was quantified with 

Adobe Photoshop Elements 13. 

2.10 Molecular biology 

2.10.1 Plasmid purification  

2.10.1.1 Small-scale plasmid purification  

Small-scale isolation of plasmid DNA was performed using commercially available miniprep 

kits (Table 2.3) for up to 20ug DNA per run as per manufacturer’s instructions. Briefly, single 

bacterial colonies were picked from LB agar plate with ampicillin and inoculated 5mL LB 

media supplemented with ampicillin (100ug/mL, Table 2.1) in 15mL round bottom 

polypropylene, loosely capped tubes. Cultures were incubated in shaker at 37 oC at 225rpm 

overnight. 1.5 to 3mL of culture was pelleted in a 1.5mL Eppendorf tube at 17,900 x g for 3 
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minutes. The pellet was resuspended, lysed, and neutralized according to the manufacturer’s 

instructions. The plasmid DNA was purified and eluted from column in 30uL of elution buffer.  

2.10.1.2 Large-scale plasmid purification 

Large-scale isolation of plasmid DNA was performed using commercially available Maxiprep 

(Table 2.3) for up to 500ug DNA per run as per manufacturer’s instructions. To prepare cultures 

for plasmid purification, single colonies were picked and inoculated 5mL LB media 

supplemented with ampicillin. The culture was incubated in a shaker at 37oC at 225rpm for 

about 8 hours. 500uL of the culture was inoculated 500mL fresh LB media supplemented with 

ampicillin (100ug/mL). The diluted culture was incubated overnight in a shaker at 37oC at 

225rpm. To make a glycerol stock, 500uL LB media harbouring the plasmid of interest was 

mixed with 500uL 50% sterile glycerol (final concentration: 25%) and stored at -80 oC. The 

culture was pelleted by centrifugation at 6,000 x g for 15 minutes at 4oC. Similarly, the pellet 

was resuspended, lysed, and neutralized according to the manufacturer’s instructions. The 

plasmid DNA was purified and eluted from tip provided in desired volume of elution buffer.   

2.10.2 Restriction enzyme digestion  

Restriction enzyme (Table 2.1) digestion was performed according to manufacturer’s 

instructions. Digestion usually serves two purposes in this thesis, including screening for 

correct plasmid and subcloning of vector construction. For the purpose of screening, the 

digestion solution for one plasmid was typically 20uL (See table below). The reaction was 

incubated at the recommend temperature (typically at 370C) for 1 hour.  

Component Master Mix Volume/20μL Reaction 

Plasmid DNA (~200-500ng) Volume depended on concentration 

Restriction enzyme  1.0 

Digestion buffer 2.0 

Nuclease-free water Up to 20 
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For the purpose of subcloning of vector construct, large-scale of plasmid (typically 

>2000ng) was required. The reaction volume for a double digestion method was typically 40uL 

(See table below). The reaction was incubated at the recommend temperature (typically at 

37oC) for at least 3 hours.  

Component Master Mix Volume/40μL Reaction 

Plasmid DNA (typically >2000ng) Volume depended on concentration 

Restriction enzyme A 2.0 

Restriction enzyme B 2.0 

Digestion buffer 4.0 

Nuclease-free water Up to 40 

 

2.10.3 Agarose gel electrophoresis  

DNA fragments from restriction enzyme digestion were resolved by agarose gel 

electrophoresis. Based on the DNA fragment size, the agarose gel concentration was from 0.8 

to 2% (1% was used mostly in this thesis). To make 1% gel, 100g of agarose base powder was 

dissolved in 100mL 1 x TAE buffer (Table 2.1) and then stained with 10uL GelRed (Table 2.1). 

DNA samples were stained with 1 x DNA loading dye (Table 2.1) and loaded into the well. 

1Kb Plus DNA Ladder (Table 2.1) was used as a maker to estimate the size of DNA samples. 

Electrophoresis was conducted in 1 x TAE buffer at 100 voltage for 1 hour. The gel was 

visualized under ultra-violet light on a transilluminator (Table 2.2), and the DNA fragment 

(vector backbone in this thesis unless otherwise stated) was excised according to the desired 

size using a clean scalpel blade.  

2.10.4 Gel purification of digested plasmid DNA 

Following excision of vector construct, DNA was extracted from the gel slice by using the 

Wizard® SV Gel and PCR Clean-up System (Table 2.3) as per manufacturer’s instructions. 

Briefly, the excised gel slice was completely melted with DNA binding solution (10µL/10mg) 

at 50-65oC. The dissolved gel mixture was transferred to the provided mini-column assembly 
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and centrifuge at 16,000 x g for 1 minute, followed by discarding the flowthrough. The mini-

column was washed twice by wash solution, and DNA was eluted by nuclease-free water with 

desired volume.   

2.10.5 Oligo annealing  

As the inserts used in this thesis were short oligonucleotide, the inserts were annealed directly 

for subcloning rather than traditional production of inserts by PCR amplification. Forward and 

reverse oligos that carry pre-designed restrictive digestion site at the end were annealed in a 

commercially available buffer. Oligo annealing was carried out in a 10μL reaction (see table 

below). Thermal cycling condition were used as follows: 37oC for 30 minutes, 95oC for 5 

minutes and ramp down to 25oC. Following annealing, the mixture was diluted 100 times with 

nuclease-free water prior to use.  

Components Master Mix Volume/10μL Reaction 

5’ DNA (100uM) (Section 2.1.2) 1.0 

3’ DNA (100uM) (Section 2.1.2) 1.0 

10 x T4 ligase buffer (Table 2.1)      1.0 

T4 PNK (Table 2.1)      1.0 

H2O 6.0 

 

2.10.6 DNA ligation  

Ligation reaction was carried out in a 20µL reaction (See table below). Reactions were 

incubated at 160C overnight.  

Component Master Mix Volume/20μL Reaction 

Vector (100ng of Purified vector backbone DNA) Volume depended on concentration 

Annealed Oligo 2.0  

T4 ligase buffer (Table 2.1), 2.0 

T4 ligase (1000u/ul) 1.0 

H2O 5.0 
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2.10.7 Transformation of bacterial cells 

Chemically competent cells (Table 2.6) were transformed with plasmids by using the heat 

shock method. DH5α cells (competent cell) were thawed on ice prior to the addition of DNA. 

Plasmid DNA (10µL ligation mix) was mixed gently into 50µL DH5α cells and incubated on 

ice for 30 minutes. The cells were heat shocked at 42°C for 20 seconds in a heating block, 

followed by incubation on ice for 2 minutes.  The cells were added with 500µL SOC media 

(Table 2.1) and grown in a 37°C shaking incubator for 1 hour. The cells were plated on a pre-

warmed agar plate supplemented with ampicillin (100µg/mL) for incubation overnight at 37°C. 

Single colonies were selected and inoculated 5mL LB media supplemented with ampicillin for 

miniprep (Section 2.10.2.1). Following isolation of small scale of plasmid DNA by miniprep, 

plasmid DNA was used for screening for the presence of the correct plasmid DNA by 

restriction enzyme digestion and DNA sanger sequencing proceeding to large scale plasmid 

purification (Section 2.10.2.2). 

2.10.8 Sanger DNA sequencing  

All subcloned plasmid DNA were verified by sequencing at Australian Genome Research 

Facility (AGRF, Melbourne). Sequencing samples were prepared in a 12µL mix consisting of 

1000ng plasmid DNA, 1 µL sequencing primer, and desirable volume of water.  

2.11 Plasmid DNA transfection 

To verify the gene function, the plasmid carrying the gene of interest was transfected into 

HEK293A cells by Lipofectamine® 2000 (Table 2.1) according to manufacturer’s instructions. 

Briefly, to transfect DNA into cells cultured in 6-well plate, cells were plated at 5 x 105 in 

1000µL growth media without antibiotics in each well, which gave 70-90% confluence 24 

hours after seeding. To make transfection complex (1000nL in total for one well), 500ng DNA 

was diluted in 500µL Opti-MEM® I Reduced Serum Medium (Table 2.1), and mixed well with 
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500µL Opti-MEM® I Reduced Serum Medium that contained 3µL Lipofectamine®2000 

(Prepare complexes using a DNA (μg) to Lipofectamine® 2000 (μl) ratio of 1:2 to 1:3 for most 

cell lines). The complex was incubated for 20 minutes at room temperature before use. The 

cells were washed with fresh Opti-MEM® I Reduced Serum Medium and added with 1000µL 

transfection complex. Cells were incubated at 37°C in a CO2 incubator for 18-48 hours prior 

to testing for transgene expression. 

2.12 Dual-Luciferase Reporter Assay 

HEK293A (Table 2.6) were seeded in 12-well plates and transfected using Lipofectamine 2000 

(Table 2.1) 200ng of reporter plasmid containing target sequence or report plasmid as positive 

control or empty vector as negative control and 50ng of a reference plasmid (Table 2.7) 

simultaneously. Dual-Luciferase assay was performed using dual luciferase kit from Promega 

(Table 2.3) 48 hours after transfection. Luminescence was measured by using a microplate 

reader (Table 2.2). Luciferase activity was normalised to Renilla luciferase activity and to 

positive controls.  

2.13 Statistical methods 

All statistical analyses were performed using Prism 6 software (Table 2.2). Between-group 

analyses were assessed using Student's t-test, one-way or two-way analysis of variance 

(ANOVA), and Tukey’s multiple comparisons test was used for pair-wise post-hoc analyses. 

Results were presented as mean ± SEM in all studies. P values of <0.05 were considered 

statistically significant. 
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CHAPTER 3 IDENTIFYING THE RETINAL MICRORNA SIGNATURE OF 

OXYGEN-INDUCED RETINOPATHY IN RATS  

3.1 Introduction 

3.1.1 Measurement of microRNA 

Many unique characteristics of miRNAs pose challenges and barriers to accurate detect and 

measure miRNAs. For example, the short length (~22 nucleotide) of miRNA is insufficient for 

annealing with conventional reverse transcription (RT) primers. Unlike mRNA, miRNA does 

not contain a poly-A tail that dominantly allows random primer binding. As such, miRNA 

needs a specific primer other than random primer to reverse transcribed for further quantitative 

PCR. As technology has advanced in recent years, assessing such small RNA molecules has 

become easier. This is due to improvements in methods used for sample preparation and 

miRNA detection, both of which are essentially for precise miRNA profiling.  

The ready availability of commercial kits for miRNA amplification, such as TaqMan 

Advanced miRNA cDNA Synthesis Kit, has simplified miRNA quantification. The kit uses 

both 3’ poly-A tailing and 5’ ligation of an adaptor sequence, to extend the mature miRNA at 

each end prior to RT. Once extended, the mature miRNA can be transcribed by universal RT 

primers that recognize sequences present on both 5’ and 3’ extended ends of the mature 

miRNA. An additional challenge in miRNA profiling is that miRNAs within a family can be 

different by as little as a single nucleotide. In addition, even for a single miRNA, there could 

have sequence length variability in biological samples (293). Despite all of these challenges 

and barriers, three dominant approaches have been adopted by researchers for miRNA profiling 

and they include qRT-PCR, microarrays, and high-throughput sequencing (RNA-Seq) via next 

generation sequencing (NGS). A detailed miRNA profiling workflow has been described in a 

review (293). Briefly, specimens in various forms are subjected to miRNA extraction, followed 
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by subsequent quantification and quality control prior to different platforms of miRNA 

profiling. It is important to keep in mind that each profiling method has its strengths and 

limitations. For example, miRNA microarray is an established method which can be easily 

adapted to existing microarray workflow. However,  microarray is relatively less aacurate and 

specific to identify novel miRNAs compared to miRNA-Seq (293). Despite miRNA-seq is 

characterized by its high accuracy and sensitivity, it needs significant computational support 

for data analysis (293). Thus, appropriate method should be used for different experiments.  

3.1.2 microRNA expression profiling 

miRNA expression profiling is a useful approach to identify crucial miRNAs that regulate a 

range of biological processes, including multicellular organism development and tissue 

maintenance and differentiation (294, 295). miRNA profiling involved the measurement of the 

relative abundance of a cohort of miRNAs, ranging from a few individual miRNAs of specific 

biological interest to a comprehensive identification of all miRNAs in a given species (usually 

numbering in the hundreds) (293). Assaying miRNA expression appears to have advantages 

over gene screening alone because measuring miRNA expression can provide detailed insights 

to gene regulation, particularly when the miRNA signature is interpreted in conjunction with 

mRNA profiling information and other genome-scale sequencing data (293). In addition, 

miRNAs are well-preserved in body fluids, and have been demonstrated to be more stable than 

mRNAs in many specimen types, such as blood plasma/serum or urine (296). Furthermore, 

miRNAs are easily measurable with more sensitivity than proteins because the fact that 

miRNAs can be amplified by RT-PCR (297). A number of studies have demonstrated roles for 

miRNAs in human cancers, immune-related responses, viral infections , and neurodegenerative 

diseases (298).  
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By profiling miRNA expression in normal ocular tissues such as ciliary body (CB), 

cornea, and trabecular meshwork (TM), a study extensively investigated the miRNA function 

and involvement in normal ocular tissues  (299). miRNA expression profile in human aqueous 

humor was also characterized by miRNA-Seq, which suggested that intraocular cells as well 

as blood plasma contributes to the complete miRNA content (miRNome) in extracellular 

aqueous humor (300). Unlike many other human tissues which are relatively accessible for 

biopsy, the human retina is difficult to sample. Consequently, animal models of proliferative 

retinopathy have been used to investigate the role of miRNAs in this context. Most recently, 

two studies profiled retinal miRNA expression in mice, both of which showed several miRNAs 

are up- and down-regulated in the retina (192, 193) (for details see section 1.5), suggesting 

differential expression of miRNAs might play important roles in the pathogenesis of retinal 

neovascularization.  

3.1.3 Conservation of microRNA 

Many miRNAs are characterized by high sequence conservation across highly divergent 

species (301), contributing to developmental processes and transcriptional regulation with 

conservation operating at both sequence and expression level (302). However, phenotypic 

divergence among animal species may be in part due to variable regulation of miRNAs (303). 

Several explanations have been proposed to explain these regulations of miRNAs. First, 

miRNA genes vary by their degree of conservation, many of which are unique to a particular 

species. For example, 54.3% of the 834 known human miRNAs are either human-specific or 

not conserved beyond primates, and 27.6% of the 503 known mouse miRNAs are mouse-

specific (303). Moreover, comparison of the expression levels of miRNAs in embryonic 

stem/induced pluripotent stem cells in humans and mouse showed several mouse- and human- 

specific miRNAs were among highly expressers (304). Second, the expression levels of the 
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same miRNAs may vary in different species. A study showed that 106 out of 338 miRNAs 

detected in human and rhesus macaque prefrontal cortex were differentially expressed between 

the two species (305). Lastly, miRNA binding sites at 3’UTR of target genes for silencing gene 

expression may vary. A study compared the 3’UTR sequences and the miRNA binding sites of 

the progesterone receptor (PGR) in different species (306). miR-96 can directly target the 

transcript of PGR in both humans and rhesus monkeys but not in rodents (306). Furthermore, 

miR-375 can directly regulate PGR gene expression in rhesus monkey but not in humans or 

rodents (306). Altogether, the variability of the miRNA regulation between different species is 

multifactorial. miRNA profiling may provide a useful approach to decode these variabilities 

between different species.  

3.1.4 Rodent models of oxygen-induced retinopathy 

The rodent OIR model (Section 1.6.1) has been extensively used to explore the mechanism of 

retinal neovascularization as well as to investigate potential therapeutic targets to suppress 

retinal neovascularization. The OIR rodent model can mimic pre-proliferative (ischemic 

retinopathy) to proliferative stage (retinal neovascularization) in patients with DR (307), which 

allow researchers to explore the potential mechanisms of ischemia-induced retinal vascular 

proliferation and to identify novel therapeutic targets for pre-proliferative DR. In fact, the 

mouse model of OIR has been commonly adopted as it has several advantages, such as 

availability of genetic modification, high reproducibility, low cost, and less complex protocol 

than other protocols to induce retinal neovascularization through laser photocoagulation, 

intraocular injection of pro-angiogenic molecules or radiation. However, the manifestation of 

retinal neovascularization in mouse model is different from clinical retinopathy of prematurity 

(308). Retinal neovascularization occurs in the central retina in OIR mouse, while it usually 

appears in peripheral retina in human retinopathy of prematurity. Previous studies assessed 



 

 

73 

retinal miRNA expression in mice with OIR, and they identified several retinal miRNAs such 

as miR-126 and miR-150 that were altered in OIR, implicating these in retinal 

neovascularization (202, 203). However, there was a discrepancy in retinal miRNA profiling 

in OIR mice between research groups (192, 194), and this appears to be due to the use of 

different miRNA expression assays or platforms and different tissue collection time points.  

The OIR rat model has several advantages compared to the mouse model (see Section 

1.6.1). Specifically, the pathology of OIR rats more clinically resembles the human disease. 

The larger size of rat eyes makes intravitreal injection less technically challenging than 

injection in mouse eyes.  With the recent advances in technology, the rat genome is becoming 

much easier to manipulate, and genetically-modified rats are available. Despite the popularity 

of the rat OIR model, retinal miRNA expression profiles in this model remain unclear. Hence, 

the present study seeks to profile the miRNA expression in retinas from rats and mice and 

determine the degree of homology between humans, mice and rats. The results demonstrate 

that retinal miRNA expression is highly conserved in both rats and mice, and is moderately 

homologous to humans. Thus, rat is selected for further study of profiling retinal miRNA 

expression.  

Hypotheses:  

1. Retinal miRNAs are conserved among rats, mice and humans.  

2. Retinal miRNAs are altered in rats with OIR.  

Aims:  

1. To profile miRNA expression in the retina of rodents (rat and mice) using miRNA-Seq.  

2. To establish a rat model of OIR.  

3. To identify altered miRNAs in the retinas of OIR rats using miRNA-Seq.  
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3.2 Methods 

3.2.1 Retinal microRNAs expression profile of rat and mouse 

Eyes were collected from outsourced adult mice and rats at 10 weeks of age and retinas were 

dissected and stored in RT lysis buffer. Total RNA and miRNA were extracted from the retinas 

using miRNeasy mini kit according to the manufacturer’s instructions. The quality of RNA 

was assessed by a bioanalyzer before being subjected to lib rary preparation (Section 2.5.7). 

Specifications of miRNA-Seq for retinal miRNAs of mouse and rat were described in Table 

3.2. The read count of each miRNA for each biological sample was extracted from the raw 

sequencing data by AGRF, Melbourne. Retinal miRNA profiles of rats and mice have been 

deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series 

accession number GSE10459 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104

593). 

Table 3. 1 Specifications of microRNA-Seq for retinal miRNA of rat and mouse. 

Specifications 
 

Organism/tissue Rattus norvegicus (Sprague-Dawley)/whole retina 

 Mus musculus (C57BL/6)/whole retina 

Animal source Animal Resources Centre, Perth, Australia 

Age 10 weeks 

Data format Raw and processed 

Experimental 

factors 

The whole retina was dissected from both rats and mice. Total RNA and 

miRNA were isolated from the dissected retina by a miRNeasy mini kit 

(Qiagen, Hilden, Germany). One microgram of miRNA samples in 

triplicate was prepared as per the manufacturers’ instructions (Illumina 

Inc. San Diego, CA, USA). 

Overall design  The expression profiles of retinal miRNAs in rats and mice were 

generated by deep sequencing, in triplicate, using an Illumina Hiseq-

2500 RNA-Seq platform. 
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Data processing The quality of all samples was analyzed to assure all samples have a Q-

score of >30. The fastq files were processed by the mapper and 

quantification module miRDEEP2 ver 2.0.0.7 (PMID: 18392026) for 

miRNA expression profiling. The processed reads were further mapped 

to the known miRNA for mouse and rat using MIRBASE version 21 

(http://www.mirbase.org) and miRNA read counts were obtained for all 

the samples.   

Consent Animal ethics approval obtained in accordance with the international 

guidelines. Animal ethics number is 004/16.  

Sample location Centre for Eye Research Australia (CERA), Melbourne, VIC, Australia 

Sequencing 

location 

Australian Genome Research Facility (AGRF), Melbourne, VIC, 

Australia 

 

3.2.2 Comparison of retinal microRNA expression patterns of humans, mice and rats   

Retinal miRNAs identified from mouse and rats were aligned with reported retinal miRNAs in 

human (190). The sequence of each of the top 100 miRNAs expressed in the human retina was 

pairwise aligned with same miRNAs identified in rat and mouse by an online database, 

Pairwise Sequence Alignment (http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.ht

ml). The similarity of miRNA sequence between species was given in percentage format. 

3.2.3 Retinal microRNA expression profile in rats with OIR 

Neonatal rats were exposed to cyclic oxygen (OIR) or room air (normoxia) as described in 

section 2.5.1 and Table 3.3. Eyes were collected from rats with OIR at P14 and P29 and 

normoxic rats at P14. Total RNA and miRNA were extracted from the retinas with a miRNeasy 

mini kit according to the methods described in manufacturer’s instructions. The quality of 

miRNA was assessed by bioanalyzer before subjected to library preparation. Specifications of 

miRNA-Seq for retinal miRNAs of OIR and normoxic rats were described in Table 3.3. Retinal 

miRNA transcriptomes from rats with OIR have been deposited in NCBI's Gene Expression 

Omnibus and are accessible through GEO Series accession number GSE104620 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE104620), 

http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html
http://www.ebi.ac.uk/Tools/psa/emboss_needle/nucleotide.html
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Table 3. 2 Specifications of miRNA-Seq for retinal miRNA expression from rats with OIR 

and normoxia. 

Specifications 
 

Organism/tissue Rattus norvegicus (Sprague-Dawley) /whole retina 

OIR rats (P14 or P29) 

Normoxic rats (P14) 

Animal source Animal Resources Centre, Perth, Australia 

Data format Raw and processed 

Experimental 

factors 

In the OIR model, neonatal rats were subjected to daily cycles of 80% 

oxygen for 21 hours and room air for 3 hours in a customised chamber 

for 14 days (postnatal day 14, P14), then return to room air for 15 days 

(postnatal day 29, P29). Another cohort of neonatal rats (normoxic 

group) was housed in room air for 14 days. Total RNAs and miRNAs 

were isolated from retinas by a miRNeasy mini kit (Qiagen, Hilden, 

Germany). One microgram of miRNA samples in triplicate was 

prepared as per the manufacturers’ instructions (Illumina Inc. San 

Diego, CA, USA).  

Overall design Retinal miRNA expression profiles were generated in triplicate from 

rats with OIR at P14 and P29 or normoxic rats at P14 by deep 

sequencing using Illumina Hiseq-2500 RNA-Seq platform.  

Data processing  Same as Table 3.2. 

Consent Same as Table 3.2. 

Sample location Same as Table 3.2. 

Sequencing 

location 

Same as Table 3.2. 

 

3.2.4 Validation of microRNA expression in OIR rats by qRT-PCR 

The miRNAs that were identified by miRNA-Seq as being altered in OIR rats at P14 in 

comparison of control rats at P14 were further validated by quantitative PCR. cDNA was 

synthesised from retinal miRNA of OIR and room air-exposed rats via RT (Section 2.3.5.1) 

and then subjected to quantitative PCR (Section 2.3.6). The U6 small nuclear RNA was 

employed as an endogenous control to normalise the expression levels of other miRNAs (309). 
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3.2.5 Statistical methods 

All statistical analyses were performed using Prism 6 software. Between-group analyses were 

assessed using two-way analysis of variance (ANOVA), and Tukey’s multiple comparisons 

test was used for pair-wise post-hoc analyses. Results were presented as mean ± SEM for all 

studies. P values of <0.05 were considered statistically significant. 

