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Abstract 
Abstract of thesis entitled: 

Anatomical and Functional Analysis of microRNAs in Human Cornea Epithelial Progenitor Cells 

Sumbitted by LEE, Sharon Ka-wai 

for the degree of Doctor of Philosophy in Ophthalmology and Visual Sciences 

at the Chinese University of Hong Kong (December 2009) 

MicroRNAs is a family of small non-coding RNAs that, in human, binds 

imperfectly to the 3' untranslated region (UTR) of target mRNAs for translational 

repression or negative regulation. Recent studies have shown that such negative 

regulatory pathways may play pivotal roles in the maintenance of asymmetric cell 

division in embryonic and tissue specific stem cells. Human corneal epithelial 

progenitor cells (CEPC), a tissue specific stem cell lineage residing between cornea 

and conjunctiva in the Palisade of Vogt of the limbus region, is known to maintain 

corneal homeostasis throughout human life. They respond to injury and normal 

wearing by rapid proliferation and differentiation into transit amplifying cells (TACs) 

and eventually corneal epithelial cells, though the biological factors controlling this 

homeostatic switch are still largely unknown. Here I hypothesized that microRNAs 

can participate in CEPC regulation. Experiments elucidating the anatomical 

distribution and functional roles of microRNAs on the human cornea rims were 

performed to testify this proposition. 

This study begins with the phenotypic validation of human cornea rims recruited 

from the Chinese Hong Kong population using immunohistochemistry. Conventional 

CEPC markers (p63, EGFR, cytochrome oxidase and cytokeratin 15), embryonic stem 
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cell marker (statl) and cancer stem cell markers (p73，MDM2 and pStatl) were 

expressed in the limbus region, suggesting that these specimens contained a source of 

CEPC for attesting our hypothesis. 

Protocols aim at enriching the CEPC population were then devised. For the first 

time a four parameter cell sorting system utilizing ABCG2, Connexin 43，Notch 1 and 

pyronin Y as markers was established for the prospective in vitro study. Nevertheless, 

manual microdissection isolating the limbus region and the cornea region was 

employed for the present study of microRNAs. 

By performing microRNA microarrays to globally detect any novel miRNAs in 

the limbus, eleven microRNAs (hsa-miR-136, hsa-miR-373*, hsa-miR-150, 

hsa-miR-143, hsa-miR-455, hsa-miR-145, hsa-miR-381, hsa-miR-224, hsa-tniR-338, 

hsa-miR-154, hsa-miR-377) were found to be upregulated while two microRNAs 

(hsa-miR-122a and hsa-miR-425-3p) were identified as downregulated by more than 2 

folds. Among these, hsa-miR-143 and hsa-miR-145 were distingushed to be the most 

significantly up-regulated limbal miRNAs. Individual assessement of the microarray 

results of a recently reported stem cell specific microRNA, hsa-miR-21, were also 

upregulated by more than two thousand fold when comparing limbus and cornea. 

miR-21, miR-143 and miR-145 were therefore selected as the most likely microRNA 

candidates in the present study. The expression level of these miRNA candidates were 

validated and confirmed by quantitative reverse transcription polymerase chain 

reaction (qRT-PCR). To localize these candidates, we performed in situ hybridization 

on frozen corneal rim sections using locked nucleic acid (LNA)-modified 

oligonucleotide probes. Results showed that miR-21, 143 and 145 were confined in the 

-ti-
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limbal region with gradation of expression level along the basal-suprabasal line. 

Functional roles of these microRNAs were then deciphered by overexpressing 

human corneal epithelial cell line (HCE) with precursor microRNAs (pre-miRs) 

through lipophilic transfection. Results showed that high endogenous level of miR-145 

could inhibit cell proliferation by 3.5 fold as shown from MTT proliferation assay at 

day 5, and could generate discrete spherical colonies that resembles the morphology of 

holoclones at day 8, but not the other two candidate miRNAs. 

To determine the rtiRNA targets of candidate microRNAs in HCE cells, Whole 

Human Genome Oligo Microarray Kits (Agilent Technologies) which contained 41K 

human genes and transcripts were employed. When compared to the scrambled control, 

HCE cells over-expressed with hsa-miR-21, 143 or 145 revealed differential 

expression of genes that participate in cell activation, motility and proliferation. Of 

note, interferon beta 1 fibroblast (IFNBl)，a gene that is often deleted or rearranged in 

cancers，was significantly upregulated by a medium of 1093 fold in pre-miR-145 

treated cells as confirmed by real time PGR assays. 

In conclusion, I have identified three novel microRNAs (hsa-miR-21, 143, 145) 

which were precisely upregulated in the limbus region, while miR-145 was being the 

most limbal specific. In addition, the functions of miR-145 were found to be inhibitory 

on cell proliferation, possibly through the indirect regulation of IFNBl. These 

unprecedented results may suggest a therapeutic potential of miR-145 on limbal stem 

cell deficiency and limbal tumors because miR-145 can affect cell survival and 

proliferation. 