3.3 Results  

3.3.1 Retinal microRNAs are conserved in rats and mice  

Given that mouse and rat models of OIR are commonly used for studying retinal 

neovascularization, we sought to identify which of the two species was most similar to humans 

in retinal miRNA expression under room air control conditions. The miRNA-Seq data indicated 

that adult rats and mice both shared ~63.0% of miRNAs with the adult humans (190) (Figure 

3.2). By aligning the average read counts of retinal miRNAs of rats and mice with the top 100 

miRNAs expressed in the human retina (190), these miRNAs were found to be highly 

conserved between rats and mice (Figure 3.3). Furthermore, the sequence of these highly 

expressed retinal miRNAs was homologous among adult rats, mice and humans (Table 3.4).  
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Figure 3. 1 Retinal microRNAs are conserved among rat, mouse and human.  

The Venn diagrams show that a large proportion of retinal miRNAs are conserved among rat, 

mouse and human.  
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Figure 3. 2 Retinal microRNAs in rat and mouse are highly homologous.  

The retinal miRNAs of both rat and mouse were aligned and matched to the top 100 miRNAs 

expressed in human retina. The mean read count of each miRNA from miRNA-Seq is depicted 

in the diagram (n=3 per group).   
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Table 3. 3 Pairwise sequence alignment of top 100 retinal microRNAs of humans with 

respective miRNAs of rat and mouse.  

Human miRNA Rank Sequence Similarity 
  Human vs Rat Human vs Mouse 

miR-182-5p 1 92% 92% 

miR-183-5p 2 100% 100% 

miR-26a-5p 3 100% 100% 

miR-181a-5p 4 100% 100% 

miR-204-5p 5 100% 100% 

miR-22-3p 6 100% 100% 

let-7a-5p 7 100% 100% 

miR-191-5p 8 100% 100% 

miR-9-5p 9 100% 100% 

miR-124-3p 10 100% 100% 

miR-127-3p 11 100% 100% 

miR-192-5p 12 100% 100% 

let-7f-5p 13 100% 100% 

miR-27b-3p 14 100% 100% 

miR-96-5p 15 100% 100% 

miR-26b-5p 16 100% 100% 

miR-99b-5p 17 100% 100% 

miR-92a-3p 18 95.50% 95.50% 

miR-30b-5p 19 100% 100% 

miR-125b-5p 20 100% 100% 

miR-151a-5p 21 - - 

miR-211-5p 22 95.50% 95.50% 

miR-126-5p 23 - - 

miR-143-3p 24 95.50% 100% 

miR-16-5p 25 100% 100% 

let-7g-5p 26 100% 100% 

miR-181b-5p 27 100% 100% 

miR-148a-3p 28 95.50% 100% 

miR-92b-3p 29 100% 100% 

miR-125a-5p 30 100% 100% 

miR-181c-5p 31 100% 100% 

miR-181a-2-3p 32 77.30% 72% 

miR-30d-5p 33 100% 100% 

miR-100-5p 34 100% 100% 

let-7c-5p 35 100% 100% 

miR-103a-3p 36 100% 100% 

miR-29b-3p 37 100% 100% 

miR-148b-3p 38 100% 100% 

miR-342-3p 39 100% 100% 

miR-186-5p 40 100% 100% 

miR-151a-3p 41 95.20% 95.20% 

miR-21-5p 42 100% 100% 
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miR-98-5p 43 100% 100% 

miR-486-5p 44 100% 100% 

miR-30a-5p 45 100% 100% 

miR-769-5p 46 - - 

miR-378a-3p 47 95.50% 95.50% 

let-7e-5p 48 100% 100% 

miR-29c-3p 49 100% 100% 

miR-190a-5p 50 100% 100% 

miR-29a-3p 51 100% 100% 

miR-101-3p 52 100% 100% 

let-7b-5p 53 100% 100% 

miR-340-5p 54 100% 100% 

let-7i-5p 55 100% 100% 

miR-30c-5p 56 100% 100% 

miR-410-3p 57 100% 100% 

miR-23c 58 - - 

miR-423-3p 59 100% 100% 

miR-25-3p 60 100% 100% 

miR-129-5p 61 100% 100% 

miR-411-5p 62 100% 100% 

miR-30e-3p 63 100% 100% 

miR-301a-3p 64 100% 100% 

miR-99a-5p 65 100% 100% 

miR-23b-3p 66 100% 100% 

miR-941 67 - - 

miR-1307-5p 68 - - 

miR-30a-3p 69 100% 100% 

miR-136-3p 70 100% 91.30% 

miR-128-3p 71 100% 100% 

miR-378i 72 - - 

let-7d-5p 73 100% 100% 

miR-153-3p 74 100% 100% 

miR-361-5p 75 100% 100% 

miR-210-3p 76 100% 100% 

miR-484 77 100% 100% 

miR-129-2-3p 78 100% 100% 

miR-126-3p 79 100% 100% 

miR-197-3p 80 - - 

miR-28-3p 81 100% 95.50% 

miR-181a-3p 82 100% 100% 

miR-381-3p 83 81.80% 100% 

miR-149-5p 84 100% 100% 

miR-181d-5p 85 100% 100% 

miR-409-3p 86 90.90% 100% 

miR-320a 87 5% 5% 

miR-375 88 85.30% 100% 

miR-889-3p 89 - - 

miR-30e-5p 90 100% 100% 

miR-21-3p 91 90.90% 90.90% 
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miR-335-3p 92 13.50% 100% 

miR-1180-3p 93 - - 

miR-27a-3p 94 100% 100% 

miR-335-5p 95 100% 100% 

miR-338-3p 96 95.70% 100% 

miR-146b-5p 97 91.70% 100% 

miR-345-5p 98 78.30% 86.40% 

miR-138-5p 99 100% 100% 

miR-23a-3p 100 100% 100% 

 

3.3.2 Modelling retinal neovascularization using a rat OIR  

To mimic retinal neovascularization that are seen in human eye diseases such as retinopathy of 

prematurity, the rat model of OIR was employed (116, 310). Neonatal rats were exposed to a 

daily cycle of 80% O2 for 21 hours, and room air for 3 hours from postnatal day (P) 0 to 14. 

After returning to room air at P14, neonatal rats were exposed to relative hypoxia, causing 

retinal ischemia and stimulating pathologic neovascularization. Retinal neovascularization 

peaked at P18, and regression of neovascularization was completed by P29 (Figure 3.4 and 

3.5). 

 

Figure 3. 3 Schematic diagram of OIR rat model.  

Neonatal rats were exposed to a daily cycle of 80% oxygen for 21 hours and room air for 3 

hours from postnatal day (P) 0 to P14 and returned to room air from P14. Retinal vaso-
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obliteration and neovascularization were demonstrated at P14 and P18, respectively. Retinal 

neovascularization was completely regressed, and vessel structure was fully recovered at P29. 

 

 

Figure 3. 4 Retinal flat mount from room air exposed (normoxia) and cyclic oxygen exposed 

rats.  

Representative images show a large area of vaso-obliteration in the peripheral retina at P14; 

retinal neovascularization at P18, and regression of neovascularization at P29. The vessel 

structure appeared being normal at P29 in OIR rats. Compared to cyclic oxygen exposed rats, 

the growth of retinal vessels in normoxic rats was completed by P14 and no changes in the flat 

mounts were seen at both P18 and P29. The areas highlighted in white dashed lines indicate 
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retinal vaso-obliteration. The yellow arrows indicate newly formed vessel tufts that are usually 

seen at the junction between avascular and vascularised regions.  

3.3.3 Retinal microRNA expression are altered in OIR rats 

miRNA-Seq analysis was performed to obtain an overall picture of the miRNA expression 

profile in the retinas of rats with OIR at P14 and in age-matched normoxic rats. This analysis 

identified a total of 466 miRNAs, all of which were included in the significance analysis (-

Log10 (P-value) vs Log2 (Fold Change), Figure 3.6). A ranking of the identified miRNAs in 

the retinas from normoxic rats based on the read count of each miRNA is listed in Appendix 1. 

Seven miRNAs (miR-451-5p, miR-150-5p, miR-126-3p, miR-126-5p, miR-143-3p, miR-145-

5p and miR-145-3p, and) were found to be down-regulated in OIR (a Log2 (Fold Change) < -

1 and adjusted p < 0.05) (Figure 3.7, Table 3.5) compared to expression levels in normoxia. 

Most importantly, all of the down-regulated miRNAs at P14 were restored at P29 when 

oxygen-exposed neonatal rats were returned to room air for 15 days (Table 3.6). Of those down-

regulated miRNAs, five miRNAs with mature forms were selected for further analysis, which 

included miR-451-5p, miR-150-5p, miR-126-3p, miR-143-3p and miR-145-5p. Of these 

miRNAs, miR-143-3p is most highly expressed in the retina (miR-143-3p ranks 33rd whereas 

miR-126-3p and miR-150-5p ranks 87th and 173rd, respectively among all miRNAs expressed 

in retina; appendix 1). All the identified miRNAs are highly conserved in retina across human, 

rat and mouse. 

To validate miRNA-Seq findings, total miRNA was isolated from two independent 

cohorts of cyclic oxygen exposed and room air exposed rats (n=3-5 from two littermates for 

each experimental arm). The expression levels of miRNAs at different time points were 

evaluated by qRT-PCR with TaqMan miRNA assay. The expression profiles of four miRNAs 

(miR-150-5p, miR-126-3p, miR-143-3p, and miR-145-5p) at P14 were found to be similar to 
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that determined by miRNA-Seq (Figure 3.8). miR-451-5p was excluded from further data 

analysis due to low expression and large variation among different animals.  

 

Figure 3. 5 The expression levels of several miRNAs in retinas are down-regulated 

significantly in OIR rats.  

Total RNAs were isolated from the retinas of cyclic oxygen-exposed or age-matched normoxic 

rats at P14 and subsequently subjected to miRNA profiling with miRNA-Seq (n=3 in each 

group). A volcano plot illustrates each miRNA with Log2 (Fold Change) (OIR versus 

normoxia) and p value (-Log10 (P-value) converted, e.g. -Log10 (0.05) = 1.3). Each dot 

represents an individual miRNA. A total of 466 miRNAs were identified from the rat retina. Of 
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466 miRNAs, seven were down-regulated (Log2 (Fold Change) < -1) in OIR rats compared to 

normoxic rats. 

 

 

Figure 3. 6 A heat map of selected miRNAs with levels significantly changed in OIR retinas 

at P14, as analyzed from miRNA-Seq results.  

The expression of 7 miRNAs were significantly down-regulated in OIR rats compared with 

normoxic rats. Relatedness in miRNA expression across samples is shown by a hierarchical 
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tree on the Y axis through standard linkage. Red indicates up-regulated expression levels; 

green indicates down-regulated expression levels. 

Table 3. 4 Retinal miRNAs are down-regulated in OIR rats at P14.  

MicroRNA Normoxia (P14)* OIR (P14)* Log2 (Fold 

Change) 

Adjusted 

p value 

rno-miR-150-5p  293.67 ± 54.59 84 ± 20.67 -1.87222 0.000397 

rno-miR-126a-3p 1807.67 ± 162.82 595.67 ± 190.42 -1.70537 0.000523 

rno-miR-126a-5p 6437.67 ± 1066.62 2394.33 ± 

697.50 

-1.51822 0.000632 

rno-miR-143-3p 14692.33 ± 1928.59 5443.67 ± 

1962.61 

-1.54596 0.000948 

rno-miR-451-5p 65.33 ± 24.68 15.67 ± 2.89 -2.03362 0.02026 

rno-miR-145-5p 158.667 ± 49.65 66 ± 34.22 -1.40162 0.04721 

rno-miR-145-3p 54.667 ± 13.01 22 ± 5.57 -1.35878 0.049943 
*Average read count by miRNA-Seq (n=3 in each group). 

Table 3. 5 Down-regulated miRNAs restore expression in OIR rats at P29. 

MicroRNA OIR (P14)* OIR (P29)* 
Log2 (Fold  

Change) 

Adjusted  

p value 

rno-miR-150-5p 84.00 ± 20.66 520.33 ± 18.56 2.47240 0.00000954 

rno-miR-143-3p 5443.67 ± 1962.62 21591.00 ± 1240.32 1.86802 0.0000385 

rno-miR-451-5p 15.67 ± 2.89 152.00 ± 30.51 3.05133 0.000085 

rno-miR-126a-3p 595.67 ± 190.42 1647.00 ± 257.49 1.32408 0.000288 

rno-miR-145-5p 66.00 ± 34.22 201.00 ± 32.51 1.52989 0.00198 
*Average read count by miRNA-Seq (n=3 in each group). 
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Figure 3. 7 Validating the retinal expression profile of miRNAs in OIR retinas.  

The expression of miR-150-5p, miR-126-3p, miR-143-3p, and miR-145-5p in retinas from room 

air exposed (normoxia) and cyclic oxygen exposed (OIR) rats were evaluated by qRT-PCR 

(n=3-5 per group) at P14, P18 and P29. All data were normalized to U6 small nuclear RNA. 

The results are representative of biological independent replicates from two littermates (these 

littermates were different from the one used for miRNA-Seq). Two-way ANOVA followed by 

Tukey test was performed to determine the significant difference. *P<0.05. 
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3.4 Discussion 

The experiments outlined in this chapter explored the miRNA signature of rat oxygen-induced 

retinopathy. Using miRNA-Seq, we demonstrated a high level of homology in retinal miRNA 

expression between rat and mouse. We also showed that miRNA profiles of both rodent species 

are homologous to those of humans. We then examined the retinal expression levels of 

miRNAs in rats with OIR and identified four mature miRNAs including miR-143-3p, miR-

126-3p, miR-150-5p and miR-145-5p that were down-regulated at P14 (the time point of peak 

hypoxia), suggesting the involvement of these miRNAs in the early stage of retinal neovascular 

pathogenesis.  

Many studies addressing the role of miRNAs in physiological and pathological 

processes emphasizes the need for a thorough catalogue of accurate sequence, expression, and 

conservation information for various miRNAs across different species. A study sequenced over 

250 miRNA libraries from 26 different organs and cells types of human and rodents that were 

highly expressed in neuronal and normal and malignant hematopoietic cells and tissues (311). 

The results showed that most miRNAs were conserved, while a relatively small set of miRNAs 

were expressed differentially between cell lineages and tissues (311). However, the retinal 

expression of miRNAs in humans and rodents was unknown.  

We used high-throughput miRNA-Seq to assess retinal miRNAs in mice and rats. The 

results demonstrated that rats and mice share ~63% of their retinal miRNAs with humans. 

Moreover, the majority of top 100 ranked miRNAs expressed in human retinas were found in 

both rat and mouse retinas, and that miRNA sequences are highly conserved across these 

species. Given the general similarity of the rat models over mouse models, the pattern of 

retinopathy in rats and humans, and other advantages previously described, such as larger size 

of eyes and larger litter size, rat model of OIR was chosen to profile the retinal expression of 
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miRNAs. However, it is worth noting that there are ~37% of retinal miRNAs in humans were 

not identified in either rat or mouse retina, indicating any results associated with miRNA 

expression from these animal models should be interpreted with caveats. These different 

miRNAs expressed in humans, mice and rats may suggest that they are species-specific and 

may contribute to the difference of retinal structures. Indeed, a study has shown that species-

specific miRNAs may in part lead to phenotypic divergence (303). In addition, a study showed 

that miRNAs in the plasma of humans with heart failure were not found in well-established rat 

and mouse models of heart failure, indicating that dysregulation of miRNAs in animal models 

might not completely reflect those occurring in the human diseases (312). Therefore, studies 

focusing on development of animal models that more closely recapitulate human diseases are 

warranted.  

To validate second hypothesis in this chapter, a well-established rat model of OIR was 

used to explore the changes in retinal miRNA expression by using miRNA-Seq. The rat model 

of OIR (Section 1.6.1) provides a particularly attractive tool to investigate molecular 

mechanisms of retinal neovascularization. Since the development of the rat model of OIR in 

1954 by Patz (313), many different protocols have been used to induce OIR in rats. Among 

several OIR protocols, the 50/10% oxygen exposure protocol (alternating 24-h cycles of 

50/10% oxygen) developed by Penn et al (314) reliably produces robust neovascularization 

resembling the retinal neovascularization that develops in human retinopathy of prematurity. 

Further effects to more fully characterize the rat model of OIR with 50/10% protocol illustrated 

additional similarities between the rat model with OIR and retinopathy or prematurity in 

humans, particularly in association with vascular remodelling and architecture (315). Previous 

studies have shown that pressure of dissolved arterial oxygen (PaO2) fluctuation as well as 

oxygen parameters are important factors that affect the development of retinopathy in rats (314, 

316). A study investigated the efficiency of exposure of rats to a variable oxygen model 
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consisting of 12-h periods alternating between 80% and 21% (80/21%) oxygen in inducing 

retinopathy (316). The 80/21% model also showed a similar pathology to humans, displaying 

a larger avascular area and high VEGF mRNA staining in the inner nuclear layer (316). Indeed, 

there have been several adapted protocols of 80/21% model such as 24-h alteration or alterative 

80% (21-h) and 21% (3-h), all of which showed a successful induction of retinal 

neovascularization (215, 216). In this study, we selected the protocol of alterative 80% (21-h) 

and 21% (3-h) to set up the OIR rat model for further studies as this protocol is relatively 

flexible in time management and low rates of internally oxygen toxicity. 

Provided that the cyclic oxygen protocol of rat is fairly different from mouse (310), the 

collection time point for miRNA-Seq was distinct from previously reported studies using OIR 

mice (192). In the mouse model of OIR, neonatal mice are exposed to 75% O2 from P7 to P12 

and subsequently returned to room air from P12 until P17 where the animals subjected to 

relative hypoxia. In the rat model selected for the present study, P14 is the time point at when 

animals experienced maximal hypoxia as the retina is relatively avascular and oxygen supply 

to the inner retina is minimal under room air conditions. It has been reported that in rats with 

OIR (rats subjected to alternative 50% O2 and 10% O2 for 14 days), VEGF levels appear to be 

the highest at P14 due to chronic relative hypoxia when returning to room air (317-319). This 

is in keeping with other reports that VEGF expression is elevated in the vitreous of patients 

with retinopathy, such as retinopathy of prematurity and proliferative diabetic retinopathy (320, 

321). Moreover, in rats with OIR, oxygen demand and delivery in the retina becomes 

essentially balanced by P18, coinciding with maximal retinal neovascularization (214). This 

situation reduces the stimulus for further angiogenesis after this time point, and regression of 

neovascularization occurs by P30. These reasons account for the selection of P14 as the 

collection time point for performing miRNA profiling. Previous miRNA profiling studies using 

mouse models of OIR identified a consistent pattern of down-regulation of retinal miRNA 
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expression, including miR-150, miR-375, miR-129-5p, and miR-129-3p (192, 193). The 

expression of miRNA-150 in retinas was significantly down-regulated by OIR in mice, and 

supplementing the mice with pre-miR-150 showed a remarkable reduction in retinal 

neovascularization compared to the controls (193). Moreover, a study identified that 65.4% of 

those miRNAs that were altered in mouse OIR were down-regulated while 34.6% were up-

regulated (192).  Likewise, the present study identified miR-143-3p, miR-126-3p and miR-

150-5p were down-regulated at P14 in OIR rats in comparison to normoxic rats. However, we 

did not identify any miRNAs that were significantly up-regulated in OIR. This discrepancy 

may reflect differences in tissue-specific expression of miRNA between species (322) as well 

as differences attributable to the cyclic oxygen protocols used. For example, most studies 

reporting retinal miRNA expression profile used OIR mice instead of OIR rats. We are the first 

group that used OIR rats to profile retinal miRNA expression. Furthermore, due to the different 

OIR protocols utilized in mice and rats, the present study chose P14 to harvest retinas for 

profiling miRNA expression rather than P17 which was usually selected by others as a 

timepoint for harvesting retinas in OIR mice. P14 in OIR rats indicates an earlier stage of retinal 

neovascularization, while P17 in OIR mice indicates the late stage of retinal 

neovascularization. The different timepoints for harvesting retinas may in part contribute to the 

discrepancy of retinal miRNA expressions between OIR mice and OIR rats.  

Studies have shown that restoration of down-regulated miR-150 and miR-126 in the 

retina by intravitreal injection of miRNA mimics suppressed retinal neovascularization in OIR 

mice, suggesting that these miRNAs play crucial roles in the pathogenesis of retinal 

neovascularization (202, 203).  In line with previous studies, the present study showed that not 

only miR-150 and miR-125 but also miR-143 and miR-145 were among down-regulated 

miRNAs in OIR rats and were associated with retinal neovascularization. In addition, miR-143 

is highly expressed in the retina compared with miR-150 and miR-126, suggesting that miR-



 

 

93 

143 might play an important role in the development of retinal neovascularization. Numerous 

studies have reported that miR-143 is down-regulated in various cancer cell lines, including 

colon cancers and lung cancers (323). Over-expression of miR-143 decreased tumor growth 

and angiogenesis, putatively by targeting and inhibiting the neuroblastoma RAS viral oncogene 

(N-RAS), a tumor suppressor (324). It is unknown how miR-143 regulates angiogenesis. A 

recent study found that miR-143 may act as a ‘switch’ for vascular smooth muscle cells to 

undergo phenotypic modulation, resulting in dedifferentiation and an increased rate of cellular 

proliferation and migration. This transition is an important component of the pathogenesis of 

cardiovascular diseases, and expression of miR-143/145 directly correlates with human and 

animal models of cardiovascular diseases (325). Moreover, miR-143/145 can act as a 

communication molecule between smooth muscle cells and endothelial cells to modulate the 

angiogenic and vessel stabilization properties of the latter, a process induced by TGF-β (326). 

In addition, miRNA-143 has been widely described as tumor suppressors and previously 

recognized having an epithelial origin, while recent evidence suggested that miR-143 plays a 

critical role in stroma over epithelial cells (327). Accordingly, the role of miR-143 in the 

pathogenesis of retinal neovascularization is of interest. 

Altogether, the present results may suggest that therapeutic modulating of down-

regulated miRNA expression or its downstream target genes could attenuate retinal 

neovascularization in rats with OIR. The relevant studies will be further discussed in Chapter 

4 and 5.  
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CHAPTER 4 IDENTIFICATION OF THERAPEUTIC TARGETS FOR RETINAL 

NEOVASCULARIZATION VIA IN SILICO ANALYSIS OF MIRNA-REGULATED 

PATHWAYS  

4.1 Introduction 

Retinal neovascularization is a pathological process that involves angiogenesis (irregular blood 

vessel growth) and inflammation in many ocular diseases such as proliferative diabetic 

retinopathy (PDR) and retinopathy of prematurity (ROP) (328). Numerous experimental and 

clinical studies have demonstrated that VEGF is a key player that promotes retinal 

neovascularization (329). Reducing aberrant VEGF levels in the eye by intravitreal injection 

of VEGF neutralizing proteins (anti-VEGF agents) have significantly improved visual 

outcomes (329). Given its great efficacy and safety, anti-VEGF therapy has become the first-

line treatment for a number of ocular vascular diseases, such as PDR, diabetic macular edema 

(DME), and wet age-related macular degeneration (AMD). However, recent studies suggest 

that some VEGF neutralizing proteins are not effective in all patients (44). There is increasing 

evidence that a number of factors may be responsible for non-responses including 

tachyphylaxis (a term refers to an acute decrease in the response to a drug after its 

administration) and roles for proangiogenic factors other than VEGF alone (330). In addition, 

current treatments for PDR and ROP focus mainly on the late stages of the disease when 

neovascularization or edema threatens sight. Therefore, there is a need to look for alternative 

therapeutic targets for early intervention of retinal neovascularization that could provide 

potential alternatives to anti-VEGF therapies.  

One of the most crucial steps in developing a new drug is target identification. Over the 

last few decades, mining of available biomedical data has played a significant role in target 

identification. Data mining refers to a complex process of automatic discovery of novel and 
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justifiable models and patterns from large amounts of data through the use of various 

bioinformatics approaches (331, 332). One powerful approach is to examine specific mRNA 

or protein levels to determine whether they are expressed in a course of disease or disease 

model (333). Data can come from a variety of sources, including the scientific literatures, patent 

information, transcriptome data, proteomics data, transgenic phenotyping and compound 

profiling (a process including compound screening, optimization and candidate prioritization) 

data (333). Increasingly over the last decade, we have seen that in silico (computational) 

analysis of biological and medical data in pharmacology has been important for novel disease 

target discovery. Most significantly, in silico analysis using integrated databases can be used 

to make predictions, suggest hypotheses, and facilitate the discovery of novel therapeutics 

(334).  

In an era of genomic science, next-generation sequencing (NGS) techniques has greatly 

improved identification of disease-causing genes in many disorder. NGS methods consists of 

exome, genome, transcriptome and epigenome sequencing (335). Indeed, an ever-increasing 

flow of sequence data serves as the raw material for in silico target discovery (336). Some 

studies, in particular, using whole transcriptome sequencing (RNA-Seq) approaches have led 

to several prominent discoveries, such as novel genes associated with retinal angiogenesis. For 

example, a study identified Runt-related transcription factor 1 (RUNX1) as a gene up-regulated 

in CD31+ vascular endothelial cells obtained from human PDR fibrovascular membranes 

(FVM) via RNA-Seq (337). Immunohistochemical staining for RUNX1 revealed its presence 

in vessels of patient-derived FVM and neovascular tufts in the retina of mice with oxygen-

induced retinopathy (OIR), indicating that RUNX1 plays a role in retinal neovascularization 

(337). Furthermore, the advent of NGS provides novel avenues towards achieving a 

comprehensive understanding of the genetic architecture of many complex ocular diseases, 

particularly inherited retinal degenerative diseases. A review article has thoroughly 
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summarized novel genes identified hitherto unknown in retinal and macular degeneration 

through various NGS approaches (335). The authors argued that NGS is becoming more 

accessible and affordable, which would greatly facilitate the elucidation of key mechanisms 

underlying many ocular diseases. Nevertheless, challenges such as downstream bioinformatics 

analyses represent a major bottleneck in the application of NGS (335). With the rapid advances 

in bioinformatics, however, analysis of large amounts of sequencing data become increasingly 

accessible and relatively easy. 

The recent development of miRNA sequencing (miRNA-Seq) has provided a new 

approach to identify miRNAs that are important in the development of ocular tissues, as well 

as the progression of ocular diseases. As human retina is not widely available for study, initial 

attempts to profile retinal miRNA expression mainly used animal retinas. Several 

transcriptome analyses have confirmed the abundant expression of miRNAs in retinas of mice 

(161-164). Recently, a study consisting of 16 human retinas using the deep sequencing 

analysis, demonstrated that miRNA expression is enriched in retina and many miRNAs are 

retina-specific (190).  

The aberrant expression or activity of various retinal miRNAs has been shown to be 

associated many retinal diseases, including AMD, DR (338-341), retinitis pigmentosa (342), 

and retinoblastoma (343, 344) in both humans and animal models. It has also been reported 

that dysregulation of retinal miRNA expression are associated with retinal neovascularization 

in animal models (120). We have identified that four miRNAs (miR-451-5p, miR-150-5p, miR-

126-3p and miR-143-3p) are significantly down-regulated in the retinas of OIR rats. However, 

the potential pathways as well as putative target genes regulated by these altered miRNAs have 

not been characterized. Accordingly, we sought to use in silico analysis of early miRNA-Seq 

data to screen putative genes regulated by these altered miRNAs and to assess their therapeutic 

potential to treat retinal neovascularization.  
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Hypotheses:  

1. In silico analysis of pathways regulated by altered miRNAs can identify genes that contribute 

to retinal neovascularization. 

2.  Targeting putative target genes of altered miRNAs can alleviate retinal neovascularization. 

Aims: 

1. To identify putative target genes of altered miRNAs that contribute to retinal 

neovascularization by in silico analysis.  

2. To investigate if angiogenesis is suppressed by pharmacological inhibition of the identified 

gene. 
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4.2 Methods 

4.2.1 In silico analysis  

To examine the miRNA regulatory network, we analyzed a pool of putative target genes of 

four down-regulated miRNAs (miR-150-5p, miR-126-3p, miR-143-3p and miR-145-5p) using 

the core analysis function of Ingenuity Pathways Analysis 2016 (IPA 2016, Ingenuity System, 

http://www.ingenuity.com). The putative target genes for each individual miRNA were 

sourced from multiple online databases, including miRNA.org and IPA. IPA analysis identified 

a range of canonical pathways with the adjusted P value of < 0.05 by Fisher’s exact test. Of the 

top ranked (based on adjusted P value) signaling pathways, those associated with angiogenesis 

were selected for further analysis. Genes involved in the selected signaling pathways were 

matched to the Gene Ontology-derived gene set (345) of angiogenesis 

(http://amigo.geneontology.org/amigo/term/GO:0001525). Gene Ontology-derived gene sets 

are composed of clusters of genes known to be involved in similar biological processes, 

regardless whether they actually function in a coordinated manner or not (346). The commonly 

shared pro-angiogenic genes among selected signalling pathways were thus identified.    

4.2.2 RNA extraction and quantitative PCR  

Total RNA was extracted from retinas using a RNeasy mini kit (Section 2.5.4). RNA was 

subsequently reversely transcribed to cDNA (Section 2.5.5.2). Quantitative PCR (qPCR) was 

performed to detect gene expression using the StepOne™ Real-Time PCR Systems (Table 2.3). 

Detailed methods are descried in Section 2.5.6. 

4.2.3 Dual-Luciferase Reporter Assay 

The oligonucleotides comprising the miR-143 binding sites from 3’-untranslated regions 

(UTRs) of TAK1 gene were synthesized by Integrated DNA Technologies (Singapore). The 

miR-143 binding sequence within the 3’-UTRs of TAK1 was predicted by miRTarBase and 

http://www.ingenuity.com/
http://amigo.geneontology.org/amigo/term/GO:0001525
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TargetScan as described previously (347, 348). The synthetic oligonucleotides were inserted 

into Not1/Sal1sites of pCMV_Luciferase (i.e. pGL3 luciferase reporter vectors, Table 2.7) that 

encoding firefly luciferase protein driven by a ubiquitous cytomegalovirus (CMV) promotor. 

Constructs containing target sequences of miR-143 (Table 4.1) was confirmed by restriction 

enzyme digestion and Sanger sequencing at AGRF (Melbourne, VIC, Australia). Transfection 

was performed in 12-well plates with 80% confluent HEK293A cells (Table 2.6). 200ng of 

plasmids encoding firefly luciferase and 50ng of plasmids encoding Renilla luciferase (pRL-

SV40; table 2.7) were co-transfected into cells using Lipofectamine 2000 (Table 2.1). Cells 

were simultaneously co-transfected with 40nM miR-143 mimic or non-functional scrambled 

RNA. For each transfection, the pCMV_Luciferase vector served as positive control. After 48 

hours, cell lysates were collected from each transfected culture, and a duo-luciferase assay was 

performed using dual luciferase kit (Table 2.3). Luminescence was measured by a microplate 

reader (Table 2.2) and firefly luciferase activity was normalized to Renilla luciferase activity.  

Table 4. 1 Oligonucleotide sequences of miRNA-143 targeting seed region from 3’-UTR of 

TAK1 gene. 

Gene Seed 

position 
Sequences (5’-3’) 

TAK1 386-406 GGCCGCATGACTTTATTCTTGTATCTCATCTCAAAATATTA

ATAATTTTTTG 
 

4.2.4 In vitro angiogenesis assays  

In vitro angiogenesis assays include a range of assays to investigate the angiogenic capability 

(cell proliferation, cell migration, and tube formation) of endothelial cells. To test whether a 

selective inhibitor of TAK1, 5Z-7-Oxozeaenol (Table 2.1), can result in anti-angiogenic effects 

in vitro, angiogenesis assays were performed in human microvascular endothelial cells 
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(HMECs) or human umbilical vein endothelial cells (HUVECs). An overview of the in vitro 

angiogenesis assays is provided in Section 2.7. 

4.2.5 Flow Cytometric Analysis   

HUVECs were treated with 1000nM 5Z-7-Oxozeaenol or vehicle for 48 hours, followed by 

fixation prior to flow cytometry. Detailed method is provided in Section 2.8. 

4.2.6 Aortic ring assay 

Explants from mouse aorta were treated with 1000nM 5Z-7-Oxozeaenol or vehicle for 9 days, 

followed by quantification of vascular sprouting using Adobe Photoshop Elements 13. Detailed 

method is provided in Section 2.9. 

4.2.7 Intravitreal injection of 5Z-7-Oxozeaenol 

Unilateral intravitreal injection was performed in OIR rats at P14 using an established protocol 

(Section 2.5.9) (85, 288). 1μL of low (15ng) or high dose (90ng) 5Z-7-Oxozeaenol dissolved 

in 1% DMSO, or balanced salt solution containing 1% DMSO, was injected into the eyes of 

OIR rats. At P18, rat eyes were enucleated for retinal flat mount and for qRT-PCR assessment.  

4.2.8 Retinal flat mount  

Detailed methods are provided in Section 2.5.2. 

4.2.9 Electroretinography (ERG) 

A low dose (18ng) 5Z-7-Oxozeaenol or vehicle was intravitreally injected in the eyes of room 

air exposed adult Brown Norway rats (section 2.2). At 28 days following injection, rats 

underwent ERG. Details for functional assessment were described in Section 2.5.10.  

4.2.10 Optical coherence tomography (OCT) 

Following ERG measurement, rat eyes were imaged using spectral domain-OCT. Details of 

the procedure are described in Section 2.5.11. 
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4.2.11 Statistical methods 

All statistical analyses were performed using Prism 6 software. The difference between each 

two-cell line compared and/or treatment groups were evaluated using a two-tailed Student’s t-

test. Between-group analyses were assessed using one-way or two-way analysis of variance 

(ANOVA), and Tukey’s multiple comparisons test was used for pair-wise post-hoc analyses. 

Results were presented as mean ± SEM for all studies. P values of <0.05 were considered 

statistically significant. 

4.3 Results  

4.3.1 TAK1 is involved in retinal neovascularization 

To dissect the putative molecular mechanism of the down-regulated miRNAs in OIR rats (miR-

143-3p, miR-126-3p, miR-150-5p and miR-145-5p), putative target genes of individual 

miRNA were predicted using Ingenuity Pathways Analysis (IPA) and processed for canonical 

pathway analysis (349). A total of 2763 target genes involved in 38 different biological 

processes or cellular functions were identified (Figure 4.1). As shown in Figure 4.1, three of 

these pathways-molecular mechanisms of cancer, transforming growth factor-beta (TGF-β) 

and AMP-activated protein kinase (AMPK) signaling pathways have been previously reported 

in association with angiogenesis and diabetic retinopathy (350, 351). Therefore, these signaling 

pathways were selected for subsequent analysis. Each of these signaling pathway includes 

several target genes as shown in Figure 4.2. To further refine the list of putative genes to those 

relevant to angiogenesis, filters that overlap genes involved in each of those selected signaling 

pathway and pro-angiogenic genes were applied. As illustrated in Figure 4.2, TAK1, a gene 

regulated by miR-143-3p, was identified as the sole pro-angiogenic gene involved in all three 

pathways. We also predicted target genes of miR-143, miR-126 and miR-150 that are relevant 

to angiogenesis.  A list of 27 pro-angiogenic genes identified as candidate gene targets of miR-
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143-3p were predicted using filters that overlap putative target genes of miR-143-3p and the 

pro-angiogenic genes (Figure 4.3a). Likewise, list of candidate pro-angiogenic gene targets of 

miR-126-3p and miR-150-5p are displayed in Figure. 4.3b and c, respectively. Given that TAK1 

was the single gene involved in the three selected pathways in our analysis, it became the focus 

of our next experiments as a candidate moderator of retinal neovascularization in OIR rats.  

Figure 4. 1 In Silico analysis predicted the signaling pathways regulated by altered miRNAs 

in OIR rats.  

Through in silico analysis by Ingenuity Pathway Analysis (IPA), a range of canonical pathways 

were identified and predicted to be relevant to down-regulated miRNAs, including miR-143-
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3p, miR-126-3p, miR-150-5p and miR-145-5p. These pathways emerged following IPA Core 

Analysis. The left column in the diagraph shows category scores; the threshold indicating the 

minimum significance level scored as -Log(p-value) derived from the Fisher’s exact test, set 

here to 1.25. The right column in the diagraph refers to the number of molecules from the 

dataset that map to the canonical pathway from within the IPA knowledgebase. 

 

 

Figure 4. 2 TAK1 is a pro-angiogenic gene that is involved in retinal neovascularization.  

Three pathways involved in retinal neovascularization were selected for in silico analysis. 

These pathways include (i) the molecular mechanisms of cancer, (ii) TGF-β signaling 

pathways, and (iii) the AMPK signaling pathway. The Venn diagram depicted the overlap 

between predicted target genes involved in the three pathways and the Gene Ontology (GO)-

derived angiogenic gene set. TAK1, a putative target gene of miR-143-3p, was identified as the 

sole pro-angiogenic gene involved in all three pathways by in silico analysis. 
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Figure 4. 3 Identification of pro-angiogenic target genes regulated by miR-143 or miR-150 or miR-126.  

(a) The Venn diagram depicts the overlap between genes predicted to be regulated by miR-143 and the angiogenic gene set, resulting in the 

identification of 28 pro-angiogenic genes. (b) The Venn diagram depicts the overlap between genes predicted to be regulated by miR-150 and the 
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angiogenic gene set, resulting in the identification of 38 pro-angiogenic genes. (c) The Venn diagram depicts the overlap between genes predicted 

to be regulated by miR-150 and the angiogenic gene set, resulting in the identification of 6 pro-angiogenic genes. 



 

 

106 

4.3.2 TAK1 is highly expressed in the retina of OIR rats 

Given that TAK1 is predicted to be negatively regulated by miR-143, down regulation of miR-

143 in OIR is predicted to result in upregulation of TAK1 levels and thus increased 

angiogenesis. To validate the expression of TAK1 mRNA in the retina of OIR rats, qRT-PCR 

analysis was conducted. The qPCR results suggested that the expression of TAK1 mRNA was 

significantly increased in OIR rats at P14 compared with normoxic rats (Figure 4.4).  

 

Figure 4. 4 TAK1 mRNA expression is increased in OIR rats.  

mRNA expression of TAK1 is significantly up-regulated in OIR rats compared to normoxic 

rats, analyzed by qRT-PCR (n=11-12 in each group). Two-tailed Student’s t-test was 

performed to compare the differences between groups. *P<0.05. 

4.3.3 miR-143 directly regulates TAK1 expression  

To examine the regulatory effect of miR-143 on TAK1 mRNA expression, we co-transfected 

with miR-143 mimic and reporter constructs containing target sequences of TAK1 in HEK293A 

cells. Luciferase activity was not changed in cells transfected with control reporter constructs 

(not incorporating targeting sequence of TAK1), irrespective of co-transfection of miR-143 
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mimic or non-targeting scrambled RNA. However, luciferase activity was markedly 

suppressed in cells co-transfected with the reporter construct (incorporating targeting sequence 

of TAK1) and miR-143 mimic compared with those transfected with non-targeting scrambled 

RNA (Figure 4.5). These results suggest that miR-143 directly regulates TAK1 mRNA 

expression, at least in part, at the post-transcriptional level through targeting the 3’UTR target 

sequence of TAK1. 

 

Figure 4. 5 miR-143 directly regulates TAK1 mRNA expression.  

(a) The diagram of reporter construct encoding firefly luciferase with or without the predicted 

miR-143 responding elements from 3’-UTR of TAK1 gene (pCMV_Luciferase/miRE or 

pCMV_Luciferase). UTR: untranslated region. miRE: miRNA response elements. (b) The 

expression of firefly luciferase was suppressed in HEK293A cells that were co-transfected the 

reporter construct containing target sequences of TAK1 and miR-143 mimic compared to those 

transfected with non-targeting scrambled RNA. NC: negative control (no luciferase activity). 

 



 

 

108 

4.3.4 Pharmacological inhibition of TAK1 suppresses angiogenesis in vitro  

We next sought to validate the effect of TAK1 inhibition on angiogenic processes in vitro. We 

considered the effect of a commercially-available TAK1 inhibitor, 5Z-7-Oxozeaenol, on 

angiogenesis in HUVECs and HMECs (Figure 4.6). 

 

 

Figure 4. 6 Schematic representation of angiogenesis assays using human endothelial cells 

to test the effect of 5Z-7-Oxozeaenol. 

 

     5Z-7-Oxozeaenol compound 

5Z-7-Oxozeaenol, a resorcylic acid lactone derived from fungus, is a mighty 

inhibitor of TAK1. Selective inhibition of TAK1 with 5Z-7-Oxozeaenol is known 

inflammatory signalling. Previous studies suggested that 5Z-7-Oxozeaenol exhibits 

a strong cytotoxic effect on many cancer cell types. 5Z-7-Oxozeaenol can also 

regulates embryonic angiogenesis by modulating endothelial cell survival and 

migration. However, its effects in retinal neovascularization is not clear.  
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4.3.4.1 Cell proliferation assay 

The effects of 5Z-7-Oxozeaenol on cell proliferation was tested in human microvascular 

endothelial cells (HMECs) and human umbilical vein endothelial cells (HUVECs). The 

experiments suggested that the HMEC proliferation did not change following 24 hours of 

treatment with different doses (10nM, 100nM, or 1000nM) of the drug compared with cells 

treated with the vehicle alone (1% DMSO). However, cellular proliferation was reduced by 

23.6% in the presence of 1000nM 5Z-7-Oxozeaenol at 48 hours (Figure 4.7a). In contrast, 

HUVEC proliferation was reduced by 18.7% and 46.1% after 24 and 48 hours of treatment 

with 1000nM 5Z-7-Oxozeaenol, respectively compared with cells treated with the vehicle 

alone (Figure. 4.7b).  

 

Figure 4. 7 Effect of 5Z-7-Oxozeaenol on the proliferation of human endothelial cells.  

(a) HMECs treated with 1000nM 5Z-7-Oxozeaenol reduced the proliferation after 48 hours 

(n=12 per group). (b) HUVECs treated with 1000nM 5Z-7-Oxozeaenol reduced proliferation 

after 24 and 48 hours (n=7-8 per group). Results are expressed as the mean percentage of 

control (mean  SEM of 3 independent experiments). Two-way ANOVA was performed to 

compare the differences between the different treatment groups across different time points, 
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followed by Tukey test for post-hoc analysis. Oxo: 5Z-7-Oxozeaenol. NS: not significant, 

**p<0.01. 

4.3.4.2 Cell cycle analysis 

To examine the effects of TAK1 inhibition on the endothelial cell cycle, we performed flow 

cytometric analysis of HUVECs treated with 1000nM 5Z-7-Oxozeaenol or vehicle (see 

methods 2.8). The HUVECs were quiescent, and 74.5% and 70.0% of the cells treated with 

vehicle and 5Z-7-Oxozeaenol, respectively were in G1 phase (Figure 4.8a). However, cells 

subjected to 5Z-7-Oxozeaenol treatment exhibited a significantly high level of G2/M arrest 

(23.7%) compared with vehicle-treated cells (14.7%) (Figure 4.8b). These results indicated that 

treatment with 5Z-7-Oxozeaenol resulted in G2-phase arrest of treated cells and inhibition of 

cell proliferation.  
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Figure 4. 8 Flow cytometric analysis of cell cycle parameters.  

(a) HUVECs were incubated for 48 hours in the presence of 1000nM 5Z-7-Oxozeaenol or 

vehicle (n=3). Cells were harvested by trypsinization, fixed, and stained with propidium iodide 

for analysis by flow cytometry. Each histogram indicates the percent of cells in G1/G0 (red 

fraction), S (yellow fraction), and G2/M (green fraction) phases of the cell cycles. The results 

are representative of biological independent replicates from one experiment. (b) 5Z-7-

Oxozeaenol arrests HUVECs at G2/M phase at 1000nM. Two-way ANOVA was performed to 

compare the differences between the different treatment groups across different time points, 

followed by Tukey test for post-hoc analysis. Oxo: 5Z-7-Oxozeaenol. **p<0.01. 
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4.3.4.3 Cell migration assay 

To further test the effect of 5Z-7-Oxozeaenol on the angiogenesis, the directional migration of 

endothelial cell monolayers following mechanical wounding was measured in a “wound 

healing” mode. We examined the migration of both HUVECs and HMECs with and without 

1000nM 5Z-7-Oxozeaenol treatment for 24 hours. 5Z-7-Oxozeaenol-treated HMECs displayed 

a significant reduction (23.0% reduction, Figure. 4.9a and b) in cell migration compared with 

cells treated with vehicle alone, as did HUVECs (63.2% reduction, Figure. 4.10a and b). 

 

Figure 4. 9 HMEC migration was suppressed by 5Z-7-Oxozeaenol.  

(a) Representative images of the cell migration assay used to model would closure. (b) HMECs 

treated with 1000nM 5Z-7-Oxozeaenol for 24 hours had significantly lower migration ability 
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relative to those treated with vehicle alone (n=8 per group). The independent biological 

replicates were from three experiments. Two-tailed Student’s t-test was performed to compare 

the differences between groups. Oxo: 5Z-7-Oxozeaenol. *p<0.05. 

 

 

Figure 4. 10 HUVEC migration was suppressed by 5Z-7-Oxozeaenol.  

(a) Representative images of the cell migration assay used to model would closure. (b) 

HUVECs treated with 1000nM 5Z-7-Oxozeaenol for 24 hours had significantly lower 

migration ability relative to those treated with vehicle alone (n=8 per group). The independent 
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biological replicates were from three experiments. Two-tailed Student’s t-test was performed 

to compare the differences between groups. Oxo: 5Z-7-Oxozeaenol. **p<0.01. 

4.3.4.4 Tube formation assay 

In order to further investigate the anti-angiogenic effect of 5Z-7-Oxozeaenol, we performed a 

tube formation assay with HMECs and HUVECs cultured on Matrigel in the presence of 

1000nM 5Z-7-Oxozeaenol. Tubular structures were imaged 6 hours after the treatment (Figure 

4.11a and Figure 4.12a). The endothelial tubular networks appeared being poorly developed in 

cultures of HMECs and cultures of HUVECs treated with 5Z-7-Oxozeaenol relative to vehicle 

treated control. The quantitative analysis showed that 5Z-7-Oxozeaenol treatment significantly 

reduced lumen formation (58.7% and 40.2% of controls mean lumen number for HMECs and 

HUVECs, respectively) and branching (49.1% and 56.2% of controls mean branch point 

number for HMECs and HUVECs, respectively) in HMECs or HUVECs compared to cells 

treated with vehicle alone (Figure 4.11b and Figure 4.12b). 
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Figure 4. 11 Inhibition of HMEC-capillary tube formation by 5Z-7-Oxozeaenol.  