•m-



SK LEE 

摘要 

此摘要取自論文題 

�MicroRNA在人角膜上皮祖細胞的解剖及功能分析》 

於二零零九年十二月 

呈交自李嘉慧 

作爲香港中文大學眼科及視覺神經學哲學博士學位的結業所需 

microRNA是一類非編碼的小分子核糖核酸’在人體中’ microRNA通過 

與巨標mRNA 3’非編碼區的不完全結合來抑制或降低mRNA的翻譯。最 

新硏究表明這種負性調節在保持胚胎及組織幹細胞的不對稱分裂中起到 

了關鍵作用。人角膜上皮祖細胞是一組織特定幹細胞系，存在於角結膜之 

間角膜緣區的vogt mm，保持人體角膜平衡狀態。在損傷應答及修復過程 

中，人角膜上皮祖細胞可以快速增殖及分化成爲短暫擴充細胞，最終則成 

爲角膜上皮細胞，然而，調控此平衡轉換的生物因數尙且未知。在本論文 

中’我假設microRNA參與了人角膜上皮祖細胞的調控過程。爲了印證此 

觀點，我鑒定了 microRNA在人角膜的解剖分佈及功能。 

本硏究的角膜樣本取自中國香港人口，以免疫組化確定其表型。結果顯示 

角膜緣基底細胞能夠表達角膜上皮祖細胞標記物（P63，EGFR，細胞色素 

氧化酶及角蛋白15)，胚胎幹細胞標記物(Statl )’以及癌幹細胞標記物(p73, 

MDM2 andpStatl )。這均說明是項硏究所用的角膜樣本含有角膜上皮祖細 

胞。爲了提高角膜上皮祖細胞的濃度，我設計了以ABCG2，連接蛋白43， 

Notch 1及pyronin Y作爲標記的四象流式細胞分離，是爲一創新方法用 

以細胞培植之硏究。然而，本論文則僱用手工顯微切割以分離角膜緣及角 
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膜地區，以用作microRNA的硏究。 

透過microRNA微矩陣，全域性microRNA在角膜緣中的表達可以被探 

測。結果發現，在角膜緣地區有十一種m i c r o R N A s (hsa-miR-136, 

hsa-miR-373*, hsa-miR-150, hsa-miR-143, hsa-miR-455, hsa-miR-145, 

hsa-miR-381, hsa-miR-224, hsa-miR-338, hsa-miR-154, hsa-miR-377)的表達 

提高了，而有兩種的 microRNAs (hsa-miR-122a ’ hsa-miR-425-3p)表達則 

減低。在這其中’ hsa-miR-143與hsa-miR-145是上調表達最爲明顯的角 

膜緣特異性miRNA。此外，近日的硏究報導，通過單獨分析幹細胞特異性 

microRNA微矩陣結果，發現miR-21同樣在角膜緣中有較高表達。因此’ 

在本硏究中’ miR-21, miR-143 and miR-145被選定爲角膜緣幹細胞的候選 

microRNA。應用qRT-PCR再次印證了其表達水準在角膜緣區域較角膜中 

央較高。冰凍角膜切片的原位雜交確定了其空間分佈位於角膜緣部的基底 

和副基底部。 

在功能分析中，通過轉染MicroRNA前體入人角膜上皮細胞來提高miR145 

的表達，發現高水準內源性miR-145會抑制細胞增殖，並且形成少量球形 

分離性細胞團，包含小型增殖細胞。其後應用Human Genome Oligo 

Microarray Kit (Agilent Technologies)探測目的 mRNA ’ 對比對照組，參與 

細胞動力，活化，增殖的基因在超表達hsa-miR-21，143 or 145的人角膜上 

皮細胞表達有所差別。Real time PGR顯示，腫瘤細胞中被檢測到變異的基 

因干擾素1在miR-145轉染的細胞中表達上升。 

•V-
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總的來說，我發現了三種新的microRNA (hsa-miR-21, 143，145)在角膜緣的 

表達有所提升。此外’也發現了 miR - 145的職能爲抑制細胞增殖’可能 

通過間接調控的IFNB1。因爲miR - 145能夠影響細胞的存活和增殖’這 

些前所未有的結果可能建議一個潛在的治療——以miR - 145醫治角膜緣 

幹細胞缺乏症和角膜腫瘤。 

•VP 
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Prelude 

1.1. Stem cells and progenitor cells 

Stem cells, as defined by their functional attributes, are undifferentiated and 

unspecialized cells capable of indefinite self-renewal, proliferation and generation of 

progeny with wide range of differential potentials. Progenitor cells are essentially stem 

cells that have diminished power of potency, or differential potential as mentioned. 

Any cells that have potency less than the multipotent stage are generally regarded as 

progenitor cells. 

1.2. Significance of progenitor cells 

Progenitor cells, like stem cells, possess a special growth hierarchy bestowing by both 

the symmetric and asymmetric cell division, in which the former either generates two 

unaltered daughter progenitor cells or two daughter transit cells, and the latter 

produces one unaltered daughter progenitor cell and one daughter transit cell. The 

transit daughter cells in turn differentiate into the mature cells which have no further 

differential potential but serving to replace dying or damaged cells throughout the life 

cycle of an individual. It has been demonstrated that nearly every organ in the body 
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possesses its own population of progenitor cells (Table 1.1). The significance of 

progenitor cells therefore lies on their ability to indefinitely regenerate tissue in a 

specific organ especially after injury. A better understanding of progenitor cell biology 

has been envisaged as a basic requirement to develop novel and promising cell based 

therapy. This thesis aims at elucidating the molecular basis of progenitor cells in the 

epithelium of the human cornea. I shall begin here by introducing where this ocular 

progenitor cells reside. 
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Table 1.1. Progenitor cells and their therapeutic applications in disease treatment. 

BASCs = bronchioalveolar stem cells, bESCs = bulge epithelial stem cells, CE-RSCs 

=ciliary epithelium-retinal stem cells, M-RSCs = Miiller glial derived retina stem cells, 

lE-RSCs = iris epithelium derived retina stem cells, CEPCs = corneal epithelial 

progenitor cells, CSCs = cardiac stem cells, EPCs = endothelial progenitor cells, 

eNCSCs = epidermal neural crest stem cells, GSCs 二 gastric stem cells, HOCs = 

hepatic oval cells, HSCs = hematopoietic stem cells, ISCs = intestinal stem cells, 

KSCs = keratinocyte stem cells, MDSCs = muscle-derived stem cells, MSCs = 

mesenchymal stem cells, NSCs = neural stem cells, PSCs = pancreatic stem cells, SCs 

=stem cells (Mimeault and Batra, 2008). 

Progenitor cell source and Differentiated cells 

type 

Eye 

CEPC 

Conjunctival SCs 

CE-RSCs, M-RSC, lE-RSCs 

Corneal epithelial cells 

Conjunctival epithelial cells 

Retinal progenitor cells 

Treated degenerative 

disorders and diseases 

Corneal disorders 

Conjunctival epithelial injury 

Retinal disorders 

BM and vascular walls 

HSCs 

MSCs 

HSCs, MSCs 

EPCs 

Myleloid and lymphoid cells. Autoimmune diseases. 

platelets anemias, thrombocytopenia. 

leukemias, aggressive solid 

tumors 

Osteoblasts Osteoporosis, Osteogenesis 

imperfecta 

Chondrocytes Cartilage disorders. 