(a) Representative images of tube formation assay characterizing lumens and branch points. 

(b) HMECs treated with 1000nM 5Z-7-Oxozeaenol showed a significant reduction in lumen 

formation and branching compared to those treated with vehicle alone (n=12 per group). The 
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independent biological replicates were from three experiments. Two-tailed Student’s t-test was 

performed to compare the differences between groups. Oxo: 5Z-7-Oxozeaenol. **p<0.01. 

 

Figure 4. 12 Inhibition of HUVEC-capillary tube formation by 5Z-7-Oxozeaenol.  

(a) Representative images of tube formation assay characterizing lumens and branch 

points. (b) HUVECs treated with 1000nM 5Z-7-Oxozeaenol showed a significant 

reduction in lumen formation and branching compared to those treated with vehicle 

alone (n=12 per group). The independent biological replicates were from three 

experiments. Two-tailed Student’s t-test was performed to compare the differences 

between groups. Oxo: 5Z-7-Oxozeaenol. **p<0.01. 
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4.3.5 Pharmacological inhibition of TAK1 suppresses angiogenesis ex vivo  

Angiogenesis occurs when endothelial cells sprout from pre-existing vessels to form new tube-

like structures. We have shown that 5Z-7-Oxozeaenol suppresses endothelial tube formation 

in endothelial cells (Figure 4.11 and 4.12). We next investigated whether 5Z-7-Oxozeaenol can 

suppress vascular sprouting in an ex vivo organotypic model. Mouse aortic explants isolated 

from C57BL/6 mice were plated in matrigel and vascular sprouting was measured. 5Z-7-

Oxozeaenol significantly suppressed endothelial cell tube formation from the aortic explants 9 

days after the treatment (45.8% reduction, Figure 4.13a and b).  

 

Figure 4. 13 5Z-7-Oxozeaenol suppressed proangiogenic activity ex vivo.  

(a) Representative images of vascular sprouting from aortic explants. (b) Aortic explants 

treated with 1000nM 5Z-7-Oxozeaenol showed a significant reduction in vascular sprouting 
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compared to those treated with vehicle alone (n=6 per group). Independent biological 

replicates were from two animals. Two-way ANOVA was performed to compare the differences 

between the different treatment groups across different time points, followed by Tukey test for 

post-hoc analysis. Oxo: 5Z-7-Oxozeaenol. *P<0.05, **p<0.01. 

4.3.6 Pharmacological inhibition of TAK1 suppresses retinal neovascularization in vivo  

To examine the effect of a TAK1 inhibition on retinal neovascularization, 5Z-7-Oxozeaenol 

was administrated via intravitreal injection in OIR rats at P14. Control OIR exposed rats 

received intravitreal injection of vehicle (1% DMSO). The extent of neovascularization was 

quantified at P18 (Figure 4.14a). No significant difference in vaso-obliteration were found 

between groups (Figure 4.14b and c). There was a significant reduction in retinal 

neovascularization in OIR rats receiving either low (18ng/eye) or high dose (90ng/eye) 5Z-7-

Oxozeaenol (50.0% and 53.3% reduction, respectively), compared with those receiving vehicle 

alone (Figure 4.14b and d).  
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Figure 4. 14 5Z-7-Oxozeaenol suppressed retinal neovascularization in vivo.  
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(a) Schematic representation of 5Z-7-Oxozeaenol or vehicle treatment in OIR rats. Low (18ng) 

or high dose (90ng) 5Z-7-Oxozeaenol or vehicle was injected intravitreally in OIR rats at P14, 

followed by quantitative analysis of retinal neovascularization and avascular area (vaso-

obliteration) at P18. (b) Representative images of retinal flat mounts 4 days after intravitreal 

injections of 5Z-7-Oxozeaenol or vehicle. Retinal neovascularization is highlighted in white, 

and insets are the selected areas at high magnification. The arrows indicate neovascular tufts. 

(c and d) Quantitative analysis of retinal neovascularization and vaso-obliteration in OIR rats 

at P18. The 5Z-7-Oxozeaenol significantly suppressed retinal neovascularization in OIR rats 

compared with those treated with vehicle alone. There was no significant difference in vaso-

obliteration between groups (n=10 per group). Independent biological replicates (retinas) 

were from three litter per group. One-way ANOVA was performed to compare the differences 

between groups. Oxo: 5Z-7-Oxozeaenol. **p<0.01. 

4.3.7 Inhibition of TAK1 has no effect on VEGF and TGF- β1 signaling pathways 

Next, we investigated whether inhibition of TAK1 affected the VEGF (such as VEGF-A, 

VEGF-B, and VEGF-C) or TGF-β1 signaling pathways (such as TNF-α, IL6, and TGF-β1) 

(352, 353) in OIR rats. High dose (90ng/eye) 5Z-7-Oxozeaenol was intravitreally injected in 

OIR rats at P14 and retinal mRNA expression of genes important in VEGF and TGF-β1 

signaling were measured by qRT-PCR. Genes included VEGF-A, VEGF-B, VEGF-C, TNF-α, 

IL6, and TGF-β1. Expression levels of these genes were not changed in 5Z-7-Oxozeaenol-

treated OIR rats compared to those receiving vehicle alone (Figure 4.15). 



 

 

121 

 

Figure 4. 15 Inhibition of TAK1 did not affect VEGF and TGF- β1 signaling pathways.  

The expression levels of TNFα, IL6, TGF-β1, VEGF-A, VEGF-B, or VEGF-C were not 

significantly changed in OIR rats receiving 5Z-7-Oxozeaenol compared to those receiving 

vehicle alone (n=3 or 4). Independent biological replicates (retinas) were from one litter per 

group. Two-tailed Student’s t-test was performed to compare the differences between groups. 

Oxo: 5Z-7-Oxozeaenol. 

4.3.8 Retinal structure and function is unaffected by intravitreal injection of 5Z-7-

Oxozeaenol 

To evaluate if 5Z-7-Oxozeaenol is toxic to the rodent retinaelectroretinography (ERG) and 

optical coherence tomography (OCT) were employed to examine retinal function and structure 
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28 days after an intravitreal injection of low dose 5Z-7-Oxozeaenol in pigmented adult Brown 

Norway rats as ERG responses are difficult to measure in albino rats (Figure 4.16). Group 

averaged waveforms elicited using bright and dim flashes of light from 5Z-7-Oxozeaenol 

injected eyes were comparable to their contralateral vehicle-injected eyes (Figure 4.17a). 

Quantitative analysis showed that there was no significant difference in the function of 

photoreceptors (p=0.44), bipolar cells (p=0.50) or ganglion cells (p=0.18) in 5Z-7-Oxozeaenol-

treated eyes compared with their contralateral vehicle treated controls (Figure 4.17b, c, d).  

OCT was used to assess the effect of 5Z-7-Oxozeaenol treatment on retinal structure 

(Figure 4.18a and b). There was no difference in total retinal thickness between the 5Z-7-

Oxozeaenol and vehicle-treated eyes (p=0.06; Figure 4.18c). Likewise, there was no significant 

difference between the 5Z-7-Oxozeaenol and vehicle-treated eyes for outer retinal (p=0.05; 

Figure 4.18d) or retinal nerve fibre layer thickness (p=0.06; Figure 4.18e) as measured using 

OCT. Altogether, our results suggested that intravitreal injection of 5Z-7-Oxozeaenol does not 

result in any adverse effects on retinal function and structure up to 28 days after injection. 
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Figure 4. 16 Schematic workflow of evaluation of safety of 5Z-7-Oxozeaenol for retinal 

structure and function.  

ERG and OCT were undertaken 28 days following intravitreal injection of 5Z-7-Oxozeaenol 

in adult Brown Norway rats. 

 

Figure 4. 17 Retinal function is not affected by intravitreal injection of 5Z-7-Oxozeaenol.  
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(a) There was no significant difference between vehicle (black traces, n=12) and 5Z-7-

Oxozeaenol injected (red traces, n=12) eyes in the average dim and bright flash ERG 

responses. (b) Group average photoreceptoral response amplitude from 5Z-7-Oxozeaenol 

injected eyes as well as their fellow vehicle injected eyes. (c) Group average bipolar cell 

response amplitudes from 5Z-7-Oxozeaenol injected eyes as well as their fellow vehicle 

injected eyes. (d) Group average ganglion cell response amplitudes from 5Z-7-Oxozeaenol 
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injected eyes as well as their fellow vehicle injected eyes. Two-tailed Student’s t-test was 

performed to compare the differences between groups. Oxo: 5Z-7-Oxozeaenol. 

 

Figure 4. 18 Retinal structure is not affected by intravitreal injection of 5Z-7-Oxozeaenol.  

(a and b) Representative OCT images of eyes injected with either 5Z-7-Oxozeaenol or vehicle. 

Total retinal thicknesses (TRT), outer retina and retinal nerve fibre layer (RNFL) thicknesses 

were measured on both the temporal and nasal sides of the retina and averaged.  (c) Group 

average total retinal thicknesses. (d) Group average outer retinal thickness. (e) Group average 

retinal nerve fibre layer thickness. Two-tailed Student’s t-test was performed to compare the 

differences between groups. Oxo: 5Z-7-Oxozeaenol. 
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4.4 Discussion 

Using miRNA-Seq (Chapter 3), we have identified four retinal miRNAs including miR-143-

3p, miR-126-3p, miR-150-5p and miR-145-5p, which were markedly down-regulated in rats 

subjected to hypoxia-induced retinal angiogenesis. In this chapter, our computational analysis 

of miRNA-Seq data indicated that the down-regulated miRNAs are linked to several 

angiogenic signalings. These included the molecular pathways involved in cancer, TGF-β and 

AMPK signaling pathways. Genes shared by them and a set of pro-angiogenic genes 

highlighted a pro-angiogenic gene, TAK1. The qRT-PCR results validated that TAK1 mRNA 

expression was significantly increased in OIR rats compared with normoxic rats. The finding 

of up-regulated TAK1 level together with our finding of reduced expression of miR-143 in OIR 

and the known role of miR-143 in the negative regulation of TAK1 suggests that miR-143 may 

drive neovascularization in OIR (354, 355). A study showed that miR-143 can directly 

modulate TAK1 expression, suppress cell growth, migration, and induce cell apoptosis in vitro 

and in vivo through downstream signaling via MAPK and nuclear factor kappa B (NF-κB) 

(356). 

TAK1, a serine/threonine kinase, was originally discovered in 1995 as a member of the 

mitogen-activated kinase kinase kinase (MAP3K) family, that can be activated by TGF-β1 

(357). In addition to TGF-β1, TAK1 can also be induced by various stimuli including 

proinflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), 

lipopolysaccharides, and environmental stress (352). Phosphorylation of Thr-187 and Ser-192 

in the activation loop of TAK1 leads to TAK1 activation, which induces activation of several 

downstream signaling pathways involved in angiogenesis and inflammation, including 

MKK4/7-JNK, MKK3/6-p38 mitogen-activated protein kinase (MAPK), and NF-κB-inducing 

kinase (358-360). TAK1 is one of gene targets negatively regulated by miR-143. A study has 
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identified a negative correlation in pancreatic cancer patients between the tumor suppressor 

miR-143 and TAK1 expression, and molecular assessments have shown that miR-143 targets 

TAK1 directly by binding to its 3’ UTR. TAK1 reduction following miR-143 overexpression 

suppressed cell growth and migration of pancreatic cancer cell lines and induced cell apoptosis, 

while inhibition of miR-143 induced NF-κB activation (356). Our results also showed a 

negative correlation between TAK1 and miR-143 expression in OIR rats at P14, indicating that 

targeting either of which might suppress retinal neovascularization. It is worth noting that miR-

143 has hundreds of gene targets. Thus, targeting miR-143 may affect expression of many 

genes other than TAK1 alone.  

A large body of evidence suggests that TAK1 is involved in angiogenesis (361). A 

study using mice with an endothelial cell-specific gene deletion of TAK1 found that endothelial 

TAK1 modulates embryonic angiogenesis by mediating endothelial cell survival and migration 

(361). A further in vitro study demonstrated that downregulation of TAK1 expression by 

siRNA could attenuate endothelial cell proliferation, migration, and tube formation as well as 

vascular sprouting (362). Furthermore, the study showed that TAK1 acted as an AMPKα1 

kinase and positively regulated angiogenesis by increasing the expression of the antioxidative 

mitochondrial enzyme, superoxide dismutase 2 (SOD2) (362). Likewise, another study showed 

that TAK1-deficient HUVECs exhibited reduced tube formation and less cell migration (361). 

Activators of TAK1 such as Toll-like receptors ligands and inflammatory cytokines have been 

suggested as the major promoters of angiogenesis by regulating endothelial cell proliferation 

and migration in adult animals (363). In line with these findings, our in vitro and ex vivo studies 

also demonstrated that selective inhibition of TAK1 activity by 5Z-7-Oxozeaenol suppressed 

angiogenic activity of endothelial cells and vascular sprouting of the mouse aortic explant, 

respectively.  



 

 

128 

A few studies have shown that treatment with different concentrations of 5Z-7-

Oxozeaenol causes cell cycle arrest in different phases in various cell types particularly in 

cancer cells. For instance, treatment with 5Z-7-Oxozeaenol induced cell cycle arrest in the 

G0/G1 phase in breast cancer cells (treated with 10 μM) (364) while induced cell cycle arrest 

in the G2/M phase in pancreatic cancer cells (treated with 1.25, 5 or 12.5 μM)  (365). Another 

study also showed that treatment with 1 μM 5Z-7-Oxozeaenol can induce cell cycle arrest in 

the G0/G1 phase in somatic cells such as retinal pigment epithelial (RPE) cells. In contrast, our 

result revealed that treatment with 1 μM 5Z-7-Oxozeaenol induced cell cycle arrest in the G2/M 

phase of human endothelial cells. The difference of cell cycle arrest induced by 5Z-7-

Oxozeaenol may be a result not only of different cell types, but also of different concentrations 

of 5Z-7-Oxozeaenol applied to cells or the timing of 5Z-7-Oxozeaenol addition in different 

phases of the cell cycle (366).  

Previous studies applied various pharmacological inhibitors of TAK1, including 5Z-7-

Oxozeaenol (367), LYTAK1 (368), NG25 (369) and AZ-TAK1 (370), most of which are 

commercially available. Of them, 5Z-7-Oxozeaenol irreversibly blocks the activity of TAK1, 

which may have better selectivity and potency due to difficulty of synthesis of derivatives 

(371). Accordingly, 5Z-7-Oxozeaenol as a TAK1 inhibitor for in vitro and in vivo studies.  

In vitro experiments using only one type of endothelial cells can be misleading due to 

their distinct cellular properties (372). Thus, the present study utilized two types of human 

endothelial cells including HMECs and HUVECs for angiogenesis assays in vitro. Both cell 

types showed similar responses to treatment with 5Z-7-Oxozeaenol in angiogenesis assays. 

However, a slight difference between the two types of cells was found in cell proliferation 

assay. HMEC proliferation was not altered whereas HUVEC proliferation was markedly 

decreased 24 hours after 5Z-7-Oxozeaenol treatment. Nevertheless, the proliferation of both 

cell types significantly reduced 48 hours after 5Z-7-Oxozeaenol treatment. Such discrepancy 
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is likely due to functional difference between immortalized cell line such as HMEC and 

primary HUVEC cultures (373). 

In vivo application of 5Z-7-Oxozeaenol to inhibit TAK1 has been successfully 

employed in several animal models of human diseases. In a rat model of early brain injury 

induced by experimental subarachnoid hemorrhage, administration of 5Z-7-Oxozeaenol   

alleviated the early brain injury and conferred a marked neuroprotective effect (374). The 

neuroprotective effect of 5Z-7-Oxozeaenol was further demonstrated in a mouse model of 

stroke induced by transient middle cerebral artery occlusion (375). In addition, 5Z-7-

Oxozeaenol can suppress tumor growth in a NOD/SCID mice xenografted with KRAS-

dependent colon cancer cells (376). 5Z-7-Oxozeaenol also blocked pro-inflammatory signaling 

by selectively inhibiting MAP3K, resulting in inhibiting picryl chloride-induced ear swelling 

in an animal model of cyclooxgenase 2 (COX-2)-mediated inflammation (377). Clearly, these 

studies suggest that selective inhibition of TAK1 through 5Z-7-Oxozeaenol might attenuate 

angiogenesis through anti-inflammatory activities. In line with these studies, our results for the 

first time demonstrated that a single dose (either 18ng or 90ng per eye) of 5Z-7-Oxozeaenol 

can significantly reduce retinal neovascularization by ~50% in OIR rats compared to normoxic 

rats.  

5Z-7-Oxozeaenol has been previously reported in a number of studies that focused on 

brain injuries in animals (375, 378, 379). A study demonstrated that 5Z-7-Oxozeaenol has 

neuroprotective function in a mouse model of stroke (375). However, long-term TAK1 

inhibition may not be protective in neurodegenerative disorders (380). Chronic TAK1 

inhibition resulted in apoptosis in a number of normal cells, including keratinocytes, 

hepatocytes, and hematopoietic cells, raising serious safety concerns (381-383). Our data 

indicated that 5Z-7-Oxozeaenol treatment has no adverse effect on retinal structure and 

function in rats. However, it is worth noting that our assessments of safety of 5Z-7-Oxozeaenol 
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were performed following a single intravitreal injection in a relatively short-term period. 

Further ocular and systemic studies are necessary to conduct a thorough assessment over a long 

period of time. 

TAK1 is known as an intermediate in the VEGF-, proinflammatory cytokines- (e.g. 

TNF-α, and IL-1β), and cytokine-signaling cascades upstream of p38, AMPK, JNK, ERK1/2, 

Akt activation that leads to pathological angiogenesis (362). Given that our miRNA-Seq was 

performed with retinal miRNAs extartacted from OIR rats at P14 (early phase of retinal 

neovascularization), it is likely that TAK1 may act as an intermediate of VEGF particularly in 

the early stage of retinal neovascularization. This might explain why our in silico analyses 

identified TAK1 other than VEGF as a crutial player in retinal neovascularization. Inhibition 

of TAK1 may not affect the expression of its inducers or upstream regulators. Indeed, our 

results revealed that TNF-α, IL-6, TGF-β1, VEGF isoform (including VEGF-A, VEGF-B and 

VEGF-C) gene expression remained unchanged in the retina after 5Z-7-Oxozeaenol treatment. 

TAK1 can also control cell viability and inflammation through activating downstream effectors 

such as the NF-κB-dependent pathway, oxidative stress, and receptor-interacting protein kinase 

1 (RIPK1) kinase activity-dependent pathways (384). Suppression of TAK1 expression by 5Z-

7-Oxozeaenol may constrain the cross talk between these cytokines and this may be 

instrumental in its effect on retinal neovascularization.   

In summary, the present study highlights that TAK1, a target gene of miR-143 plays a 

role in the development of retinal neovascularization in OIR. We identified TAK1 through in 

silico analysis of regulatory pathways of down-regulated miRNAs identified in Chapter 3. 

Using 5Z-7-Oxozeaenol, a well-studied selective TAK1 inhibitor, we demonstrated that 

inhibition of TAK1 can effectively suppress angiogenesis in vitro and ex vivo. Most 

importantly, our results showed that intravitreal injection of 5Z-7-Oxozeaenol significantly 

suppressed retinal neovascularization in rats. Intravitreal injection of 5Z-7-Oxozeaenol did not 
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affect retinal structure and function in rats. These findings highlight the utility of computational 

analysis of miRNA-Seq data in screening novel genes being associated with complex 

pathological processes, such as retinal neovascularization, to optimize the therapeutic 

development and to identify novel drug targets.   
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CHAPTER 5 MICRORNA-143 SUPPRESSES RETINAL NEOVASCULARIZATION 

VIA FOS-MEDIATED  PATHWAY 

5.1 Introduction  

Over the past decade, the rapid development of biotechnology has accelerated understanding 

of miRNAs and their unique roles in many diseases (385). miRNAs possess a range of 

properties, such as small molecular size and highly conserved sequences across species, which 

make them attractive targets for drug development. Indeed, a number of studies have shown 

promising efficacy of miRNA-based therapies, particularly in cancer treatment (386, 387).  

There are two distinct strategies to manipulate miRNAs for therapeutic interventions: 

the use of miRNA mimic and of inhibitors of miRNAs (also known as antimiRs). miRNA 

mimic are synthetic double-stranded small RNA molecules that can be custom-made to 

replenish down-regulated or depleted endogenous miRNAs. miR-34 is a well-defined miRNA 

tumor suppressor, whose expression has been substantially reduced in many tumor types, 

including lung, liver, breast, and colon carcinoma (386). Several preclinical studies have 

demonstrated that the restoration of miR-34 expression via miR-34 mimic use has greatly 

reduced the tumor growth and progression (11). For example, treatment with miR-34 mimic 

showed a significant effect in mouse models of lung (388, 389) and prostate (390) cancer. In 

contrast, antimiRs are single stranded RNA molecules, similar to antisense oligonucleotides 

but designed to target miRNAs. AntimiRs may be modified with locked nucleic acids (a 

modified RNA nucleotide that can significantly increases the hybridization properties of 

oligonucleotides). AntimiRs can be used to oppose or inhibit the gene regulatory effect of 

endogenous miRNAs (391). AntimiRs have been developed for the treatment of numerous 

conditions, including cardiovascular diseases (anti-miR-21), status eplilepticus (anti-miR-132 
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and anti-miR-134), rheumatoid arthritis (anti-miR-155), autoimmune diseases (anti-miR-21), 

hypercholesterolemia (anti-miR-122 and anti-miR-33), and stroke (anti-miR-Let7f) (386).  

Recent research has shed light on the roles of miRNAs in eye disorders, suggesting the 

altered expression of miRNAs may contribute to the disease progression. Several in vivo 

studies have demonstrated that numerous miRNAs are altered in mouse model with oxygen-

induced retinopathy (OIR) (Table 5.1) (192-194, 199, 200, 202, 203, 205, 206). These studies 

have yielded variable results (Table 5.1). This is primarily due to the use of different 

microarrays (miRNA microarray has defined primers of target miRNAs) and a variety of OIR 

protocols. In Chapter 3, we identified that four miRNAs (miR-150-5p, miR-126-3p, miR-143-

3p, and miR-145-5p) were profoundly down-regulated in the retinas of OIR rats, pointing to 

an association between these down-regulated miRNAs and retinal neovascularization. Among 

these, miR-150 and miR-126 have been previously reported to be significantly down-regulated 

in an OIR mouse model, and restoration of their expression with the use of miRNA mimic 

markedly reduced retinal neovascularization in OIR mice (202, 203). However, it remains 

unclear if restoration of miR-143, miR150 or miR-126 levels could attenuate retinal 

neovascularization in OIR rats. In this chapter, we examined the effects of miRNA mimic 

treatment on retinal neovascularization in OIR rats. Our work focusses chiefly on miR-143, 

which enriches in the retina and is not reported in OIR rats.  

Hypotheses:  

1. Restoration of down-regulated miRNAs (miR-150-5p, miR-126-3p, miR-143-3p, or miR-

145-5p) suppresses retinal neovascularization in OIR rats.  

2. Therapeutic delivery of miR-143 reduces retinal neovascularization through direct and 

indirect regulation of target gene expression.  

Aims: 
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1. To examine the effect of intravitreal delivery of miR-150-5p, miR-126-3p, miR-143-3p, or 

miR-145-5p mimic on retinal neovascularization in OIR rats.  

3. To identify the potential regulatory mechanism by which miR-143 mimic suppress retinal 

neovascularization via whole transcriptome sequencing (RNA-Seq).  

Table 5. 1 Summary of miRNAs previously implicated in mouse models of retinal 

neovascularization. 

Reference  Year Altered miRNAs in the retina Analysis 

platform  

Animal model 

Shen J, et al 

(193). 

2008 Up-regulated:  miR-106a, -146, 

-181, -199a, -214, -424, and -

451 

Down-regulated: miR-31, -150, 

and -184 

Microarray OIR mice 

Bai Y, et al 

(203). 

2011 Down-regulated: miR-126 qPCR OIR mice 

Wang P, et al 

(206). 

2013 Down-regulated: miR-329 qPCR OIR mice 

Zhuang Z, et al 

(199). 

2015 Up-regulated: miR-155 qPCR OIR mice 

Yan L, et al 

(200). 

2015 Up-regulated: miR-155 qPCR OIR mice 

Liu CH, et al 

(202). 

2015 Down-regulated: miR-150 qPCR OIR mice 

Han S, et al 

(205). 

2016 Down-regulated: miR-218 qPCR OIR mice 

Liu CH, et al 

(192). 

2016 Up-regulated:  miR-351, -762, -

210, -145, -486, -339, -34c and 

-155 

Down-regulated: miR-129-5p, -

150, -375, -203, 129-3p, -449a, 

-383, -1907 and -409 

Microarray OIR mice 

Wang Y, et al 

(194). 

2017 Up-regulated: miR-1907, -

3970, -5107-5p, -133b-5p, -

3962 and -145b 

Down-regulated: miR-495-3p, -

677-3p, -let-7d-3p, -328-3p, -

301a-3p, -128-3p, -872-5p, -

181c-5p, -744-5p, -130a-3p and 

-377-3p 

Microarray OIR mice 

 

 



 

 

135 

5.2 Methods 

5.2.1 Intravitreal injection of microRNA mimic 

Bilateral intravitreal injections were performed in OIR rats at P14 using an established protocol 

(Section 2.5.9). A total of 1μL (contains 1μg) of miR-126, miR-143, miR-145, or miR-150 

mimic was injected into one eye of OIR rats at P14 and an equal amount of non-targeting 

scrambled RNA (negative control) was injected into the contralateral eye of each rat at a rate 

of 200nL/s using a UMP3-2 Ultra Micro Pump (Table 2.2). Both eyes were enucleated for 

subsequent analysis at P18, the time at which retinal neovascularization is maximal in untreated 

OIR rats. 

5.2.2 Retinal flat mount  

Retinas were dissected at P18 for flat mounting. Retinal neovascularization and vaso-

obliteration (avascular area) were quantified. Detailed methods are provided in section 2.5.2. 

5.2.3 RNA Next-generation Sequencing (RNA-Seq) 

Whole retinas were dissected from rats at P18 in 4 groups (normoxic rats receiving scrambled 

RNA, normoxic rats receiving miR-143 mimic, OIR rats receiving scrambled RNA, OIR rats 

receiving miR-143 mimic, n=3 per group), followed by extraction of total RNA using 

miRNeasy mini kit (Table 2.3, Chapter 2). The quality of RNA samples was assessed in a 

bioanalyser at the Australian Genome Research Facility (AGRF, Melbourne, VIC) prior to 

library preparation (Section 2.5.8, Chapter 2). Specifications of RNA-Seq for the retinal 

transcriptome analysis is described in Table 5.2. The read counts of each gene across each 

biological replicate was generated from the raw sequencing data at the AGRF and Menzies 

Institute for Medical Research (Hobart, TAS).   
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Table 5. 2 Specifications of RNA next generation sequencing  

Specifications 
 

Organism 

/tissue 

Rattus norvegicus (Sprague-Dawley)/whole retina 

Normoxic rats receiving scrambled RNA (P18) 

Normoxic rats receiving miR-143 mimic (P18) 

OIR rats receiving scrambled RNA (P18) 

OIR rats receiving miR-143 mimic (P18) 

Animal source Animal Resources Centre, Perth, Australia 

Data format Raw and processed 

Experimental 

factors 

In the OIR model, neonatal rats were subjected to daily cycles of 80% 

oxygen for 21 hours and room air for 3 hours in a customised chamber for 

14 days (postnatal day 14, P14), then returned to room air for 15 days 

(postnatal day 29, P29). Another cohort of neonatal rats in the normoxic 

group was housed in room air for 14 days. The OIR or normoxic rats 

received a single intravitreal injection of scrambled RNA or miR-143 

mimic at P14 and the retinal transcriptome profiles were generated by 

deep sequencing, in triplicate, using Illumina Hiseq-2500 RNA-Seq 

platform.  

Data 

processing 

The quality of raw reads as assessed by the FASTQC tool had a phred 

score of over 28. The transcriptome reads were mapped to the Rattus 

norvegicus (rn6) reference genome retrieved from the iGenomes (obtained 

on 19th June 2017, https://support.illumina.com/sequencing/sequencing_

software/igenome.html). Differential gene and transcript expression 

analysis were performed using TopHat and Cufflinks tools (284). 

Expression levels and function analysis were performed using Cuffdiff 

statistical method and CummeRbund R statistical package (285). 

Consent Animal ethics approval was obtained in accordance with the international 

guidelines. 

Sample source 

location 

Centre for Eye Research Australia (CERA), Melbourne, VIC, Australia 

Sequencing 

provider 

AGRF 

 

5.2.4 In silico analysis  

To evaluate the network of genes affected by miR-143 mimic, we analyzed the differential 

gene expression in rats with OIR by RNA-Seq with the Ingenuity Pathways Analysis software 

(IPA 2016, Ingenuity System, http://www.ingenuity.com) using the core analysis stream. IPA 

https://support.illumina.com/sequencing/sequencing_software/igenome.html
https://support.illumina.com/sequencing/sequencing_software/igenome.html
http://www.ingenuity.com/
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analysis identified canonical pathways by Fisher’s exact test with an adjusted p value threshold 

of < 0.05. To explore the functional properties of these differentially expressed genes, we used 

the STRING search tool (http://www.string-db.org/) to create a protein-protein interaction 

network. 

5.2.5 Statistical methods 

All statistical analyses were performed using Prism 6 software. Between-group analyses were 

assessed using one-way analysis of variance (ANOVA), and Tukey’s multiple comparisons 

test was used for pair-wise post-hoc analyses. Results are presented as mean ± SEM for all 

studies. P values of <0.05 were considered statistically significant. 

5.3 Results  

5.3.1 Restoration of down-regulated microRNAs suppresses retinal neovascularization  

To investigate if restoration of down-regulated miRNAs could suppress retinal 

neovascularization, synthetic miRNA mimic (miR-143, miR-126, miR-150 or miR-145) were 

injected intravitreally into OIR rats at P14, followed by quantification of retinal 

neovascularization and vaso-obliteration at P18 (Figure 5.1a). We found that retinal 

neovascularization was significantly attenuated in OIR rats receiving intravitreal injections of 

either miR-143, miR-126 or miR-150 mimic relative to the contralateral control eyes (Figure 

5.1b and c). No reduction in retinal neovascularization in OIR rats receiving miR-145 mimic 

relative to the contralateral eyes (Figure 5.1b and c). Importantly, no statistical difference was 

found in the extent of vaso-obliteration between OIR rats receiving miRNA mimic and 

scrambled RNA in each group (Figure 5.1c).  
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Figure 5. 1 miRNA mimic alleviated retinal neovascularization in vivo.  
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(a) Schematic representation of the experimental protocol used to deliver miRNA mimic treatment to OIR rats. Scrambled RNA or miRNA mimic 

(1 µg) was intravitreally injected in OIR rats at P14, followed by quantitative analysis of retinal neovascularization and vaso-obliteration at P18. 

(b) Representative images of retinal flat mounts 4 days after intravitreal injection of miRNA mimic. Retinal neovascularization highlighted in 

white, and insets are the selected areas at high magnification. Arrows indicate vessel tufts. (c) Quantitative analysis of retinal neovascularization 

and vaso-obliteration at P18 in OIR rats. Intravitreal injection of miR-150, miR-143 and miR-126 mimic significantly suppressed retinal 

neovascularization in OIR rats compared to those treated with scrambled RNA, with no significant difference in vaso-obliteration (n=3-5 per 

group). Two-tailed Student’s t-test was performed to compare the differences between groups.
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5.3.2 miR-143 suppresses retinal neovascularization via Fos  

Neonatal pups subjected to either normoxia or oxygen for 14 days (P14) received an intravitreal 

injection of either scrambled RNA (control) or miR-143 mimic, and retinas were dissected at 

P18 (Figure 5.2a). Total RNA was isolated from retinas and subjected to RNA-Seq. The 

following experimental design compared 4 groups: 1) Normoxic-control: normoxic rats 

receiving non-targeting scrambled RNA; 2) Normoxic-miR-143: normoxic rats receiving miR-

143 mimic; 3) OIR-control: OIR rats receiving non-targeting scrambled RNA; 4) OIR-miR-

143: OIR rats receiving miR-143 mimic. 

Analysis of RNA-Seq data identified 1703 genes differentially expressed between OIR-

control and normoxic-control retinas (Adjust P<0.05) and 408 genes with altered levels 

between OIR-miR-143 and OIR-control retinas (Adjust P<0.05). Of these 1703 and 408 genes, 

a total of 212 genes were found to be differentially expressed in both comparisons (Figure 5.2b) 

and thus likely to be important in retinal neovascularization and in regulation of miR-143. Of 

the 212 genes, expression levels of 71 genes were different between OIR-control group and 

OIR-miR-143 group. Further filtering the genes based on significant change in the expression 

(287) (Log2(Fold Change) > +1.0 or < -1.0) narrowed down the list to 32 genes (Figure 5.3, 

Table 5.3). The expression levels of these genes were either down- or up-regulated in OIR rats 

receiving miR-143 mimic compared to OIR rats receiving scrambled RNA (Table 5.2). Of note, 

none of these genes had previously been established as direct targets of miR-143 on miRBase 

(http://www.mirbase.org/) or TargetScan (http://www.targetscan.org/vert_71/) databases, 

suggesting that these altered genes are indirectly regulated by miR-143.  

The STRING database was used to identify known interactions between each of 32 

genes. We found two major interactions that could possibly indicate a mechanism responsible 

http://www.targetscan.org/vert_71/
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for the observed reduction in retinal neovascularization in OIR rats receiving miR-143 mimic. 

Detailed interactions of gene products are shown in Figure 5.4 (individual gene products were 

excluded). Of the 32 genes, Fos and αA-crystallin (Cryaa) were found to have the largest 

number of interactions. Pathway analysis suggested that the inflammation-related pathways, 

such as IGF-1 signaling, GNRH signaling and CXCR4 signaling, were among the top ranked 

pathways (Figure 5.5).  

 

 

Figure 5. 2 RNA-Seq analysis identified genes responding to miR-143 mimic in OIR rats.  

(a) Schematic representation of the experimental protocol. Scrambled RNA (control) or miR-

143 mimic (1µg) were injected intravitreally in oxygen-exposed or normoxic rats at P14, 

followed by RNA-Seq of retinal RNAs at P18. (b) A cluster of genes (1703 genes) was identified 

with significantly altered expression in OIR rats compared to normoxic rats. Another cluster 

of genes (408) with significantly altered expression was identified in OIR rats receiving miR-

143 mimic compared to OIR rats receiving scrambled RNA. The Venn diagram depicts the 
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overlap between these two gene clusters. Over 212 genes were identified that may be involved 

a mechanism responsible for the observed reduction in retinal neovascularization in OIR rats 

receiving miR-143 mimic. 

 

 

Figure 5. 3 A heatmap illustrating the expression levels of selected genes responding to miR-

143 mimic in OIR rats.  

The mean expression levels of the selected 32 genes that were significantly altered in the retinas 

of OIR rats receiving scrambled RNA at P18 relative to those receiving miR-143 mimic (n=3 

per group). Relatedness in RNA expression across samples is shown by a hierarchical tree on 

the Y axis through standard linkage. Green and red indicates low and high expression levels, 

respectively. 
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Table 5. 3 Expression of putative genes are significantly altered in OIR rats receiving miR-143 mimic compared to OIR rats receiving scrambled 

RNA.    

Gene 

symbol 

  

Normoxic 

control 

  

Normoxic 

miR-143 

  

OIR  

control 

  

OIR 

miR-143 

  

OIR control vs Normoxic 

control 

OIR miR-143 vs OIR 

control 

     

Expression 

Level 

p Value 

Log2(Fold 

Change) p Value 

Log2(Fold 

Change)* 

Cryba2 49.6881 83.2272 263.543 31.3234 5.00E-05 2.40707 5.00E-05 -3.07273 Down 

Grifin 35.2871 50.2014 123.139 29.2156 5.00E-05 1.80307 5.00E-05 -2.07547 Down 

Lim2 3.98269 10.6597 37.5184 6.25395 5.00E-05 3.23578 5.00E-05 -2.58476 Down 

Crybb3 105.126 201.126 467.591 80.2802 5.00E-05 2.15312 5.00E-05 -2.54213 Down 

Cryba4 78.8744 140.553 350.492 35.5278 5.00E-05 2.15175 5.00E-05 -3.30236 Down 

Cyr61 1.80398 1.15939 34.0253 11.4263 5.00E-05 4.23735 5.00E-05 -1.57425 Down 

Mmp9 0.339439 0.156145 2.50368 1.12699 5.00E-05 2.88283 3.00E-04 -1.15157 Down 

Gja3 1.15555 2.12109 5.83054 1.80291 5.00E-05 2.33504 5.00E-05 -1.6933 Down 

Fos 21.425 13.1962 191.796 65.5255 5.00E-05 3.1622 5.00E-05 -1.54944 Down 

lfit1 0.401033 0.443375 1.18594 0.473845 0.0047 1.56424 0.0046 -1.32354 Down 

Arc 0.87669 0.736017 4.42875 1.74303 5.00E-05 2.33676 5.00E-05 -1.34531 Down 

Cryba1 161.537 288.634 773.163 88.7554 5.00E-05 2.25891 5.00E-05 -3.12286 Down 

Ccl3 0.399817 0.415594 5.77688 2.39696 2.00E-04 3.85288 0.0014 -1.26909 Down 

Crybb2 151.985 261.495 756.936 148.852 5.00E-05 2.31624 5.00E-05 -2.3463 Down 

Crybb1 72.2102 128.141 255.905 31.2568 5.00E-05 1.82533 5.00E-05 -3.03337 Down 

Cryab 217.841 285.318 648.983 301.533 5.00E-05 1.57491 5.00E-05 -1.10587 Down 

Spp1 20.7065 23.3996 68.3916 14.2996 5.00E-05 1.72374 5.00E-05 -2.25785 Down 

Cd24 6.4754 8.62754 20.2018 7.36881 5.00E-05 1.64144 5.00E-05 -1.45498 Down 

Gcg 0.982861 1.10458 2.54485 1.01942 0.0031 1.37252 0.0038 -1.31983 Down 

Egr1 20.4777 14.8852 133.77 50.5949 5.00E-05 2.70763 5.00E-05 -1.40269 Down 
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Cryaa 428.535 790.155 2108.89 510.533 5.00E-04 2.299 0.002 -2.04641 Down 

Fosb 0.801006 0.551031 15.0277 3.49754 5.00E-05 4.22967 5.00E-05 -2.10321 Down 

Msr1 0.310858 0.224326 1.76644 0.648859 0.0012 2.50652 0.0033 -1.44487 Down 

Crygs 55.4612 100.416 194.348 28.1821 5.00E-05 1.8091 5.00E-05 -2.78579 Down 

Lctl 0.424996 0.965457 3.55489 0.508452 5.00E-05 3.06428 5.00E-05 -2.80562 Down 

Crygn 11.4212 23.2026 61.4273 10.6029 5.00E-05 2.42717 5.00E-05 -2.53443 Down 

Otop3 3.03773 3.57842 5.97948 1.58287 5.00E-05 0.977027 5.00E-05 -1.91748 Down 

Mip 1.00286 2.51009 20.6308 0.927964 5.00E-05 4.36261 5.00E-05 -4.47459 Down 

Tyrp1 20.2959 19.6135 12.3854 58.7217 5.00E-05 -0.71254 5.00E-05 2.24525 Up 

Tyr 3.96792 4.55112 1.65309 12.3069 5.00E-05 -1.26322 5.00E-05 2.89623 Up 

Matn3 3.93735 3.61544 2.2244 5.49259 0.0013 -0.823809 5.00E-05 1.30407 Up 

Ppia 13.2914 10.1505 3.82555 7.93652 5.00E-05 -1.79676 0.0023 1.05284 Up 

*Genes were deemed ‘regulated’ if the Log2(Fold Change) was greater than +1.0 or less than -1.0. 
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Figure 5. 4 Network map of selected genes responding to miR-143 mimic in OIR rats.  

Protein-protein-interaction analysis by STRING suggested that two major protein clusters 

mediated by Fos and Cryaa may play critical roles in suppression of retinal neovascularization 

by miR-143 mimic treatment in OIR rats. 
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Figure 5. 5 Canonical pathways involved in the regulatory mechanism of miR-143 mimic treatment.  

These pathways emerged following IPA Core Analysis. Left column in the diagraph shows category scores; the threshold indicating the minimum 

significance level scored as -Log(p-value) from Fisher’s exact test, set here to 1.25.  Right column in the diagraph refers to the number of molecules 

from the dataset that map to the canonical pathway in the IPA knowledgebase. 
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5.4 Discussion 

Recent studies (Table 5.1) using OIR mice to profile retinal miRNA expression, suggest that 

altered miRNAs levels may play crucial roles in retinal angiogenesis. By restoring down-

regulated miRNAs, such as miR-150 or miR-126, studies shown significant reductions in 

retinal neovascularization in OIR mice (202, 203). We identified four miRNAs (miR-143-3p, 

miR-126-3p, miR-150-5p, and miR-145-5p) that were markedly down-regulated in the retinas 

of rats with OIR. In order to further investigate the roles of these miRNAs in OIR, we next 

administrated intravitreally miR-143, miR150, miR-126 or miR-145 mimic to assess if they 

reduce retinal neovascularization in OIR rats. Retinal neovascularization was significantly 

attenuated in OIR rats receiving miR-143, miR150, or miR-126 mimic. However, no 

significant reduction in retinal neovascularization was found in OIR rats receiving miR-145 

mimic. Given the novelty of our findings of a role for miR-143, we focused on this for 

subsequent studies. Deep sequencing by RNA-Seq revealed that miR-143 suppresses retinal 

neovascularization in OIR rats mainly via a cluster of genes predominately regulated by Fos, a 

well-known transcription factor involved in inflammation. Together, our data suggest that miR-

143 is important for the development of pathological retinal angiogenesis, and the delivery of 

miR-143 mimic might be a plausible therapy for retinal neovascularization in retinopathy of 

prematurity perhaps other diseases such as proliferative diabetic retinopathy.  

Studies by others have shown that restoration of endothelial-specific miR-126 or miR-

150 in retina can significantly attenuate retinal neovascularization in OIR mice by directly 

targeting angiogenic genes (such as VEGF, IGF-2, and HIF-1α for miR-126; CXCR4, DLL4, 

and FZD4 for miR-150) (202, 203). In line with previous studies, our work demonstrates that 

the restoration of miR-126 and miR-150 suppresses retinal neovascularization in OIR rats. We 

also demonstrate similar results in OIR rats receiving miR-143 mimic treatment. Our miRNA-
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Seq data revealed that miR-143-3p (ranked 33rd in retinal miRNAs) was highly enriched in the 

retina in comparison to miR-126-3p and miR-150-5p (ranked 83rd and 173rd), indicating that 

miR-143 might play a critical role in OIR. To understand the mechanisms by which miR-143 

mimic suppress retinal neovascularization, we next sought to identify the genes responding to 

miR-143 mimic treatment using RNA-Seq.  

RNA-Seq allows revealing the transcriptome profile of specific cells or tissues. Using 

this technique, we identified that 32 genes are responding to miR-143 regulation in OIR rats. 

In addition, STRING analysis suggested the protein products of these genes belong to two 

clusters that are primarily mediated by Fos and Cryaa. Cryaa is most abundant in the lens (392) 

and plays an important role in maintaining lens transparency (393). Therefore, we hypothesized 

that gene regulated by Fos-mediated pathway are activated by miR-143 (Figure 5.7). In support 

of this hypothesis, Fos is common to the most of the angiogenic signaling pathways identified 

in our IPA Core Analysis. Interestingly, we found that none of the 32 genes were directly 

targeted by miR-143, implying that miR-143 mimic might regulate these genes indirectly via 

other mediators. Indeed, a number of studies have suggested that “secondary” miRNAs 

(miRNAs regulated by other miRNAs through transcription factors) contribute to the 

regulatory effects of mRNAs (394-396). A study showed that approximately 30-50% of 

indirect cardiac gene target regulation is attributable to higher order effects from “secondary” 

miRNAs regulated by miR-378 and miR-499 (394). A study using mice with cardiac pathology 

demonstrated that the efficacy of antimiR-34 (expression of miR-34 is elevated in setting of 

heart diseases) is likely attributed to its regulation of secondary miRNAs, producing direct and 

indirect effects on target mRNAs (397). Such regulatory properties could also be picked up by 

miR-143 mimic, resulting in attenuation of retinal neovascularization in OIR rats (Figure 5.8). 

It is worth noting that our RNA-Seq was performed with retinal RNAs extracted from OIR rats 
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subjected to miR-143 mimic injection for four days (P18). Thus, it is likely that the overall 

gene regulation we observed may come from secondary reactions such as “seconady miRNAs”. 

 

Figure 5. 6 miR-143 suppresses retinal neovascularization via Fos.  

Retinal miR-143 is down-regulated in OIR rats, resulting in up-regulated expression of Fos 

gene. This process promotes the increased expression of inflammatory and angiogenic genes, 

leading to retinal neovascularization. miR-143 mimic treatment reduces the expression of Fos 

gene and thus suppresses retinal neovascularization. 

Transcription factors can interact with miRNAs to regulate gene expression in signaling 

networks (397). Studies showed that Fos could be indirectly regulated by miR-143 via 

extracellular-signal-regulated kinase 5 (ERK5), a direct gene target of miR-143, in cancer cells 

(398, 399). Overexpression of miR-143 has been demonstrated to downregulate ERK5 

expression in HeLa cells (398). Moreover, miRNAs can act as regulators of immediate early 
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genes, “early responders” to external stimuli as well as encoding transcription factors, which 

shape the initial steps of signaling-induced transcription (400). It has been reported that ERK 

signaling induces different expression levels and phosphorylation of early gene products such 

as Fos, Jun, Myc and Egr1, which are likely to act as sensors for ERK signaling dynamics (401, 

402). The immediate early genes primarily encode transcription factors that activate secondary 

transcriptional responses together with the more inducer-specific transcription factors such as 

Nuclear factor of activated T-cells (NFAT) or NF-κB, leading to angiogenesis and 

inflammation (403). These results reflect in the present study that miR-143 may indirectly 

down-regulate the expression of immediate early genes such as Fos and Egr1 in OIR rats 

through ERK signaling, culminating in the attenuation of retinal neovascularization (Figure 

5.8). In addition, Fos is a master inflammatory regulator that controls vascular invasion into 

the photoreceptor layer in Vldlr-/- mice (404). Targeting Fos-mediated genes may prevent 

photoreceptor cells from releasing excessive VEGF without affecting its basal levels, resulting 

in suppression of retinal neovascularization (404).  
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Figure 5. 7 miR-143 regulates genes indirectly to suppress retinal neovascularization.  

miR-143 regulates Fos via ERK5. miR-143 targets transcription factors to regulate 

“secondary” miRNAs, thus reducing expression of Fos gene indirectly. miR-143 regulation 

ultimately affects down-stream genes of Fos, such as NFAT and NF-B, resulting in 

suppression of retinal neovascularization. NFAT: Nuclear factor of activated T-cells. ERK5: 

Extracellular-signal-regulated kinase 5. 