Muscular cells osteoarthritis 

Muscular disorders 

Neural cells Nervous system disorders 

Cardiomyocytes Heart disorders 

Insulin-producing beta cells Type 1 or 2 diabetes mellitus 

Hepatocytes Liver disorders 

Endothelial cells Vascular disorders 

Adipose tissue/skeletal 
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muscle 

ADSCs and MDSCs 

ADSCs 

Muscle cells 

Osteoblasts 

Chondrocytes 

Endothelial cells 

Cardiomyocytes 

Neural cells 

Insulin-producing beta cells 

Hepatocytes 

Muscular disorders (muscular 

Duchenne and Becker 

dystrophies, neuromuscular 

disorders) 

Osteoporosis, Osteogenesis 

imperfecta 

Cartilage disorders, 

osteoarthritis 

Vascular disorders 

Heart disorders 

Nervous system disorders 

Type 1 or 2 diabetes mellitus 

Liver disorders 

Heart 

CSCs Cardiomyocytes Heart disorders 

Brain 

NSCs Neurons, Astrocytes Nervous system disorders 

Oligodentrocytes Myelin disorders 

Insulin-producing beta cells Type 1 or 2 diabetes mellitus 

Skin 

KSCs, bESCs and eNCSCs 

Gastroinestinal tract 

ISCs and GSCs 

Skin cells 

Intestinal and stomach cells 

Skin and hair disorders 

Chronic inflammatory bowel 

diseases, ulcers 

Pancreas 

PSCs Insulin-producing beta cells Type 1 or 2 diabetes mellitus 

Hepatocytes Liver disorders 

Liver 

HOCs Hepatocytes, cholangiocytes Hepatitis, acute liver failure, 

cirrhosis 

Cardiomyocytes Heart failures 
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BASCs Lung cells (Bronchiolar Clara Interstitial lung diseases. 

Cells cystic fibrosis, asthma, 

and alveolar cells chronic bronchitis, 

emphysema 
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The cornea epithelial progenitor cell 

2.1. The human cornea and the cornea epithelium 

The human cornea is situated at the most anterior part of the eye that touches 

posteriorly the aqueous in the anterior chamber (Figure 2.1). Functionally, it is the 

most refractive tissue contributing 2/3 refraction of the eye. This powerful role of the 

cornea is furnished by its unique integrity and transparency through the orchestration 

of five strata of specialized cells, in which the innermost being the endothelium, 

followed anteriorly by the Descemet's membrane, the stroma, the Bowman's 

membrane and the outermost epithelium (Figure 2.2). 

Anatomically the epithelium is itself five-layered squamous comprising a single basal 

layer of cuboidal to columnar cells, two layers of wing cells immediately above, and 

another two layers of suprabasal or superficial cells which are more flattened and 

denser with some loss of cell organelles (Figure 2.3). All these five cellular layers does 

not contain papilJaiy or vascular strucuture and are morphologically flat, supporting 

corneal transparency and thereby normal vision (Schermer et al.，1986). It has been 

suggested that the basal layer at the limbus region contains a population of progenitor 

cells. 
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cornea limbus 
sclera 

Figure 2.1. Location of cornea and limbus 

Photo by Sharon K Lee, copyright 2009. 

the ocular surface of a Caucasian. 
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I Epithelium 
Bowman's membrane 

• Stroma 

,Descemet's membrane 
‘Endothelium 

Figure 2.2. The five layers of human cornea epithelium, haematoxylin and eosin 

stained. Most of the endothelial cells were lost because this cornea rim was obtained 

after endothelial keratoplasty, the endothelium transplantation surgery that can better 

preserve the corneal shape, strength and focusing power of the eye when comparing to 

the conventional penetrating keratoplasty. Bar, 100 jim. Photo by Sharon K Lee, 

copyright 2009. 
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Tear film 

Cornea 
epithelium 

Bowman's 
membrane 

Stroma 

Suprabasal 
cells 

Wing cells 

Basal cells 

Figure 2.3. 
epithelium 
2 0 0 9 . 

Schematic diagram showing the five cellular layers of human corneal 

Photo modified from the Dictionary of Optometry and Visual Science, 
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2.2. Limbus as the location where cornea epithelial progenitor cells reside 

The corneal limbus is defined as an annulus tissue approximately 1.5 mm wide 

situated at the vascularised junction between the transparent cornea and the opaque 

sclera. In the epithelium layer, this region is morphologically different from the central 

cornea region by being heavily pigmented and undulated. These features are necessary 

for protecting the progenitor cells at the basal layer because the epithelium is the 

outermost stratum of the cornea which frequently exposes to environmental challenges 

such as ultraviolet light and ionization. I postulate that it is also these daily stimuli 

which evolutionarises the cornea epithelium to possess its own population of 

progenitor cells for combating with the constant cell damages and cell death that may 

hinder normal vision. 

At present, tremendous reports have suggested that the cornea epithelial progenitor 

cell resides at limbus. Davanger and Even sen are the first to propose limbus as the 

regenerative region for corneal epithelial cells (Davanger and Evensen, 1971). This 

notion was further substantiated by experiments on rabbit (Kinoshita et al., 1982), 

murine (Buck, 1979) and human (Lemp and Mathers, 1989) corneas by other groups. 

Although recently there are some reports suggesting a small portion of cornea 

epithelial progenitor cells may reside at the central cornea (Dua et al., 2009; Majo et 

al., 2008), the evidence are rather insufficient, especially when comparing to the 

enormous amount of circumstantial evidences obtained from both clinical and basic 

studies supporting limbus as the canonical residence for corneal epithelial progenitor 

1
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cells (Levis and Daniels, 2009). 