In summary, our results demonstrate that restoration of miR-143 may indirectly down-

regulate the expression of molecules in Fos-mediated signaling pathway through “secondary” 

miRNA regulation or certain transcription factors, resulting in the suppression of retinal 

neovascularization in OIR rats. Our findings highlight that miRNA can exert marked 

therapeutic effects to manage pathological conditions via indirect target gene regulation. 
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CHAPTER 6 REGULATION OF TRANSGENE EXPRESSION BY MICRORNAS 

6.1 Introduction 

Gene therapy holds several advantages over conventional treatments for pathological retinal 

angiogenesis, such as a longer duration of therapeutic effect, simpler administration, ability to 

intervene at an earlier stage of the disease, and possibly fewer side-effects. Numerous pre-

clinical studies of ocular gene therapy have shown promising results. Recently, the US Food 

and Drug Administration (FDA) approved a gene therapy to treat inherited retinal disease 

caused by a retinal pigment epithelium 65 (RPE65) gene  mutation, potentially paving the way 

for more general use of gene therapy in humans (405). However, gene therapy for retinal 

neovascularization remains in its early stages at least in part due to its complex pathogenesis.  

As the key player in angiogenesis and the crucial mediator of retinal vascular 

hyperpermeability in diabetic macular edema, VEGF has been the obvious target for gene 

therapy studies (256-261). Several attempts have been made to neutralize intraocular VEGF 

overexpression so that retinal vascular hyperpermeability and neovascularization can be 

prevented. Soluble fms-like tyrosine kinase-1 (sFlt-1), a splice variant of the VEGF receptor-1 

(VEGFR-1), is a potential neutralizer acting as a decoy VEGF receptor in the extracellular 

space to reduce VEGF levels. Several studies have demonstrated that delivery of sFlt-1 can 

effectively suppress retinal neovascularization in animal models (257-261). Recent clinical 

studies provide strong support that gene therapies targeting sFlt-1 are a viable alternative to 

treat wet age-related macular degeneration (406). VEGF can also be targeted intracellularly. 

Flt23k was created as a novel “intraceptor” consisting of the VEGF binding domains 2 and 3 

of Flt-1 coupled to KDEL, a tetrapeptide that binds an endoplasmic reticulum retention 

receptor. Flt23k can thus both disrupt VEGF signalling and degrade VEGF intracellularly (263-

265). A recent study demonstrated that Flt23k, delivered by an AAV vector, can significantly 
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attenuate choroidal neovascularization in mice via inhibiting VEGF expression (199). 

However, it is not clear that such therapeutic efficacy of AAV-Flt23k would be mirrored in 

humans. .  

Despite the versatility and efficacy of gene therapy, a common concern is the 

irreversibility of transgene expression: once the gene of interest is delivered into the host cells 

or tissues, the transgene is expressed continuously and might not be eliminated for a long period 

of time. This could result in high and persistent transgene expression, which may have 

unpredictable side effects and may be ultimately deleterious (407). Moreover, the regulatory 

elements (promotor, enhancer or silencer) can affect the expression of adjacent cellular genes 

over distance as great as 90kbp (408). In extreme cases, regulatory elements encoded in the 

vector sequence could result in the oncogenic transformation of cells (408). In addition, the 

delivery system itself could be harmful in the host cells, for example, due to harmful immune-

mediated and inflammatory responses (409). The risks of gene therapy to the integrity of 

genomic DNA could be collectively termed as genotoxicity (410). Over the last few years, new 

strategies have been developed to facilitate regulation of transgene expression to mitigate some 

of these risks. These new strategies could be applied to gene therapy for retinal 

neovascularization, potentially facilitating clinical translation.  

Transgene expression can be regulated by the disease activity per se through a specific 

enhancer incorporated into the expression cassette. This may result in, for example, increased 

transgene expression when the disease is in an active stage or decreased expression when the 

disease is resolved. Enhancers responding to certain transcription factors that are elevated in 

diabetic retinopathy, such as hypoxia-induced transcription factor-1 (HIF-1), can promote 

therapeutic gene expression to attenuate disease activity (275). In addition, miRNAs have been 

suggested as a potential tool to suppress excess transgene expression through miRNA response 

elements (MRE, a short sequence exactly complementary to its respective miRNA sequence) 
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via binding with the corresponding miRNAs. A few studies have exploited the dysregulation 

of miRNAs that occur in disease states in vitro using cells or tissues to regulate transgene 

expression through MREs. A study infected glioma cells with the recombinant oncolytic 

adenovirus encoding multiple MREs of specific miRNAs (these miRNAs are down-regulated 

in glioma cells), resulting in high expression of adenoviral E1A protein (a protein specific to 

oncolytic adenovirus) in glioma cells compared to those in normal embryonic astrocytes 

infected with the recombinant oncolytic adenovirus (411). Given that a number of miRNAs are 

profoundly down-regulated in retinal neovascularization, it may be plausible to use the MREs 

of those down-regulated miRNAs to regulate transgene expression in gene therapy for retinal 

neovascularization. Such an approach may allow the modulation of transgene expression by 

disease activity, and could become a vital point of the next wave of gene therapy.  

In the present study, we demonstrate that miRNAs can regulate directly transgene 

expression in vitro by targeting MREs in the expression cassette. In the context of gene therapy 

for retinal neovascularization, we speculate that therapeutic gene expression can be regulated 

in a timely and appropriate manner by incorporating multiple MREs in the expression cassette 

of the gene expression vector. Specifically, we aim to increase therapeutic protein expression 

when retinal neovascularization is active (expression of miR-143, miR-126 and miR-150 are 

down-regulated), and to decrease when retinal neovascularization regresses (expression of 

miR-143, miR-126 and miR-150 is restored). This will allow the transgene to be expressed 

according to the disease activity. Most importantly, it may reduce the risk of persistent 

transgene expression in the eye.   

Hypothesis:  

1. miRNA levels can be used as modulators to control therapeutic transgene expression in gene 

therapy.  

Aims: 
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1. To construct a plasmid that incorporates a reporter gene and MREs. 

2. To assess feasibility of regulating reporter gene expression in vitro via miRNAs. 
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6.2 Methods 

6.2.1 Construction of a plasmid incorporating a reporter gene and microRNA response 

elements 

Vectors encoding a firefly luciferase gene followed by individual MREs or combined MREs 

were generated using the pHpa-Trs-Ks-EGFP plasmid (412), a gift from Douglas M. McCarty, 

Nationwide Children's Hospital, USA. The luciferase sequence was excised by digestion of 

pGL3 vector at AgeI and NotI sites. The recipient construct (pHpa-Trs-Ks-EGFP) was further 

prepared by removing the EGFP sequence with restriction enzyme digestion using AgeI and 

NotI. The luciferase fragment was ligated into the prepared recipient vector backbone using T4 

DNA ligase to generate pHpa-Trs-Ks-Luciferase.  

We designed primers consisting of MREs mainly according to the procedures described 

in a study (411). The forward and reverse primer contained individual MREs (miR-143, miR-

126, or miR150) or combinations of MREs (miR-143 & miR-126, or miR-143 & miR-150) 

with NotI and SalI site (Oligo sequences see table 6.1). The reverse primer contained the 

reverse complementary sequence of the MREs as well as NotI and SalI site at the 5’ and 3’ end, 

respectively. Likewise, the recipient pHpa-Trs-Ks-Luciferase was prepared by removing the 

gap sequence between luciferase gene and the SV40 polyA with restriction enzyme digestion 

using NotI and SalI. The DNA oligos were annealed and ligated into the prepared pHpa-Trs-

Ks-Luciferase plasmid, resulting in pHpa-Trs-Ks-Luciferase/miR143REs (2x), pHpa-Trs-Ks-

Luciferase/miR126REs (2x), pHpa-Trs-Ks-Luciferase/miR150REs (2x), pHpa-Trs-Ks-

Luciferase/miR-143-126REs (3x), and pHpa-Trs-Ks-Luciferase/miR-143-150REs (3x) 

(Figure 6.1). 
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Table 6. 1 Primer sequences for construction of plasmids incorporating miRNA response elements. 

Oligo Primer sequences 

miR143

RE 

F: 5’-GGCCGCACAAACACCGAGCTACAGTGCTTCATCTCAACAAACACC GAGCTACAGTGC TTCATCTCAG-3’ 

R: 5’-TCGACTGAGATGAAGCACTGTAGCTCGGTGTTTGTTGAGATGAAG CACTGTAGCTCGGTGTTTGTGC-3’ 

miR150

RE 

F: 5’-GGCCGCACAAACACCCACTGGTACAAGGGTTGGGAGAACAAACACCCACTGGTACAAGGGTTGGGAGAG-3’ 

R: 5’-TCGACTCTCCCAACCCTTGTACCAGTGGGTGTTTGTTCTCCCAAC CCTTGTACCAGTGGGTGTTT GTGC-3’ 

miR126

RE 

F: 5’-GGCCGCACAAACACCCGCATTATTACTCTCGGTACGAACAAACACCCGCATTATTACTCTCGGTACGAG-3’ 

R: 5’-TCGACTCGTACCGAGAGTAATAATGCGGGTGTTTGTTCGTACCGAGAGTAATAATGCGGGT GTTTGTGC-3’ 

miR143

RE & 

miR150

RE 

F: 5’-

GGCCGCACAAACACCGAGCTACAGTGCTTCATCTCAACAAACACCGAGCTACAGTGCTTCATCTCAACAAACACCG

AGCTACAGTGCTTCATCTCAACAAACACCCACTGGTACAAGGGTTGGGAGAACAAACACCCACTGGTACAAGGGTT

GGGAGAACAAACACCCACTGGTACAAGGGTTGGGAGAG-3’ 

R: 5’-

TCGACTCTCCCAACCCTTGTACCAGTGGGTGTTTGTTCTCCCAACCCTTGTACCAGTGGGTGTTTGTTCTCCCAACCC

TTGTACCAGTGGGTGTTTGTTGAGATGAAGCACTGTAGCTCGGTGTTTGTTGAGATGAAGCACTGTAGCTCGGTGTT

TGTTGAGATGAAGCACTGTAGCTCGGTGTTTGTGC-3’ 

miR143

RE & 

miR126

RE 

F: 5’-

GGCCGCACAAACACCGAGCTACAGTGCTTCATCTCAACAAACACCGAGCTACAGTGCTTCATCTCAACAAACACCG

AGCTACAGTGCTTCATCTCAACAAACACCCGCATTATTACTCTCGGTACGAACAAACACCCGCATTATTACTCTCGG

TACGAACAAACACCCGCATTATTACTCTCGGTACGAG-3’ 

R: 5’-

TCGACTCGTACCGAGAGTAATAATGCGGGTGTTTGTTCGTACCGAGAGTAATAATGCGGGTGTTTGTTCGTACCGAG

AGTAATAATGCGGGTGTTTGTTGAGATGAAGCACTGTAGCTCGGTGTTTGTTGAGATGAAGCACTGTAGCTCGGT 

GTTTGTTGAGATGAAGCACTGTAGCTCGGTGTTTGTGC-3’ 
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Figure 6. 1 Flow diagram of stepwise sub-cloning to generate plasmids encoding miRNA 

response elements.  

Detailed sub-cloning steps are described in section 2.7. miRE: miRNA response elements. 

6.2.2 Dual-Luciferase reporter assay 

HEK293A cells were seeded at 2x105 cells/well in a 12-well plate 24 hours prior to transfection. 

Cells were transfected using Lipofectamine 2000 (Table 2.1) with 200ng of reporter plasmid 

(pHpa-Trs-Ks-Luciferase, positive control plasmid) or plasmid containing individual miRNA 

RE (pHpa-Trs-Ks-Luciferase/miR143REs, pHpa-Trs-Ks-Luciferase/miR126REs, or pHpa-

Trs-Ks-Luciferase/miR150REs) or pairs of miRNA REs (such as pHpa-Trs-Ks-Luciferase-

miR-143-126REs, and pHpa-Trs-Ks-Luciferase/miR-143-150REs) and 50ng of a reference 
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plasmid encoding Renilla Mulleri luciferase (pRL-SV40; Promega, Wisconsin, USA) 

simultaneously. Individual miRNA mimic (40nM) or pairs of miRNA mimic (40nM) or 

scrambled RNA (controls, 40nM) were also transfected along with the two reporter plasmids. 

A dual-Luciferase assay was performed using dual luciferase kit from Promega (Table 2.3) 48 

hours after the transfection. Luminescence was measured by using a microplate reader (Table 

2.2). Firefly luciferase activity was normalized to Renilla luciferase activity for each 

transfected cell sample. 

6.2.3 Statistical methods 

All statistical analyses were performed using Prism 6 software. Between-group analyses were 

assessed using two-way analysis of variance (ANOVA). Results were presented as mean ± 

SEM for all studies. P values of <0.05 were considered statistically significant. 

6.3 Results  

6.3.1 microRNA regulates transgene expression in vitro 

To confirm the feasibility of regulation of transgene expression by miRNAs, we designed a 

construct that contains 2 copies of the individual (miR-143, miR-126, or miR150) or 3 copies 

of the combined (miR-143 & miR-126, or miR-143 & miR-150) MREs in the 3’-UTR of a 

luciferase gene (Figure 6.1). The luciferase activity was significantly repressed in cells co-

transfected with the plasmid incorporating individual or combined MREs and respective 

miRNA mimic (miR-143RE: 96.0%, miR-126RE: 93.2%, miR-150RE: 79.3%, Figure 6.2 a, b, 

and c; miR-143-126RE: 98.5%, miR-143-150RE: 99.0%, Figure 6.3 a and b) compared with 

positive controls (pHpa-Trs-Ks-Luciferase + individual or combined miRNA mimic). Our data 

indicate that miRNAs can directly regulate transgene expression by interacting with the 

corresponding MREs. 
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Figure 6. 2 Transgene expression was suppressed by vectors encoding individual microRNA 

response elements.  

(a, b, and c) Luciferase activity was significantly reduced in cells transfected with pHpa-Ks-

Luciferase/miR143REs, pHpa-Trs-Ks-Luciferase/miR126REs, or pHpa-Trs-Ks-
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Luciferase/miR150REs compared with cells transfected with pHpa-Trs-Ks-Luciferase. The 

results are representative of four biological independent replicates from twoexperiments. Data 

are presented as the mean ± SEM. **p<0.01. pLuci: pHpa-Trs-KS-luciferase construct. RE: 

response element. 
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Figure 6. 3 Transgene expression was suppressed by vectors encoding combination of 

microRNA response elements.  

(a and b) Luciferase activity was significantly reduced in cells transfected with pHpa-Trs-Ks-

Luciferase-miR-143-126REs and pHpa-Trs-Ks-Luciferase/miR-143-150REs compared with 

cells transfected with pHpa-Trs-Ks-Luciferase. The results are representative of four 

biological independent replicates from two experiments. Data are presented as the 

mean ± s.e.m. **p<0.01. pLuci: pHpa-Trs-KS-luciferase construct. RE: response element. 
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Figure 6. 4 A model of switchable gene therapy mediated by microRNAs for retinal 

neovascularization.  

(a) When the retina is exposed to ischemia, miR-143, miR-126 and miR-150 are significantly 

downregulated, thus few of these miRNAs bind is available to their response elements. In turn, 

this will allow the expression of the therapeutic genes, thereby inhibiting retinal 

neovascularization. (b) When retinal ischemia has resolved, the expression of miR-143, miR-

126 and miR-150 is restored. Therefore, these miRNAs will be free to bind to their response 

elements to inhibit therapeutic gene expression. 

6.4 Discussion 

In addition to the off-target effects, one of the main concerns for gene therapy applied in 

patients with non-inherited diseases, such as retinal neovascularization, is high and persistent 

transgene expression, which may cause genotoxicity to target tissues (410). Therefore, it is 

important to develop a gene therapy approach which allows greater control over transgene 

expression. Numerous studies have attempted to control transgene expression according to the 

disease activity, such as enhancer response elements and MREs integrated into the vector 

sequence. Transgene expression can be regulated by miRNAs in specific cell types by utilizing 

properly engineered target sites for a highly expressed miRNA (413). Such regulatory effects 

can also be applied via miRNAs in the retina to either restrict expression to a specific cell type 

when using ubiquitous promoters or to provide additional gene expression regulation when 

using cell-specific promoters (414). In this chapter, we present an approach for regulating 

transgene expression by miRNAs in accordance with the disease activity. Such an approach 

might ultimately be used in gene therapy for retinal neovascularization. Here we demonstrate 

that transgene expression can be regulated in vitro by exploiting down-regulation of the retinal 

miRNAs that occur in OIR rats, such as miR-143, miR-126 or miR-150. Importantly, cells 
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transfected with reporter constructs carrying MREs and the respective miRNA mimic resulted 

in significant inhibition of transgene expression.  

Since miRNAs play crucial roles in both physiological and pathological conditions, 

miRNA can be used to regulate gene expression through MREs for different purposes in gene 

therapy. Retinal cell-specific miRNAs could effectively regulate transgene expression in the 

eye as well as minimize off-target effects of conventional virus-based gene therapies. For 

example, intravitreal administration of AAV2/5 vectors could contain an expression cassettes 

harboring the miRNA binding site (i.e. MRE) to limit the transgene expression in specific 

retinal cells such as RPE or photoreceptors where the corresponding miRNAs are enriched 

(414). Moreover, this study also demonstrated that miRNA-regulated vectors coupled with the 

cell-specific promotors resulted in robust and selective transgene expression in a range of cells 

or tissues (414).  In addition, MREs can be used to improve adenovirus-mediated gene therapy. 

For example, administration of an engineered adenoviral vector (an E1A protein regulated by 

four miRNAs that are down-regulated in glioma cells) has significantly improved anti-tumor 

activity in a glioma xenograft model with no obvious toxicity to the brain and liver (411).  

We have demonstrated that retinal miR-143, miR-126, miR-150 are significantly down-

regulated in OIR rats at P14 compared to the age-matched normoxic rats. Moreover, expression 

of these down-regulated miRNAs was restored in OIR rats at P29 when retinal hypoxia had 

resolved. We further showed that retinal neovascularization in OIR rats was significantly 

attenuated by intravitreal administration of miR-143, miR-126 or miR-150 mimic. Together, 

these results indicate that miR-143, miR-126 and miR-150 play crucial roles in the 

pathogenesis of retinal neovascularization. The luciferase reporter assay showed that transgene 

expression was inhibited nearly completely by miRNAs through binding its individual or 

combined MREs. In the setting of gene therapy for retinal neovascularization, we postulate that 

it may be possible to use a similar approach such that transgene expression is automatically 
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altered by disease activity. Specifically, miR-143, miR-126 and miR-150 are significantly 

down-regulated when the retina is exposed to hypoxia, thus few of these miRNAs free to bind 

to their response elements. This will allow for expression of the therapeutic gene, resulting in 

the suppression of retinal neovascularization (Figure 6.4a). When retinal ischemia is resolved, 

the expression of miR-143, miR-126, and miR-150 is restored, thus abundance of these 

miRNAs binds to their response elements, resulting in inhibition of the therapeutic gene 

expression (Figure 6.4b). The strategy of exploiting disease-related alterations in miRNAs in 

diseases targets against persistent transgene expression, thereby reducing the risk of 

genotoxicity commonly associated with conventional gene therapy.  

miRNA-based gene therapy represents a promising future approach for the treatment 

of retinal neovascularization in humans. One limitation of this study is that in vivo data could 

not be obtained due to time constraints. In order to draw a more definitive conclusion, extensive 

animal work should be carried out in the future.  
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CHAPTER 7 GENERAL DISCUSSION AND CONCLUSION  

7.1 Summary of the studies 

The overall goal of my work was to investigate the roles of miRNAs in retinal 

neovascularization in a rat model of hypoxia-induced retinopathy. The study revealed that miR-

126, miR-150 and miR-143 act as a protective mediator preventing retinal neovascularization 

in OIR rats. Importantly, miR-143 plays an critical role in retinal neovascularization at least in 

part by regulating inflammatory and stress signaling pathways via Fos. 

Using miRNA sequencing (miRNA-Seq), we identified that rats and mice have highly 

conserved retinal miRNA expression profile and these were moderately similar to those of 

human. The rat model of oxygen-induced retinopathy (OIR) is known to recapitulate important 

features of human retinopathy of prematurity (219). The rat model of OIR was therefore chosen 

for further studies. Using miRNA-Seq, we found that four retinal miRNAs (miR-143, miR-126, 

miR-150 and miR-145) are significantly down-regulated in OIR rats, and therefore might 

mediate hypoxia-induced retinal neovascularization. In addition, we demonstrated that miR-

143 is highly enriched in the rat retina compared with miR-126 and miR-150, which is 

consistent with its enrichment in the human retina (190). Moreover, we identified a new 

therapeutic target, transforming growth factor-β-activated kinase 1 (TAK1), using 

computational analysis of a pool of target genes of the four down-regulated miRNAs (Aim 2, 

Chapter 4). The mRNA expression level of TAK1 was increased in OIR rats compared with 

rats raised in room air, which is likely due to the reduction of miR-143 expression (TAK1 is a 

target gene of miR-143). Pharmacological inhibition of TAK1 activity significantly reduced 

the pro-angiogenic activity of human endothelial cells, vascular sprouting of mouse aortic 

explants, and prevented retinal neovascularization in OIR rats. We further explored the role of 

down-regulated miRNAs in mediating retinal neovascularization in vivo in Chapter 5. Together 
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with miR-150 and miR-126, we demonstrated that restoration of miR-143 in the retina 

significantly inhibited neovascularization in OIR rats. Deep sequencing by RNA-Seq revealed 

that miR-143 inhibits retinal neovascularization primarily by regulating Fos-mediated gene 

clusters, which are known to be associated with inflammation and stress. These findings 

suggest that miR-143 may have an inhibitory effect on inflammation- and stress-induced retinal 

neovascularization. 

We next sought to exploit the down-regulation of miRNAs that occur in OIR to control 

transgene expression through incorporation of multiple miRNA response elements (MREs) in 

the expression cassette of a gene therapy vector in Chapter 6. This approach for the treatment 

of retinal neovascularization might enable the regulation of therapeutic gene (e.g. anti-VEGF 

protein) expression according to the disease activity, reducing the potential for harm from 

persistent transgene expression. 

7.2 MicroRNAs play a crucial role in the pathogenesis of retinal neovascularization  

Although in the last decade there has been a significant improvement in the management of 

retinal neovascularization, especially proliferative diabetic retinopathy (PDR), a proportion of 

patients are not responding to the available treatment modalities, such as anti-VEGF therapies 

(2). Therefore, many studies have focused on seeking alternatives to improve visual activity in 

patients who do not respond to standard anti-VEGF. For instance, inflammatory growth factors 

and cytokines have been indicated to play crucial roles in retinal neovascularization. Tumor 

necrosis factor alpha (TNF-α) is considered as a central inflammatory cytokine in DR (328). 

Elevated levels of TNF-α leads to increased inflammation and permeability in the retina of 

patients with DR  (328). However, some small-scale clinical trials using anti-TNF-α therapies 

(such as infliximab or adalimumab) have had limited success in patients with DR, while 

adverse inflammatory effects were found in some cases (415-417). In addition, other 
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angiogenic mediators, such as angiopoietins, including angiopoietin 1 (ang1) and 2 (ang2), are 

known to contribute to retinal neovascularization and are thus targets for therapy (92, 418). By 

using the small molecule AKB-9778 that targets ang2-mediated Tie2 (ang2 receptor tyrosine 

kinase) signaling, studies have shown that inhibition of ang2 can reduce ocular angiogenesis 

and vascular permeability associated with DR or diabetic macular edema (DME) 

(419).However, monotherapy with AKB-9778 were not as effective as monotherapy with anti-

VEGF agents for ocular angiogenesis (420), thus limiting the general use of AKB-9778. 

Further studies demonstrated that subcutaneous injection of AKB-9778 in combination with 

anti-VEGF therapy resulted in a significantly greater reduction in DME than was observed with 

anti-VEGF treatment alone (420). However, monotherapy with AKB-9778 were not as 

effective as monotherapy with anti-VEGF treatment (420), which limits the general use of 

AKB-9778. In addition, the development of drugs that target renin-angiotensin system and 

oxidants have limited success, suggesting that other potential therapeutic targets could be 

involved in retinal neovascularization. It is worth noting that all the developmemt of anti-

VEGF alternatives are ultimately for patients with DME and advanced phase of DR. However, 

early intervention is key in preventing complications of DR such as retinal neovascularization. 

Although most widely applied early intervention such as laser photocoagulation is useful to 

prevent progressive vision loss, it is essentially destructive to retina. Advances in technology 

have greatly improved our capability to diagnose different phases of DR. However, what is 

currently lagging behind are the treatment options for those patients with early stage of DR. In 

this study, we are particualy interested in looking for those potential targets that contribute to 

early phase of retinal neovascularization. 

miRNAs are small non-coding RNAs that silence mRNAs at the post-transcriptional 

level. As they target protein-coding transcripts, miRNAs are involved in most biological 

processes and diseases, including retinal neovascularization. Therefore, profiling miRNA 
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expression is important to better understand thier functions in health and diseases. Over the 

past two decades, technological advances have enabled the development of various platforms 

for miRNA profiling, including qRT-PCR, microarray and RNA next-generation sequencing 

(NGS). In fact, studies using different technical platforms have identified a number of miRNAs 

associated with retinal neovascularization in animal models. For example, qRT-PCR studies 

indicated that the expression of miR-155 and miR-329 in the retinas of OIR mice were 

significantly overexpressed and down-regulated, respectively, compared to the controls (199, 

206). The main drawback of using qPCR to profile the expression of miRNAs is the limited 

information it provides as the technique looks at individual miRNA expression levels. 

Microarray approaches have improved the efficiency of the analysis of miRNA expression 

profiles associated with retinal neovascularization. For example, two microarray studies 

identified a range of altered miRNAs in OIR mouse model (192, 248). Differences is the 

miRNAs identified in two studies may relate to methodological differences between the arrays 

such as different miRNA primer alignments. Limitations in miRNA coverage in microarray 

assays mean that many disease-related miRNAs may not be detected. NGS is a technology that 

enables sequencing of the whole transcriptome of individual cells. The NGS platform is 

superior to microarray assays as it provides more accurate and comprehensive information 

(421). However, no studies to date have profiled the expression of miRNAs in the context of 

retinal neovascularization using NGS.  

To investigate whether mouse or rat retinal miRNA expression profiles more closely 

matched those of humans, miRNA-Seq was used to profile the retinal miRNA expression in 

wild-type adult Sprague Dawley rats and C57BL/6 mouse. miRNA-Seq results showed that 

both rodents shared ~63% of total retinal miRNAs with humans, and ~92% of the most 

abundant 100 miRNAs in humans can be identified in rodents and are highly conserved. 
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 miRNA expression in the retinas of OIR rats was profiled by miRNA-Seq. miR-143-

3p, miR-126-3p, miR-150-5p and miR-145-5p were significantly down-regulated in the retinas 

of rats subjected to cyclic oxygen exposure (OIR). No miRNAs were significantly up-regulated 

in OIR rats compared to normoxic rats. Of the four down-regulated miRNAs, miR-150 and 

miR-126 have been previously reported as being down-regulated in OIR mice (202, 203). 

Moreover, our miRNA-Seq data indicates that miR-143-3p (ranked 33rd in the top 100 miRNAs 

expressed in rat retinas) is highly enriched in the retina compared with miR-126-3p and miR-

150-5p (ranked 83rd and 173rd, respectively). The expression profile of these miRNAs is also 

comparable to humans (422).  

The present study therefore provides further evidence that retinal miR-126 and miR-

150 are down-regulated in OIR. This is the first to report that miR-143 is markedly down-

regulated in rats with OIR, suggesting that miR-143 might play an important role in retinal 

neovascularization. However, there were some limitations to this study. For example, we 

performed miR-Seq to profile retinal miRNA expression in OIR rats while not in OIR mice. 

Therefore, the altered miRNAs in the retinas of rats and mice might be not necessarily 

consistent. Although the miR-Seq data demonstrated that miR-143 is enriched in the retina, it 

remains unclear which cell types in the retina specifically express miR-143. Identifying the 

location of miR-143 or cell types that are miR-143 enriched will facilitate the understanding 

of the regulatory mechanisms of miR-143 in retinal neovascularization. It is worth nothing that 

we did not investigate the protein level of miRNAs in retina of rats as miRNAs are small RNAs 

that cannot be detected as protein. Future studies addressing these limitations may provide a 

comprehensive expression profile of retinal miRNAs in both OIR rodent models, which will 

reinforce our understanding of the role of miRNAs in retinal neovascularization.  
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7.3 TAK1 is involved in the pathogenesis of retinal neovascularization 

Through computational analysis of miRNA-Seq data (Chapter 3), TAK1 was identified as a 

unique pro-angiogenic gene that was shared among 3 signaling pathways including TGF-β, 

AMPK signaling pathways and Molecular Mechanisms of Cancer. Moreover, TAK1 is a 

putative target gene of miR-143. In line with the computational analysis, the qPCR data 

confirmed that TAK1 mRNA expression is highly elevated in the retina of OIR rats, which is 

likely due to the down-regulation of miR-143 (TAK1 is negatively regulated by miR-143). In 

vitro angiogenesis assays further confirmed that selective inhibition of TAK1 activity results 

in significant inhibition of angiogenesis in human endothelial cells. Our results are consistent 

with other reports indicating that TAK1 knockdown can reduce endothelial cell survival and 

cell migration (361). In addition, 5Z-7-Oxozeaenol can greatly curb vascular sprouting from a 

mouse aortic ring explant and retinal neovascularization in OIR rats. Given that TAK1 is a 

mediator of pro-angiogenic and pro-inflammatory signaling pathways (give some examples..), 

we investigated whether inhibition of TAK1 would have any feedback on its upstream 

activators was investigated. The qRT-PCR results demonstrated that the expression of TAK1 

activators, such as TNF-α, IL-6, TGF-β1, and VEGF isoforms (including VEGF-A, VEGF-B 

and VEGF-C) was not changed after OIR rats were treated with 5Z-7-Oxozeaenol treatment. 

These results suggest that inhibition of TAK1 activity may directly block its down-stream 

signaling but not affect its activators to attenuate retinal neovascularization in rats.  

The interactions between TAK1 and its activators can modulate endothelial cell 

proliferation and cell migration in adult animals (363). In particular, TAK1 and TAK1 binding 

protein 2 (TAB2) are involved in embryonic angiogenesis, mainly regulating endothelial cell 

survival and migration (361). Evidence also shows that TAK1 controls both cell viability and 

inflammation via the activation of downstream effectors such as NF-κB and mitogen-activated 
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protein kinases (MAPKs) as well as NF-κB-independent pathways such as oxidative stress and 

receptor-interacting protein kinase 1 (RIPK1) kinase activity-dependent pathway (384). These 

studies indicate that TAK1 is a key regulator of several signaling pathways that modulate 

angiogenesis and inflammation. However, its role in retinal neovascularization was previously 

unknown. 

This is the first study to report the involvement of TAK1 in retinal neovascularization. 

Despite finding an increase in TAK1 expression in the OIR rats at the mRNA level, we have 

not investigated whether protein levels are increased. In addition, we demonstrated that 

inhibition of TAK1 activity suppresses angiogenesis effectively in in vitro, ex vivo and in vivo, 

indicating that TAK1 is potentially a promising therapeutic target for retinal neovascularization. 

However, the mechanism by which TAK1 mediates retinal neovascularization in the OIR model 

has not been determined. Future studies should address these limitations to better understand 

the role of TAK1 in retinal neovascularization. 

7.4 miRNA-143 plays a protective role in ischemia-induced retinal neovascularization 

Treatment with miRNA mimic and molecules targeting specific miRNAs (anti-miRNA) have 

shown great promise in many preclinical cancer studies (423, 424), and some miRNA-based 

therapeutics have proceeded to human clinical trials. For example, a mimic of tumor suppressor 

miRNA, miR-34, has reached phase I clinical trial, and antimiRs blocking miR-22 have 

reached phase II trials for the treatment of hepatitis (11). Several studies have demonstrated 

that retinal neovascularization is significantly attenuated in OIR mice by restoration of those 

retinal miRNAs that are reduced in the model, using miRNA mimic. Examples include miR-

126, miR-150, and miR-410 (202, 203, 207). Moreover, these studies suggest mechanisms by 

which restoration of those down-regulated miRNAs would suppress retinal neovascularization 

in mice. For example, restoration of miR-126 in OIR mice suspends endothelial cell cycle 

progression and inhibits the expression of VEGF and matrix metalloproteinase-9 (MMP-9), 
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resulting in attenuation of retinal neovascularization (425). miR-150 is thought to target 

multiple angiogenic regulators, such as C-X-C chemokine receptor type 4 (CXCR4), Delta like 

ligand 4 (DLL4), and Frizzled-4 (FZD4), all of which are capable of interfering with 

angiogenesis in vitro and in vivo (202). Findings presented in Chapter 3 indicate that both miR-

126 and miR-150 as well as miR-143 were significantly down-regulated in OIR rats. Chapter 

5 presents evidence that the restoration of these down-regulated miRNAs via their mimic 

significantly reduces retinal neovascularization in OIR rats. Given that the role of miR-143 was 

comparable to miR-126 and miR-150 in retinal neovascularization in rat OIR, we next sought 

to understand the regulatory network of miR-143 in the retina. Therefore RNA-Seq was 

performed using the RNA extracted from the retinas of OIR or normoxic rats receiving miR-

143 mimic or non-targeting scrambled RNA.    

RNA-Seq data showed that two gene clusters mediated mainly by Fos and Cryaa were 

involved in the regulatory network of miR-143. We focused on Fos-mediated gene cluster for 

further study as Cyraa is not known to be important in retinal angiogenesis (426). It is 

noteworthy that none of the genes identified in this network were direct target genes of miR-

143, suggesting that indirect regulation of these genes by miR-143 may be involved. We have 

previously predicted the direct gene targets of miR-143, such as TAK1, which were based on 

the miRNA-Seq data acquired from OIR rats at P14. Our RNA-Seq data was acquired from 

OIR rats subjected to miR-143 mimic injection for four days (P18). Thus, it is likely that the 

overall gene regulation we observed may come from secondary reactions such as “seconady 

miRNAs”. Indeed, a large body of evidence has suggested that genes indirectly regulated by 

“primary” miRNAs are mainly doen so through “secondary” miRNAs (miRNAs regulated by 

“primary” miRNAs through transcription factors) (394-396). A study showed that 

approximately 30-50% of indirect cardiac mRNA target regulation is attributable to higher 

order effects from “secondary” miRNAs regulated by miR-378 and miR-499 (394). In the 
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chronic cardiac disease setting, the efficacy of anti-miR-34 is likely attributed to its regulation 

of “secondary” miRNAs, producing direct and indirect mRNA target effects (397). In addition, 

miRNA can regulate gene expression indirectly by targeting transcription factors directly. A 

few studies have shown that Fos can be indirectly regulated by miR-143 through ERK5, which 

is a direct gene target of miR-143 (398, 399). Some stress proteins such as Fos, Jun, Myc, and 

Egr1 can be directly regulated by ERK signaling and indeed act as a sensor of ERK signaling 

kinetics (401, 402). Indeed, Fos is also a transcription factor that regulates many inflammatory 

signals, such as photoreceptor inflammation (427). Another study suggested that pathological 

blood vessels invading the photoreceptor layer in an animal model of retinoapathy was likely 

due to the elevated expression of Fos in the photoreceptors via the inflammatory signal-induced 

STAT3/VEGFA pathway (404). RNA-Seq data presented here shows that the expression of 

Fos, Jun, and Egr1 was markedly reduced in OIR rats receiving miR-143 mimic. Restoration 

of miR-143 may indirectly down-regulate the expression of immediate early genes such as Fos 

and Egr1 in OIR rats through ERK signaling and the “secondary” miRNAs, resulting in a 

decrease of retinal neovascularization.  

Our results suggest that miR-143 mimic may act to suppress retinal neovascularization 

in OIR rats via an effect on Fos-mediated genes. It is postulated that miR-143 indirectly 

regulates Fos is likely via ERK5 signals as well as “secondary” miRNAs in retinal 

neovascularization. However, this work does not provide definitive evidence to support this 

hypothesis. Although our sequencing data showed the dysregulation of genes associated with 

miR-143 regulation, we have neither validated their expression at RNA level by qPCR nor 

demonstrated their expression at protein level by Western Blot. Therefore, the results should 

be interpreted with caution. Further studies that validate the RNA and the protein level of genes 

such as Fos, Jun, and Egr1 identified by RNA-Seq would support our hypothesis 
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aforementioned. Moreover, future studies may seek to identify “secondary” miRNAs and 

elucidate the full network regulated by miR-143 in retinal neovascularization.     

7.5 MicroRNA based-regulated viral vectors for gene delivery 

Gene therapies that chronically suppress VEGF open a new avenue for suppressing ocular 

vascular hyperpermeability and neovascularization. However, persisitent VEGF suppression 

in the eye may have deleterious effects, including retinal neuronal toxixity. Furthermore, the 

disease activity may fluctuate throughout the course of retinal neovascularization so that there 

are periods of relative VEGF inactivity interspersed with periods of activity. To reduce the 

potential deleterious effects of long-term suppression of VEGF, it is necessary to develop a 

gene therapy that enables gene expression in accordance with disease activity. It is possible to 

take advantage of miRNAs to regulate transgene expression given that miRNA can regulate 

gene expression at the post-transcriptional level. One way of doing so involves the insertion of 

a MRE sequence, which is completely complementary to the miRNA of interest into an 

expression cassette following the 3’ end of transgene sequence. In this approach, binding of 

miRNA inhibits transgene expression. Several studies have used this strategy to limit transgene 

expression in specific cells or tissues. For example, injection of a AAV2/5 vector encoding 

GFP followed by MRE of RPE-specific miR-124 or photoreceptor-specific miR-204 limited 

the GFP expression in RPE or photoreceptor layer (414). This type of regulation may 

potentially reduce off-target effects as it limits the transgene expression in target cells. 

 To test the feasibility of exploiting OIR-related changes in miRNA to regulate the 

therapeutic transgene expression, we constructed a luciferase expression cassette incorporating 

combined copies of MRE of miR-143, miR-126, and miR-143 in Chapter 6. In the dual 

luciferase reporter assay, luciferase expression was almost completely inhibited by miRNA 

mimic combination. A similar strategy to achieve “switchable gene therapy” for retinal 

neovascularization could be further tested in OIR rats. In this setting, the expression of a 
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therapeutic transgene, such as sFlt-1, would be maximal during the neovascular phase of the 

OIR model, where target miRNAs are down-regulated. Transgene expression would be 

inhibited during the inactive stage as increased expression of miRNAs would repress transgene 

expression. One group has used a similar approach to achieve cell-type selective genome 

editing by the MRE-regulated CRISPR-Cas9 system (428). Our results that exploits disease-

related miRNA changes indicate that the use of a “switchable gene therapy” approach for 

retinal neovascularization. However, one limitation of the present study is the lack of in vivo 

data to support this hypothesis. Future studies should address these limitations.  

7.6 Conclusions 

In this study, we first identified the down-regulation of expression of miR-150-5p, miR-126-

3p, miR-143-3p and miR-145-5p in a rat model of oxygen-induced retinopathy. Given the 

novel finding of miR-143 down-regulation, we examined putative target genes of miR-143 that 

may play roles in retinal angiogenesis. Second, TAK1, a known mediator of angiogenesis was 

identified as a candidate target gene of miR-143. Our data also indicates that down-regulation 

of miR-143 was associated with increased TAK1 and selective inhibition of TAK1 resulted in 

a significant reduction in retinal neovascularization. Thrid, we restored the dyregulated 

miRNAs (miR-150-5p, miR-126-3p, and miR-143-3p) in the OIR rat eyes and showed 

markedly reduce abnormal retinal vessel formation. Specifically, bioinformatic analysis 

indicated that miR-143 effects converged on the Fos-mediated signaling pathway. Overall, 

these findings highlight the utility of computational analysis of NGS data in the screening of 

novel genes associated with complex pathological processes such as retinal neovascularization. 

Last, we showed that the use of combined MREs in an expression cassette can profoundly 

modulate transgene expression in vitro, which provides a framework to develop a switchable 

gene therapy based on the altered miRNA expression during retinal neovascularization.  
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APPENDICES 

Appendix 1. A ranking of retinal miRNA expression level in normoxic rats at P14.  

MicroRNA Normoxic

-1 

Normoxic 

-2 

Normoxic 

-3 

Mean sequencing 

read counts 

Rank 

rno-miR-182 7590368 7933914 7507748 7677343.333 1 

rno-miR-181a-

5p 1508079 1344999 1654626 1502568 2 

rno-miR-183-5p 789669 992829 763356 848618 3 

rno-miR-204-5p 69678 182492 167978 140049.3333 4 

rno-miR-26a-5p 144299 141750 127515 137854.6667 5 

rno-miR-9a-5p 105795 136475 138567 126945.6667 6 

rno-miR-30a-5p 99620 123225 98320 107055 7 

rno-miR-127-3p 93419 119647 88500 100522 8 

rno-miR-191a-

5p 81457 100288 82444 88063 9 

rno-miR-30d-5p 81055 93418 83397 85956.66667 10 

rno-let-7f-5p 65424 70316 79991 71910.33333 11 

rno-miR-181b-

5p 72290 62786 78667 71247.66667 12 

rno-miR-211-5p 71645 78704 58619 69656 13 

rno-miR-22-3p 71795 74661 61475 69310.33333 14 

rno-miR-181c-

5p 58464 69179 66115 64586 15 

rno-miR-99b-5p 57050 78214 57927 64397 16 

rno-miR-124-3p 59026 78050 53728 63601.33333 17 

rno-miR-30e-5p 53305 64423 51564 56430.66667 18 

rno-let-7a-5p 37257 41743 51233 43411 19 

rno-miR-96-5p 41914 50828 36640 43127.33333 20 

rno-miR-378a-

3p 35686 35567 33956 35069.66667 21 

rno-miR-16-5p 33167 34581 35489 34412.33333 22 

rno-miR-434-3p 36155 28147 36454 33585.33333 23 

rno-miR-125a-

5p 30661 34748 30614 32007.66667 24 

rno-let-7g-5p 27974 32681 34162 31605.66667 25 

rno-miR-30c-5p 26143 28309 24505 26319 26 

rno-miR-27b-3p 26946 26578 25222 26248.66667 27 

rno-miR-26b-5p 19272 23601 20349 21074 28 

rno-let-7c-5p 16503 18160 23449 19370.66667 29 

rno-miR-101a-

3p 17154 20132 17596 18294 30 

rno-miR-21-5p 13772 16999 15267 15346 31 

rno-miR-30b-5p 13166 17866 13480 14837.33333 32 

rno-miR-143-3p 13145 16853 14079 14692.33333 33 
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rno-let-7i-5p 13051 13886 15122 14019.66667 34 

rno-miR-486 13685 14414 12774 13624.33333 35 

rno-miR-181a-

1-3p 11183 12929 14655 12922.33333 36 

rno-miR-25-3p 10151 11626 12788 11521.66667 37 

rno-miR-186-5p 10418 12062 11064 11181.33333 38 

rno-miR-125b-

5p 10657 12724 9726 11035.66667 39 

rno-miR-301a-

3p 9867 11995 11071 10977.66667 40 

rno-miR-151-3p 10267 10692 11281 10746.66667 41 

rno-miR-411-5p 9573 10700 9420 9897.666667 42 

rno-miR-148a-

3p 7881 9790 9439 9036.666667 43 

rno-miR-103-3p 7554 9381 10014 8983 44 

rno-miR-151-5p 8688 8875 8276 8613 45 

rno-miR-181d-

5p 5722 6270 7485 6492.333333 46 

rno-miR-126a-

5p 5667 7655 5991 6437.666667 47 

rno-miR-410-3p 6158 6808 6184 6383.333333 48 

rno-miR-340-5p 5337 6533 7146 6338.666667 49 

rno-let-7e-5p 5442 5826 7105 6124.333333 50 

rno-miR-92b-3p 6422 5758 4958 5712.666667 51 

rno-miR-136-3p 5269 5943 5309 5507 52 

rno-miR-341 4764 5792 5054 5203.333333 53 

rno-miR-148b-

3p 4231 4951 4995 4725.666667 54 

rno-miR-192-5p 3432 5285 5073 4596.666667 55 

rno-miR-30e-3p 4391 4446 4854 4563.666667 56 

rno-miR-98-5p 3725 4400 5126 4417 57 

rno-miR-92a-3p 4269 4118 4419 4268.666667 58 

rno-let-7d-5p 3899 3905 4044 3949.333333 59 

rno-miR-130a-

3p 3586 3944 3896 3808.666667 60 

rno-miR-140-3p 3224 3741 3257 3407.333333 61 

rno-let-7b-5p 2900 3377 3883 3386.666667 62 

rno-miR-183-3p 3248 3593 3103 3314.666667 63 

rno-miR-375-3p 3772 2993 2572 3112.333333 64 

rno-miR-101b-

3p 2913 3390 2957 3086.666667 65 

rno-miR-136-5p 3154 3355 2553 3020.666667 66 

rno-miR-15a-5p 2517 2887 2637 2680.333333 67 

rno-miR-19b-3p 2183 3202 2512 2632.333333 68 

rno-miR-872-5p 2650 2423 2703 2592 69 

rno-miR-541-5p 2804 2273 2386 2487.666667 70 
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rno-miR-210-3p 2201 2581 2576 2452.666667 71 

rno-miR-190b-

5p 1977 2815 2411 2401 72 

rno-miR-9a-3p 1999 2653 2468 2373.333333 73 

rno-miR-425-5p 2413 2442 2099 2318 74 

rno-miR-300-3p 2270 2356 1940 2188.666667 75 

rno-miR-29c-3p 2172 2817 1553 2180.666667 76 

rno-miR-100-5p 2104 2648 1718 2156.666667 77 

rno-miR-181c-

3p 1814 2060 2571 2148.333333 78 

rno-miR-181a-

2-3p 1969 1819 2595 2127.666667 79 

rno-miR-434-5p 2070 2135 2057 2087.333333 80 

rno-miR-335 2285 2605 1368 2086 81 

rno-miR-138-5p 2090 1956 2026 2024 82 

rno-miR-676 2138 1822 2047 2002.333333 83 

rno-miR-93-5p 1661 1752 2527 1980 84 

rno-miR-129-5p 1802 2336 1677 1938.333333 85 

rno-miR-107-3p 1694 2009 1782 1828.333333 86 

rno-miR-126a-

3p 1674 1989 1760 1807.666667 87 

rno-miR-30a-3p 1592 1823 1960 1791.666667 88 

rno-miR-218a-

5p 1418 2057 1810 1761.666667 89 

rno-miR-879-5p 1529 1945 1697 1723.666667 90 

rno-miR-146b-

5p 1551 2179 1348 1692.666667 91 

rno-miR-129-2-

3p 1399 2341 1212 1650.666667 92 

rno-miR-129-1-

3p 1399 2340 1212 1650.333333 93 

rno-miR-409a-

3p 1542 1626 1536 1568 94 

rno-miR-99a-5p 1501 2049 1115 1555 95 

rno-miR-488-3p 1333 1564 1708 1535 96 

rno-miR-384-5p 1354 1817 1364 1511.666667 97 

rno-let-7d-3p 1391 1475 1532 1466 98 

rno-miR-384-3p 1096 1942 1241 1426.333333 99 

rno-miR-28-3p 1547 1308 1424 1426.333333 100 

rno-miR-342-3p 1247 1616 1375 1412.666667 101 

rno-miR-423-3p 1540 1104 1497 1380.333333 102 

rno-miR-532-5p 1147 1444 1455 1348.666667 103 

rno-miR-125b-

2-3p 1351 1396 1121 1289.333333 104 

rno-miR-361-5p 1098 1480 1234 1270.666667 105 

rno-miR-149-5p 1115 1145 1379 1213 106 
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rno-miR-135a-