2.3. The appellation of human cornea epithelial progenitor cells (CEPC) 

Here in this context I shall use the term corneal epithelial progenitor cells, or CEPC in 

short, (Qi et al., 2008; Wang et al.，2009b) for a more explicit and specific description 

for the progenitor cell population of the cornea epithelium. This term is equivalent to 

other appellations including corneal limbal epithelial progenitor cells (Higa et al., 

2009), limbal epithelial progenitor cells (Chen et al., 2007b; Li et al., 2007b; 

Miyashita et al., 2007), limbal epithelial stem cells (Hayashi et al., 2007; Rauz and 

Saw, 2009; Shortt et al., 2008), and limbal stem cells (Dua et al.’ 2009; Soliman 

Mahdy and Bhatia，2009; Wylegala et al., 2008). 

The rationale for chosing this CEPC appellation is that ( I) the term limbus is not a 

specific term for the eye ； in anatomy, limbus actually refers to any distinctive border 

between two regions, for example, limbus may denote limbus of fossa ovalis (annulus 

oval is), a prominent oval margin between left and right atrium of the heart ； and (2) If 

we use the noun adjective corneal instead of limbal to describe this epithelial 

progenitor cells, the fate of these cells is better implicated, which is to regenerate and 

replenish the corneal epithelial cells that wear off at the central cornea. 
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2.4. Functional characteristics of the cornea epithelial progenitor cells 

Attributes of the cornea epithelial progenitor cells (CEPC) are functional and are 

defined through experiments. These experimental evidences also confirm the limbus 

location for this population of progenitor cells. 

2.4.1. Proliferative and self-renewal capacity 

One of the working definitions of stem / progenitor cells is being proliferative and 

self-renewing. Matsuda et al observed that the closer the wound to the limbus region, 

the faster the healing rate, indicating the proliferative potential of the peripheral 

corneal epithelium was greater than that of the central cornea (Matsuda et al., 1985). In 

the attempts to culture human limbal explants, it has been shown that peripheral 

corneal epithelium grew better than the central corneal epithelium (Ebato et al., 1987)， 

yet limbal epithelium grew even better than the peripheral corneal epithelium (Ebato et 

al., 1988). In essence, the limbal epithelium has the greatest proliferative capacity, 

followed by the peripheral cornea and finally the central cornea (Chee et al., 2006). 

Besides, Pellegrini et al also showed that cultured limbal epithelium is able to generate 

holoclones which is comparable to other tissue specific stem cells such as epidermal 

progenitor cells (Pellegrini et al., 1999), The generation of holoclones has been 

regarded as an experimental indicator of self-renwal. 
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2.4.2. Slow cell cycle 

Most progenitor cells are at mitotic quiescence in contrast to the genuine totipotent 

embryonic stem cells. In the resting stage, Cotsarelis et al demonstrated that corneal 

epithelial progenitor cells are slow-cycling as identified from the label retaining 

experiments (Cotsarelis et al., 1989). 

2.4.3. Special growth hierarchy and centripetal migration 

In 1983, Thoft and Friend proposed a mathematical formula, X + Y = Z, which clearly 

depicts the growth hierarchy of cornea epithelial progenitor cells. Literally this 

equation means that the epithelial cell loss from the surface (Z) is replaced by the 

proliferation of basal epithelial cells (X) and the centripetal movement of peripheral 

cells (Y) (Thoft and Friend, 1983). In line with this, Schermer et al observed that 

keratin 3 (K3), a differentiation marker, was exclusively expressed throughout the 

entire corneal epithelium, but was neither detected in the limbal basal epithelium nor 

the adjacent conjunctiva (Schermer et al., 1986). The centripetal migration modei is 

therefore proposed, in which the undifferentiated progenitor cells at the limbus region 

can proliferate, differentiate and migrate into the transit amplifying cells at the basal 

epithelium of the cornea region. The transit amplifying cells eventually become the 

terminal epithelial cells, constituting the suprabasal layers at the central cornea 

epithelium (Figure 2.4). 
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2.5. Clinical implication of cornea epithelial progenitor cells 

The functional characteristics and centripetal migration model suggests that aberrant 

regulation or depletion of corneal epithelial progenitor cells can result in disease 

conditions, respectively cornea epithelial tumors and limbal stem cell deficiency. 

These disease conditions also provide an indirect evidence supporting limbus as the 

location where cornea epithelial progenitor cell resides. 

2.5.1. Cornea epithelial dysplasia and neoplasms 

Cornea epithelial dysplasia and neoplasms are rare but the majority of them involve 

the limbal region (Dooley, 1958; Odom, 1954; Olasode et al., 1996; Park et al., 2009b; 

Rasteiro and Cunha-Vaz, 1976; Scale, 1953; Shirzadeh, 2008; Swan et al.，1948, 1950; 

Veasey, 1907). Their recurrent rate is high especially when the tumors are removed 

simply by mechanical debridement without excision of the neighbouring limbal tissue 

(Roberson, 1984). Together with the observation that these recurrences usually happen 

near the originally involved limbal area (Waring et al., 1984), an ancestral cell locating 

at the limbus region which is highly proliferative and self-renewing but is aberrantly 

regulated may have been involved. Naturally, corneal epithelial progenitor cell is a 

speculated ancestral cell and the cause for this tumorigenic condition. 
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Central cornea 

Terminally <fifferentiated cells 

④ Transit amplifying cells 

Cornea epithefial progenitor cells 

Figure 2.4. Schematic diagram showing the centripetal migration of cornea 

epithelial progenitor cells in the cornea epithelial maintenance. Drawn by Sharon 

K Lee, copyright 2009. 
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2.5.2. Limbal stem cell deficiency (LSCD) 

Limbai stem cell deficiency (LSCD) is a complication caused primary by the 

insufficient stromal microenvironment to support CEPC function, such as in the 

condition of aniridia, congenital erythrokerato-dermia, chronic limbitis, neurotrophic 

keratopathy, and keratitis associated with multiple endocrine deficiencies. LSCD can 

also occur secondary by the destruction of CEPC through external factors, including 

but not exclusive to chemical bums, thermal injuries, Stevens-Johnson syndrome, 

ocular cicatricial pemphigoid (OCP), multiple surgeries or cryotherapies, contact lens 

wear, or extensive microbial infection (Dua et al., 2000). Patients with LSCD are 

normally presented with conjunctivalisation, the migration of vascular conjunctiva 

epithelium to the avascular corneal epithelium that can greatly hinder normal vision 

and deflate quality of life (Tseng, 1989). 