5p 976 1460 1154 1196.666667 107 

rno-miR-124-5p 913 1245 1229 1129 108 

rno-miR-23b-3p 987 1366 1024 1125.666667 109 

rno-miR-153-3p 962 1426 974 1120.666667 110 

rno-miR-298-5p 1210 869 1164 1081 111 

rno-miR-106b-

5p 815 1151 1249 1071.666667 112 

rno-miR-320-3p 943 999 1224 1055.333333 113 

rno-miR-128-3p 1019 1065 1007 1030.333333 114 

rno-miR-598-3p 962 1097 969 1009.333333 115 

rno-miR-29a-3p 1081 1363 567 1003.666667 116 

rno-miR-331-3p 719 1331 881 977 117 

rno-miR-328a-

3p 936 1004 985 975 118 

rno-miR-323-3p 887 1083 832 934 119 

rno-miR-15b-5p 784 937 1067 929.3333333 120 

rno-miR-130b-

3p 956 844 974 924.6666667 121 

rno-miR-708-3p 860 966 857 894.3333333 122 

rno-miR-34c-5p 758 863 983 868 123 

rno-miR-431 894 806 894 864.6666667 124 

rno-miR-758-3p 798 972 758 842.6666667 125 

rno-miR-30d-3p 782 826 872 826.6666667 126 

rno-miR-338-3p 811 1045 621 825.6666667 127 

rno-miR-351-5p 645 799 1016 820 128 

rno-miR-24-3p 681 1027 715 807.6666667 129 

rno-miR-872-3p 816 826 762 801.3333333 130 

rno-miR-380-3p 799 843 671 771 131 

rno-miR-184 215 366 1731 770.6666667 132 

rno-miR-708-5p 666 821 674 720.3333333 133 

rno-miR-27a-3p 638 752 681 690.3333333 134 

rno-miR-487b-

3p 640 646 702 662.6666667 135 

rno-miR-873-5p 567 725 693 661.6666667 136 

rno-miR-378b 660 682 622 654.6666667 137 

rno-miR-330-5p 639 712 557 636 138 

rno-miR-134-5p 530 653 685 622.6666667 139 

rno-miR-421-3p 629 582 646 619 140 

rno-miR-1839-

5p 576 561 686 607.6666667 141 

rno-miR-127-5p 546 666 596 602.6666667 142 

rno-miR-325-3p 462 736 602 600 143 

rno-miR-582-3p 515 578 634 575.6666667 144 

rno-miR-363-3p 489 615 587 563.6666667 145 



 

 

206 

rno-miR-106b-

3p 498 515 630 547.6666667 146 

rno-miR-3068-

3p 485 525 534 514.6666667 147 

rno-miR-369-5p 485 496 517 499.3333333 148 

rno-miR-361-3p 483 487 518 496 149 

rno-miR-450a-

5p 421 559 485 488.3333333 150 

rno-miR-148a-

5p 391 527 478 465.3333333 151 

rno-miR-3099 412 436 512 453.3333333 152 

rno-miR-374-5p 360 480 477 439 153 

rno-miR-433-3p 426 417 470 437.6666667 154 

rno-miR-423-5p 544 399 346 429.6666667 155 

rno-miR-28-5p 456 399 396 417 156 

rno-miR-504 409 419 407 411.6666667 157 

rno-miR-369-3p 406 471 347 408 158 

rno-miR-1843a-

5p 432 412 378 407.3333333 159 

rno-miR-17-5p 279 442 457 392.6666667 160 

rno-miR-7a-5p 364 440 341 381.6666667 161 

rno-miR-592 356 416 373 381.6666667 162 

rno-miR-652-3p 307 413 382 367.3333333 163 

rno-miR-382-5p 304 369 334 335.6666667 164 

rno-miR-194-5p 238 381 352 323.6666667 165 

rno-miR-378a-

5p 307 389 269 321.6666667 166 

rno-miR-125b-

1-3p 285 299 376 320 167 

rno-miR-668 342 307 304 317.6666667 168 

rno-miR-19a-3p 257 372 320 316.3333333 169 

rno-miR-142-5p 272 377 287 312 170 

rno-miR-1249 306 332 293 310.3333333 171 

rno-miR-500-3p 264 319 328 303.6666667 172 

rno-miR-150-5p 290 350 241 293.6666667 173 

rno-miR-379-5p 232 355 291 292.6666667 174 

rno-miR-135b-

5p 223 346 300 289.6666667 175 

rno-miR-484 255 297 311 287.6666667 176 

rno-miR-326-3p 264 352 241 285.6666667 177 

rno-miR-130b-

5p 269 245 340 284.6666667 178 

rno-miR-199a-

3p 292 233 329 284.6666667 179 

rno-miR-1298 297 312 244 284.3333333 180 

rno-miR-146a-

5p 252 365 227 281.3333333 181 



 

 

207 

rno-miR-362-3p 241 340 262 281 182 

rno-miR-221-3p 239 281 309 276.3333333 183 

rno-miR-20a-5p 177 309 330 272 184 

rno-miR-7a-1-

3p 233 318 240 263.6666667 185 

rno-miR-222-3p 262 215 308 261.6666667 186 

rno-miR-325-5p 208 258 316 260.6666667 187 

rno-miR-322-5p 231 301 247 259.6666667 188 

rno-miR-31a-5p 234 253 285 257.3333333 189 

rno-miR-30c-2-

3p 266 239 262 255.6666667 190 

rno-let-7c-2-3p 222 296 243 253.6666667 191 

rno-let-7a-1-3p 222 296 243 253.6666667 192 

rno-miR-409a-

5p 231 313 215 253 193 

rno-miR-376b-

3p 254 314 187 251.6666667 194 

rno-miR-301b-

3p 236 213 299 249.3333333 195 

rno-miR-671 266 193 250 236.3333333 196 

rno-miR-23a-3p 181 274 247 234 197 

rno-miR-30c-1-

3p 281 189 209 226.3333333 198 

rno-miR-32-5p 184 261 224 223 199 

rno-miR-496-3p 191 257 192 213.3333333 200 

rno-miR-505-3p 205 239 189 211 201 

rno-miR-195-5p 181 238 198 205.6666667 202 

rno-miR-3085 213 201 203 205.6666667 203 

rno-miR-383-5p 276 147 194 205.6666667 204 

rno-miR-191a-

3p 200 215 184 199.6666667 205 

rno-miR-181b-

1-3p 178 198 218 198 206 

rno-miR-190a-

5p 165 272 139 192 207 

rno-let-7f-2-3p 174 193 202 189.6666667 208 

rno-miR-1224 168 184 214 188.6666667 209 

rno-miR-340-3p 177 174 213 188 210 

rno-miR-673-3p 179 187 197 187.6666667 211 

rno-miR-324-5p 124 228 209 187 212 

rno-miR-345-5p 152 253 144 183 213 

rno-miR-346 205 170 166 180.3333333 214 

rno-miR-148b-

5p 171 187 180 179.3333333 215 

rno-miR-132-3p 149 217 171 179 216 

rno-miR-672-5p 132 140 254 175.3333333 217 



 

 

208 

rno-miR-3559-

5p 143 178 190 170.3333333 218 

rno-miR-501-3p 169 181 151 167 219 

rno-miR-495 160 207 131 166 220 

rno-miR-187-3p 181 188 128 165.6666667 221 

rno-miR-674-3p 173 169 155 165.6666667 222 

rno-miR-411-3p 156 167 168 163.6666667 223 

rno-miR-1843b-

5p 178 148 158 161.3333333 224 

rno-miR-145-5p 118 214 144 158.6666667 225 

rno-miR-337-5p 161 161 153 158.3333333 226 

rno-miR-532-3p 124 175 163 154 227 

rno-miR-376a-

3p 123 190 146 153 228 

rno-miR-140-5p 132 183 142 152.3333333 229 

rno-miR-211-3p 129 174 152 151.6666667 230 

rno-miR-188-5p 145 146 164 151.6666667 231 

rno-miR-485-3p 158 171 125 151.3333333 232 

rno-miR-666-3p 146 161 140 149 233 

rno-miR-374-3p 132 149 166 149 234 

rno-miR-542-3p 118 131 183 144 235 

rno-miR-450b-

5p 119 151 148 139.3333333 236 

rno-miR-667-3p 150 141 126 139 237 

rno-miR-376b-

5p 151 151 113 138.3333333 238 

rno-miR-497-5p 124 127 159 136.6666667 239 

rno-miR-345-3p 119 165 120 134.6666667 240 

rno-miR-664-3p 129 173 94 132 241 

rno-miR-499-5p 129 151 113 131 242 

rno-miR-376a-

5p 127 137 117 127 243 

rno-miR-582-5p 124 129 128 127 244 

rno-miR-185-5p 102 159 116 125.6666667 245 

rno-miR-99b-3p 138 128 110 125.3333333 246 

rno-miR-350 99 157 114 123.3333333 247 

rno-miR-99a-3p 141 151 78 123.3333333 248 

rno-miR-21-3p 102 152 114 122.6666667 249 

rno-miR-490-3p 115 148 95 119.3333333 250 

rno-miR-217-5p 100 117 140 119 251 

rno-miR-92a-1-

5p 113 108 131 117.3333333 252 

rno-miR-485-5p 123 115 109 115.6666667 253 

rno-miR-412-5p 120 119 107 115.3333333 254 

rno-miR-296-5p 88 121 125 111.3333333 255 

rno-miR-329-5p 109 121 103 111 256 



 

 

209 

rno-miR-29b-3p 100 165 59 108 257 

rno-let-7i-3p 88 119 108 105 258 

rno-miR-133a-

3p 94 102 119 105 259 

rno-miR-139-5p 84 118 112 104.6666667 260 

rno-miR-324-3p 98 106 110 104.6666667 261 

rno-miR-135a-

3p 97 101 116 104.6666667 262 

rno-miR-152-3p 72 119 122 104.3333333 263 

rno-miR-493-5p 86 114 110 103.3333333 264 

rno-miR-702-3p 104 108 91 101 265 

rno-miR-344b-

1-3p 111 110 81 100.6666667 266 

rno-miR-29c-5p 101 132 68 100.3333333 267 

rno-miR-381-3p 108 103 83 98 268 

rno-miR-322-3p 85 86 119 96.66666667 269 

rno-miR-543-3p 90 118 81 96.33333333 270 

rno-miR-760-3p 83 95 109 95.66666667 271 

rno-miR-425-3p 91 117 77 95 272 

rno-miR-540-3p 104 78 103 95 273 

rno-miR-34a-5p 93 130 59 94 274 

rno-miR-30b-3p 108 75 96 93 275 

rno-miR-376c-

3p 92 91 95 92.66666667 276 

rno-miR-18a-5p 72 104 101 92.33333333 277 

rno-miR-666-5p 97 99 80 92 278 

rno-miR-210-5p 102 90 79 90.33333333 279 

rno-miR-3577 93 70 107 90 280 

rno-miR-770-3p 77 81 106 88 281 

rno-miR-874-3p 74 105 79 86 282 

rno-miR-24-2-

5p 82 82 94 86 283 

rno-miR-7a-2-

3p 79 86 87 84 284 

rno-miR-26b-3p 79 86 87 84 285 

rno-miR-6329 91 76 84 83.66666667 286 

rno-miR-382-3p 69 105 67 80.33333333 287 

rno-miR-17-1-

3p 65 103 73 80.33333333 288 

rno-miR-33-5p 77 99 59 78.33333333 289 

rno-miR-379-3p 87 89 58 78 290 

rno-miR-98-3p 68 61 101 76.66666667 291 

rno-let-7b-3p 68 96 64 76 292 

rno-miR-339-3p 83 75 70 76 293 

rno-miR-101a-

5p 77 87 59 74.33333333 294 



 

 

210 

rno-miR-6331 66 83 74 74.33333333 295 

rno-miR-10b-5p 69 68 83 73.33333333 296 

rno-miR-216a-

5p 72 66 81 73 297 

rno-miR-1247-

5p 66 51 99 72 298 

rno-miR-329-3p 77 78 59 71.33333333 299 

rno-miR-370-3p 69 76 68 71 300 

rno-miR-674-5p 72 73 68 71 301 

rno-miR-433-5p 55 82 73 70 302 

rno-miR-339-5p 73 95 40 69.33333333 303 

rno-miR-338-5p 75 82 50 69 304 

rno-miR-1839-

3p 52 88 63 67.66666667 305 

rno-miR-451-5p 38 86 72 65.33333333 306 

rno-miR-96-3p 54 68 71 64.33333333 307 

rno-miR-1193-

3p 79 59 55 64.33333333 308 

rno-let-7e-3p 66 48 78 64 309 

rno-miR-377-3p 67 57 66 63.33333333 310 

rno-miR-365-3p 60 80 47 62.33333333 311 

rno-miR-203a-

3p 54 68 49 57 312 

rno-miR-330-3p 60 68 42 56.66666667 313 

rno-miR-551b-

3p 45 67 58 56.66666667 314 

rno-miR-145-3p 54 68 42 54.66666667 315 

rno-miR-193a-

3p 63 53 47 54.33333333 316 

rno-miR-22-5p 49 70 42 53.66666667 317 

rno-miR-154-5p 42 69 48 53 318 

rno-miR-181b-

2-3p 42 52 62 52 319 

rno-miR-193b-

3p 52 62 40 51.33333333 320 

rno-miR-873-3p 49 50 54 51 321 

rno-let-7g-3p 50 56 45 50.33333333 322 

rno-miR-344a-

3p 48 56 47 50.33333333 323 

rno-miR-25-5p 38 42 66 48.66666667 324 

rno-miR-298-3p 38 53 50 47 325 

rno-miR-125a-

3p 39 48 54 47 326 

rno-miR-34b-5p 33 57 48 46 327 

rno-miR-455-5p 37 52 46 45 328 

rno-miR-448-3p 43 42 48 44.33333333 329 



 

 

211 

rno-miR-216b-

5p 51 27 55 44.33333333 330 

rno-miR-3068-

5p 37 62 33 44 331 

rno-miR-221-5p 40 45 45 43.33333333 332 

rno-miR-1843a-

3p 45 43 40 42.66666667 333 

rno-miR-15b-3p 38 38 52 42.66666667 334 

rno-miR-342-5p 43 29 56 42.66666667 335 

rno-miR-877 50 53 24 42.33333333 336 

rno-miR-137-3p 32 64 30 42 337 

rno-miR-27b-5p 44 37 43 41.33333333 338 

rno-miR-20b-5p 33 50 34 39 339 

rno-miR-93-3p 40 35 39 38 340 

rno-miR-539-3p 31 51 29 37 341 

rno-miR-337-3p 30 51 28 36.33333333 342 

rno-miR-539-5p 26 49 32 35.66666667 343 

rno-miR-205 46 14 47 35.66666667 344 

rno-miR-412-3p 22 48 35 35 345 

rno-miR-879-3p 33 40 31 34.66666667 346 

rno-miR-6328 41 45 17 34.33333333 347 

rno-miR-542-5p 36 33 34 34.33333333 348 

miRNA 25 27 51 34.33333333 349 

rno-miR-219a-

1-3p 38 30 32 33.33333333 350 

rno-miR-301a-

5p 30 33 36 33 351 

rno-miR-204-3p 18 41 38 32.33333333 352 

rno-miR-155-5p 26 41 30 32.33333333 353 

rno-miR-141-3p 33 42 19 31.33333333 354 

rno-miR-128-1-

5p 36 32 24 30.66666667 355 

rno-miR-142-3p 30 34 26 30 356 

rno-let-7f-1-3p 28 29 33 30 357 

rno-miR-664-2-

5p 35 26 28 29.66666667 358 

rno-miR-331-5p 22 23 42 29 359 

rno-miR-6325 38 21 27 28.66666667 360 

rno-miR-199a-

5p 26 25 32 27.66666667 361 

rno-miR-1306-

5p 24 31 27 27.33333333 362 

rno-miR-770-5p 23 31 26 26.66666667 363 

rno-miR-212-3p 30 32 17 26.33333333 364 

rno-miR-152-5p 26 26 22 24.66666667 365 



 

 

212 

rno-miR-449a-

5p 27 24 21 24 366 

rno-miR-135b-

3p 18 19 35 24 367 

rno-miR-362-5p 22 30 19 23.66666667 368 

rno-miR-6321 67 0 0 22.33333333 369 

rno-miR-380-5p 10 38 18 22 370 

rno-miR-483-3p 25 24 16 21.66666667 371 

rno-miR-455-3p 7 42 15 21.33333333 372 

rno-miR-19a-5p 20 20 24 21.33333333 373 

rno-miR-7b 16 35 12 21 374 

rno-miR-144-3p 5 31 27 21 375 

rno-miR-132-5p 17 27 19 21 376 

rno-miR-494-3p 18 25 19 20.66666667 377 

rno-miR-540-5p 24 21 17 20.66666667 378 

rno-miR-493-3p 21 18 23 20.66666667 379 

rno-miR-665 19 22 20 20.33333333 380 

rno-miR-466c-

5p 16 22 18 18.66666667 381 

rno-miR-672-3p 16 17 23 18.66666667 382 

rno-miR-296-3p 15 14 27 18.66666667 383 

rno-miR-543-5p 18 23 14 18.33333333 384 

rno-miR-17-2-

3p 19 17 19 18.33333333 385 

rno-miR-212-5p 15 23 15 17.66666667 386 

rno-miR-935 19 16 18 17.66666667 387 

rno-miR-3559-

3p 17 16 18 17 388 

rno-miR-18a-3p 19 20 11 16.66666667 389 

rno-miR-323-5p 17 17 16 16.66666667 390 

rno-miR-34b-3p 14 23 12 16.33333333 391 

rno-miR-673-5p 20 13 15 16 392 

rno-miR-299a-

3p 20 12 16 16 393 

rno-miR-24-1-

5p 16 22 9 15.66666667 394 

rno-miR-3084b-

3p 15 18 12 15 395 

rno-miR-3084a-

3p 15 18 12 15 396 

rno-miR-3084d 15 18 12 15 397 

rno-miR-6324 19 19 6 14.66666667 398 

rno-miR-134-3p 16 18 10 14.66666667 399 

rno-miR-9b-5p 16 13 14 14.33333333 400 

rno-let-7c-1-3p 16 12 15 14.33333333 401 

rno-miR-16-3p 16 13 13 14 402 



 

 

213 

rno-miR-20a-3p 5 15 21 13.66666667 403 

rno-miR-144-5p 6 15 16 12.33333333 404 

rno-miR-153-5p 12 14 11 12.33333333 405 

rno-miR-376c-

5p 14 11 12 12.33333333 406 

rno-miR-505-5p 19 10 8 12.33333333 407 

rno-miR-224-5p 6 11 19 12 408 

rno-miR-219a-

5p 9 9 18 12 409 

rno-miR-6314 11 13 11 11.66666667 410 

rno-miR-154-3p 8 15 11 11.33333333 411 

rno-miR-421-5p 13 5 15 11 412 

rno-miR-377-5p 8 14 10 10.66666667 413 

rno-miR-874-5p 12 12 8 10.66666667 414 

rno-miR-503-3p 10 9 13 10.66666667 415 

rno-miR-10a-5p 5 9 18 10.66666667 416 

rno-miR-216b-

3p 8 8 16 10.66666667 417 

rno-miR-33-3p 10 13 8 10.33333333 418 

rno-miR-29b-5p 8 12 11 10.33333333 419 

rno-miR-32-3p 11 10 10 10.33333333 420 

rno-miR-3473 12 6 12 10 421 

rno-miR-190a-

3p 4 16 9 9.666666667 422 

rno-miR-133b-

3p 3 13 13 9.666666667 423 

rno-miR-6318 9 8 12 9.666666667 424 

rno-miR-490-5p 6 13 9 9.333333333 425 

rno-miR-6315 7 7 14 9.333333333 426 

rno-miR-299a-

5p 11 5 12 9.333333333 427 

rno-miR-653-5p 5 15 7 9 428 

rno-miR-300-5p 6 12 9 9 429 

rno-miR-20b-3p 10 10 7 9 430 

rno-miR-216a-

3p 9 7 11 9 431 

rno-miR-188-3p 6 13 7 8.666666667 432 

rno-miR-344b-

5p 7 11 7 8.333333333 433 

rno-miR-1843b-

3p 7 6 12 8.333333333 434 

rno-miR-598-5p 10 5 9 8 435 

rno-miR-218a-

1-3p 9 7 7 7.666666667 436 

rno-miR-195-3p 7 10 5 7.333333333 437 

rno-miR-143-5p 11 7 4 7.333333333 438 



 

 

214 

rno-miR-3585-

5p 12 3 7 7.333333333 439 

rno-miR-370-5p 9 1 12 7.333333333 440 

rno-miR-802-3p 5 11 5 7 441 

rno-miR-138-1-

3p 2 9 10 7 442 

rno-miR-3074 4 9 7 6.666666667 443 

rno-miR-3547 6 7 7 6.666666667 444 

rno-miR-452-5p 7 5 8 6.666666667 445 

rno-miR-100-3p 4 8 7 6.333333333 446 

rno-miR-29a-5p 9 6 4 6.333333333 447 

rno-miR-3542 1 11 6 6 448 

rno-miR-200a-

3p 8 6 4 6 449 

rno-miR-191b 10 4 4 6 450 

rno-miR-429 8 2 8 6 451 

rno-miR-31a-3p 6 8 3 5.666666667 452 

rno-miR-214-3p 2 3 12 5.666666667 453 

rno-miR-3102 9 6 1 5.333333333 454 

rno-miR-764-3p 2 8 4 4.666666667 455 

rno-miR-499-3p 4 8 2 4.666666667 456 

rno-miR-200b-

3p 5 5 4 4.666666667 457 

rno-miR-488-5p 5 4 5 4.666666667 458 

rno-miR-200c-

3p 4 4 4 4 459 

rno-miR-208b-

3p 1 4 6 3.666666667 460 

rno-miR-34c-3p 4 3 4 3.666666667 461 

rno-miR-223-3p 2 5 3 3.333333333 462 

rno-miR-1b 3 5 2 3.333333333 463 

rno-miR-1247-

3p 3 5 2 3.333333333 464 

rno-miR-3552 6 0 1 2.333333333 465 

rno-miR-3072 2 1 1 1.333333333 466 
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