Because the problem of LSCD patients is an insufficiency of progenitor cells at the 

peripheral cornea, conventional corneal keratoplasty cannot correct LSCD condition 

and offers little relief in LSCD patients (Revoltella et al., 2007). In 1989，Kenyon and 

Tseng presented two landmark studies in which transplanted CEPC was used to treat 

LSCD. The operation involves the autologous transfer of two free grafts of limbal 

tissue from the uninjured or less injured donor eye to the severely injured recipient eye. 

Patients undergone the operation showed improved visual acuity, rapid 

re-epithelialization with a smooth and stable corneal surface, healing of persistent 

epithelial defects and regression of neovascularization. Impression cytology also 
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confirmed the restoration of corneal epithelial phenotype (Kenyon, 1989; Kenyon and 

Tseng, 1989). Subsequently, others have adapted Kenyon and Tseng's technique and 

expanded the clinical use to bilateral LSCD condition. These techniques includes 

allograft transplantation (Tsai and Tseng, 1994; Tsubota et al.，1999), CEPC expansion 

before transplantation (Pellegrini et al., 1997), CEPC transplantation combined with 

amniotic membrane transplantation (Tseng et al., 1998), and CEPC expansion on 

amniotic membrane before transplantation (Koizumi et al., 2001a, b; Shimazaki et al.’ 

2002). The clinical results of these studies have been promising, though the regulation 

of the corneal epithelial progenitor cells is still far from well understood. 

2.6. Regulation of cornea epithelial progenitor cells 

Within the limited knowledge on CEPC regulation, it has been known that the 

microenvironment niche, being the external factor, and the expression of various 

proteins, which is the intrinsic signals, are the two participants maintaining CEPC 

homeostasis. 
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2.6.1. External factor: The microenvironment niche 

Niche represents a defined anatomical compartment that provides signals to the 

progenitor cells in the form of secreted and cell surface molecules, with the aim to 

control the rate of progenitor cell proliferation, to determine the fate of progenitor cell 

daughters, and to protect progenitor cells from exhaustion or death (Jones and Wagers, 

2008). The three known niches for the cornea epithelial progenitor cells are all within 

the iimbus regions, including the classical limbal palisades of Vogt (Goldberg and 

Bron, 1982) (Figure 2.5), limbal epithelial crypts (LEC) (Dua et al., 2005) (Figure 2.6), 

and the limbal crypts and focal stromal projections (FSPs) (Shortt et al., 2007). 

Anatomically these niches are rather well defined but functionally the signals secreted 

by these niches have not been extensively investigated. 
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Limbus 

Conjunctiva 

Figure 2.5. The limbal palisades of Vogt. The structure (A) on the ocular surface and 

(B) on the flat mount preparation of Dispase-isolated human limbal epithelial sheets. 

(C) It is heavily pigmented in donors with a darker skin. (D) The undulated epithelial 

papillae (stars) as shown in higher magnification. Bar represents 500 p,m in A and B， 

200 fim in C, and 50 

Ltd: Cell Res (Li et al 

fj,m in D. Reprinted by permission from Macmillan Publishers 

,2007a), copyright (2009). 
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2.6.2. Internal factor: Proteins 

The known internal signals regulating corneal epithelial progenitor cells are mostly 

protein, as shown in Tabel 2.1. Most of the mentioned proteins are reported as 

phenotypic markers rather than having a precise dissection of its regulatory roles in 

cornea epithelial maintenance. p63, ABCG2, Connexin 43 and Notch 1 are the few 

proteins whose regulatory roles in cornea epithelial cells have been convincingly 

presented. 

2.6.2.1. p63 

p63 is the transcription factor essential for initiating epithelial stratification during 

development and for maintaining proliferative potential of basal keratinocytes in 

mature epidermis (Koster et al., 2004; Koster et al., 2005). Mice bearing phenotype of 

p 6 3 + displayed fundamental defect in stratified epithelial lineage development (Mills 

et al., 1999; Yang et al.，1999), which can be ascribed to a failure to maintain stem 

cells (Pellegrini et al., 2001). p63 expresison in the limbal basal epithelium is therefore 

critical in maintaining the progenitor-cell populations that are necessary to sustain 

corneal epithelial development and morphogenesis. 
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Table 2.1. Protein expression in limbal epithelium and corneal epithelium. 

Positive markers 

p63 

Ap63a 

ABCG2 

Cytochrome oxidase and ATPase 

Limbal epithelium 

3asal suprabasal 

+++ 

+ + 

+ / -

+ / -

Corneal epithelium 

asal suprabasal 

+ / -

EGFR +++ - - -

Importin 13 +++ - - -

Integrin a9 +++ + / - - -

NGF R (TrkA) +++ ++ +++ ++ 

a-enolase +++ + ++ + 

Vimentin +++ + / - - -

Keratin 19 ++ - - -

Keratin 5/ 14 +++ - - -

Integrin pi +++ ++ + + 十 

N-Cadherin ++ - - -

GDNF +++ ++ - -

GFRa-1 +++ ++ - -

Keratin 15 十 + ++ - -

KGF-R + / - - - -

Notch 1 +++ - - -

Negative markers 

Keratin 3/12 - +++ +++ +++ 

Connexin 43 - +++ + + + 屮 

Connexin 50 - +++ - +++ 

Involucrin - +++ + +++ 

NGFR (p75NTR) - 十 + + +4-4- +++ 

E-cadeherin + / - +++ +++ +++ 

Integrin a2 -or +++ 十 + +++ +++ 

Integrin a6 -or +++ 十 + +++ +++ 

Integrin p4 -or +++ ++ +++ +++ 
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2.6.2.2. ABCG2 

ABCG2, the G subfamily of the ATP Binding Cassette transporters, functions as a high 

capacity drug transporter with wide substrate specificity. This protein can transport 

large, hydrophobic, and both positively or negatively charged molecules, including 

cytotoxic compounds (mitoxantrone, topotecan, flavopiridol, methotrexate), 

fluorescent dyes (e.g., Hoechst 33342) and different toxic compounds found in normal 

food (2-amino-l-methyl-6-phenylimidazo[4,5-b]pyridine, PhIP) or pheophorbide A 

(Sarkadi et a】.，2004). It mediates the extrusion of the transported compounds towards 

the extracellular space through a process energized by ATP hydrolysis (Nakagawa et 

a l , 2002). From the stem cell perspective, this function is important to protect the cells 

from external stimulus and so maintain the undisturbed state of the stem cells. This 

view is supported by the facts that ABCG2 is expressed in a wide variety of stem cells 

(Zhou et al., 2001) besides in corneal epithelial progenitor cells (Budak et al.，2005). 

2.6.2.3. Connexin 43 

The connexins are a family of membrane proteins that typically aggregate to form a 

hexamer known as connexon. These connexons then join with sister connexons with 

adjacent cells to form an intercellular channel, or the so-called gap junction, which can 

enable passage of small molecules and therefore allow intercellular communication 

(Danesh-Meyer and Green, 2008). The absence of Connexin 43 in CEPC is important 

to isolate progenitor cells from the rest of the progeny, possibly for protecting and 
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maintaining the sternness (Matic et al., 1997). This is in agreement with epidermal 

stem cells (Matic et al., 2002) but not in hematopoietic stem cells (Cancelas et al., 

2000; Rosendaal et al., 1994). 

2,6.2.4. Notch 1 

Notch 1 is a highly-conserved, iigand-activated transmembrane receptor known to play 

crucial roles in determining cell fates and developmental processes through cell to cell 

interactions (Thomas et al., 2007). Over-expression of Notch 1 receptor in the limbal 

epithelial cells in rat (Umemoto et al., 2005) and mice (Thomas et al., 2007) can help 

to maintain cornea epithelial progenitor cells at an undifferentiated states, as in 

hematopoietic stem cells (Duncan et al” 2005; Weber and Calvi, 2009), neural 

presuror cells (Crawford and Roelink, 2007) and the crypts of intestinal cells (Fre et al., 

2005). 

2.7. Current knowledge gap 

Although CEPC has been used as a promising therapy in treating LSCD, functional 

myths like how CEPC determine its fate and maintain corneal homeostasis remain 

largely unknown. By studying a novel group of molecules, the microRNAs, we hope 

to further unravel the regulatory role of CEPC in cornea epithelial maintenance. 
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The microRNAs 

3.1. History of microRNA discovery 

The central dogma of molecular biology, first proposed by Francis Crick in year 1957 

in one of his landmark lectures suggested that the transfer of information in cell flows 

from DNA to RNA and then to protein: DNA is the material for storage of genetic 

information in a stable form, protein is the functional participants of all the cellular 

activities, but RNA is only regarded as a middle man in this genetic information 

transfer (Crick, 1970; Crick, 1958). Such concept of ‘genes control protein' (Crick, 

1970) remained a canon until the discovery of small RNA. 

The earliest discovery of small RNA can be dated back to 1993 when Victor Ambros 

(Figure 3.1 A) and colleagues discovered lin-4, a gene controlling larval developmental 

timing in nematode Caenorhahditis elegans, did not encode a protein but produced 

two small RNAs approximately 61 and 22 nucleotides (nt) in length. While the longer 

transcript was predicted to fold into a stem loop and was likely the precursor of the 

shorter one, these transcripts in general contained sequences complementary to 

multiple sites in the 3’ untranslated region (UTR) of lin-14 mRNA (Lee et al., 1993). 

Ruvkun (Figure 3.2C) suggested that the lin-4 RNAs pair to sites in the lin-14 3'UTR 
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to form multiple RNA duplexes that down-regulate lin-14 translation (Wightman et al., 

1991; Wightman et al., 1993). These papers, giving visionary hints on the microRNA 

biogenesis pathways and mechanisms, was at first underappreciated because the 

occurrence of these small functional RNA was not seen for six years in C. elegans, let 

alone in species other than nematodes. Perception of this apparent obscure concept 

began to change in 1999 when David Baulcombe (Figure 3.2B) announced the 

presence of "25-nt anti-sense RNA species" in tomatoes (Hamilton and Baulcombe, 

1999), together with the discovery of the second small RNA let-7 in C. elegans by 

Ruvkun. The pioneer research on the C elegans RNA reported in the early nineties was 

brought under the limelight. Similar to its precedent, let-7 encodes a temporally 

regulated 21 nts RNA that is complementary to the multiple sites in the 3’ UTR of 

several heterochronic genes (Reinhart et al., 2000). Loss-of-function experiments have 

confirmed the 3' UTR of one of these heterochronic genes, lin-41, is temporally and 

negatively regulated in a /e/-7-dependent manner (Slack et al., 2000). Northern blot 

analyses have revealed that expression of let-7 RNAs were identified not only in C. 

elegans, but also in human and Drosophila and were developmentally regulated in 

lophotrochozoans and deuterostomes (Pasquinelli et al.，2000). Because both let-7 and 

lin-4 have common roles in developmental timing in bilateral animals and “their size is 

central" to their regulatory function，they were first proposed as short temporal RNAs 

(stRNAs), with anticipation that additional regulatory RNAs of this type would be 

unmasked (Pasquinelli et al., 2000). In 2001, less than a year after the let-7 discovery, 

Tuschl, Battel, and Ambros cloned small RNAs of 21-25 nts from three different 

organisms, detecting over 100 novel tiny RNAs (Lagos-Quintana et al., 2001; Lau et 
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al., 2001; Lee and Ambros, 2001). A more systematic nomenclature was therefore 

urgently needed. From this year onwards, any tiny endogenous non-coding RNAs 

which "are about 20-24 nts in length and are processed from fold-back structures" 

have been referred to as "microRNA, abbreviated miRNAs, with individual miRNAs 

and their genes designated miR-# and mir-#, respectively" (Lau et al., 2001). 

-27-



SK LEE 

D 
P
0
s
q
n
d
 
£
 忽
l
o
d
也
篮
如
 

nm 

200S 1009 2007 
Year 

Figure 3.1. History and discovery of microRNAs. (A-C) Major contributors to the 

early discovery of microRNA: Victor Ambros (A), David Baulcomb (B) and Gary 

Ruvkun (C). (D) Research on microRNA has grown exponentially from 2001，the year 

that the second miRNA let-7 was discovered. (Photos in A,B and C were modified 

from Lasker Foundation, www.laskerfoundation.org. Data in D were obtained from 

PubMed on Friday, December 25, 2009). 

http://www.laskerfoundation.org
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3.2. Biogenesis of microRNA 

The short history of microRNAs suggests that it is a novel group of molecules with 

uncountable possibilities and is therefore the center of some of the most enchating 

scientific puzzles that entails solution today (Figure 3.ID). Much efforts have 

therefore been invested in understanding miRNAs, with the primary focus on decoding 

its biogenesis pathway. At present, miRNA biogenesis is known to comprise of three 

major steps in various cell compartments: (1) transcription and maturation in the 

nucleus, (2) export from the nucleus to the cytoplasm, and (3) subsequent processing 

and maturation in the cytoplasm (Singh et al., 2008b) (Figure 3.2). 

The biogenesis of miRNA begins in the nucleus when microRNA genes are 

transcribed into long (usually > 1000 nts) primary microRNA transcripts (pri-miRNA) 

by either RNA polymerase II (pol II) (Brennecke et al.，2003; Lee et al., 2004) or RNA 

polymerase III (pol III) (Borchert et al.，2006). The choice of RNA polymerase (pol) 

for miRNA gene transcription occurs at a miRNA-dependent manner, pol II 

transcribes miRNA that was processed from the introns of protein coding genes 

(Bartel, 2004) and it regulates cellular development (Cai et a l , 2004); while pol III 

transcribes the largest human miRNA cluster, C19MC (Borchert et al., 2006). 

Nevertheless, a single pri-miRNA transcript often contains sequences for several 

different miRNAs (Filipowicz et al., 2008), in which the expression of selected 

miRNAs may be controlled by transcription factors, including c-Myc or p53 (He et al., 

2007; O'Donnell et al., 2005), or relies on the methylation stage of their promoter 
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sequences (Brueckner et al., 2007; Lujambio et al.，2008; Saito et al.，2006; Weber et 

al., 2007). Although 50 % of the miRNAs are found to be located in the same genomic 

clusters, they can be transcribed and regulated independently (Song et al., 2008). The 

long duplex pri-miRNAs is then folded into hairpin structures containing imperfectly 

base-paired stems in which the base are cleaved with a typical staggered cut by the 

RNase III endonuclease class 2 Drosha (Basyuk et al., 2003; Lee et al., 2003) and its 

partner co-factor, either DiGeorge syndrome critical region gene 8 (DGCR8) in 

mammals (Han et al., 2004; Han et al., 2006) or Pasha (Partner of Drosha) in 

Drosophila melanogaster (Yeom et al., 2006), thereby liberating the � 6 0 - 7 0 hair-pin 

intermediates that bears a 5' phosphate and ~2 nt 3' overhang called miRNA precursor 

(pre-miRNA) (Lee et al., 2003; Zeng et al., 2003). This pre-miRNA then awaits active 

transport from nucleus into the cytoplasm by Ran-GTP via the nuclear export receptor 

Exportin-5 (Bohnsack et al.，2004; Lund et al., 2004; Yi et al., 2003). 

While the amputation by Drosha complex in the nucleus defines one end of the mature 

miRNA, the other end is excised by the ATP-dependent multidomain RNase III 

endonuclease class 3 Dicer (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner et 

ai., 2001; Ketting et al., 2001), which is coupled by the double strand RNA (dsRNA) 

binding protein partner, TAR RNA-binding protein (TRBP) in the cytoplasm of 

human (Chendrimada et al., 2005). This Dicer protein composes of two major 

functional domains, namely, PAZ and RNase III (Macrae et al., 2006). PAZ domains 

are specialized to bind RNA ends, especially duplex terminus with short ( � 2 nt) 3’ 

overhangs. The pre-miRNA, with one end engaging to the Dicer PAZ domain (Figure 

-30-



SKLEE 

3.3), extends approximately two helical turns ( � 2 2 bp) along the surface of the Dicer 

protein before it reaches a single processing center involving two RNase III domains. 

Each active site of these domains cleaves one of the two pre-miRNA strands, leading 

to a staggered short-lived duplex scission that bears a 5’ monophosphate and a new 

end with � 2 nt 3’ overhangs (Carthew and Sontheimer, 2009). The distance between 

PAZ domain and the RNase III processing center dictates the length of the mature 

microRNAs (MacRae et al., 2007). 

The transient miRNA duplex is then unwound by helicase(s) and is separated into 

mature miRNA and its opposing arm, miRNA*, which is usually degraded by an 

unknown nuclease. Thermodynamic criteria influence the choice of miRNA versus 

miRNA*, that is, the strand with the less stable 5' end (for instance, G:U pair versus 

G:C pair) usually survives (Khvorova et al., 2003; Schwarz et al., 2003). Moreover， 

miRNAs can arise from either arm of the pre-miRNA stem. While occasionally some 

pre-miRNAs produce mature miRNAs from both arms, other pre-miRNAs show 

pronounced thermodynamic asymmetry that the miRNA* is rarely detected (Ruby et 

al., 2006). The functional miRNA strand is finally loaded with Argonaute protein 2 

(Ago 2) and glycine(G)-tryptophan(W) bodies at molecular size 182 kDa (GW182) 

into a ribonucleoprotein complex, known as miRNA-induced silencing complex 

(miRISC), for the downstream mechanisms in which their regulatory effects are 

exerted. 
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Figure 3.2. The 'linear' canonical pathway of microRNA processing. Adapted with 

permission from Macmillan Publishers Ltd: Nature Cell Biology (Winter et al.’ 2009), 

copyright (2009). 
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Figure 3.3. Structure of Dicer protein. (A) Schematic representation of the primary 

sequence of human and Giardia Dicers. (B) Crystal structure of Giardia Dicer, front 

view. (C-D) A model for dsRNA processing by Dicer: front view (C) and side view 

(D). Adapted with permission from the American Association for the Advancement of 

Science: Science (Macrae et al.，2006)，copyright (2009). 
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3.3. Regulatory mechanisms of microRNA 

microRNAs exerts its negative regulation by inhibiting the initiation and 

post-initiation phase of translation, and by triggering mRNA decay. 

3.3.1. Inhibition at the initiation phase 

3.3.1.1. Competition for the cap structure 

It has been reported that at the very early stage of translation, Ago2 of the miRJSC can 

compete with the eukaryotic initation factor eIF4E for binding to the mRNA 

5'-terminal 7-methylguanosine (m7G) cap structure (Kiriakidou et al.’ 2007). Because 

the interaction of eIF4E and the m7G is actually the key to switch on the entire 

translation process, all the downstream translation steps are inhibited by the Ago2 

competition and therefore microRNAs (Figure 3.4A). 

3.3.1.2. Inhibition of ribosomal subunit joining 

Similarly, erF6 participates in the biogenesis and maturation of 60S ribosomal subunits. 

It is also known as an anti-association factor that binds to the 60S subunit, prevents the 

tethering between 40S and 60S ribosomes, thus precludes the productive assembly of 

SOS ribosomes (Ceci et al., 2003; Filipowicz et al.，2008; Sanvito et al., 1999). 

Chendrimada et al. identified eIF6 and 60S ribosomal subunits in association with 
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AG02-Dicer-TRBP (RISC complex) in human cells, suggesting the RISC complex 

may recruit the eIF6 bound 60S for preventing the assembly of translationally 

competent 80S ribosome which results in translation repression (Chendrimada et al., 

2007) (Figure 3.4B). 

3.3.1.3. Inhibition of mRNA circularisation 

Wakiyama et al in 2007 further reported a strict requirement for both the 5' m7G cap 

structure and 3’ polyA tail in silencing (Wakiyama et al., 2007). They utilized a cell 

free system prepared from rabbit reticulocyte and human HEK293F cell lysate and 

proposed that miRNA might have bestowed the repression of capped mRNAs by 

impairing the eIF4G-mediated mRNA circularization via deadenylation at the 3' 

terminus (Eulalio et al., 2008) (Figure 3.4C). 

3.3.2. Inhibition at the post-initiation phase 

3.3.2.1. Ribosomal drop-off 

Petersen et al. proposed that miRNAs represses translation by causing ribosomes to 

exit prematurely from their associated mRNAs (Figure 3.4D). They suggested that the 

miRISC imperfectly binds at the 3' UTR of a target mRNA and acts at a distance to 

cause drop-off of translating ribosomes at multiple sites within the open reading frame 

(ORF). A tiny increase in drop off frequency at multiple sites would significantly 
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diminish the synthesis of full-length polypeptides (Petersen et al., 2006). Though there 

are no precedents similar to Petersen et al's proposal in the ORF of eukaryotic cells, 

earlier studies have established the mechanism of ribosomal drop-off repression in 

prokaryotic cells (Jorgensen and Kurland, 1990; Manley, 1978; von Hippel and Yager, 

1991). Besides, independent reports have also suggested possible role of miRNA in 

slowing down ribosomal elongation besides causing drop-off (Filipowicz et al., 2008; 

Mootz et al., 2004; Ruegsegger et al., 2001). 

3.3.2.2. Co-translational protein degradation 

miRNA degrades nascent polypeptides while it is actively translated (Figure 3.4E). 

Maroney et al arbitrarily chose three representative miRNAs (miR-21, miR-16 and 

let-7a) and demonstrated that the vast majority of them are associated with actively 

translating mRNA in polyribosomes (Maroney et al., 2006). Similarly, Nottrott et al. 

also indicated that let-7a miRNA inhibits actively translating polyribosomes and 

interferes with the accumulation of growing polypeptides (Nottrott et al” 2006). 
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(A) Competition for the cap structure (B) inhibition of ribosomal subunit joining 

(C) inhibition of mRNA circularisation (D) Ribosome drop-off 
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(E) Co-translational protein degradation Legend 
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Figure 3.4. Mechanisms of miRNA-mediated gene silencing. Drawn by Sharon K 

Lee, copyright 2009. 
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3.3.3. mRNA degradation 

Unlike plants, animal miRNAs usually bind imperfectly to the target mRNA and 

degrade mRNA through shortening of the polyA tail at the 3' terminus by mRNA 

deadenylases (Bagga et al., 2005). Either one of the two consequences then follow: (1) 

a decapping enzyme consisting of two subunits (Dcplp and Dcp2p) dislodges the 5' 

cap structure, thereby exposing the transcript to digestion by a 5’ to 3’ exonuclease, 

Xrnlp; or (2) the cytoplasmic exosome degrades the mRNA in a 3' to 5' direction, in 

which the remaining oligonucleotide cap is then hydrolysed by the DcpS scavenger 

decapping enzyme (Eulalio et al, 2007). The degraded mRNA was eventually sent to 

P-bodies for sequestration (Wu et al., 2006). 
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3.4. Computational prediction of target mRNAs 

The regulatory mechanisms described above implied that each miRNA has its own set 

of target sites to which the negative regulatory effects can be exerted. Large scale 

validation experiments on the microRNA targets are usually time consuming and labor 

intensive, as one single miRNA can effectively bind with thousands mRNAs targets. 

Hence, computational predictions based on sequence properties of a miRNA/mRNA 

target duplex serve as an extremely useful first-step tool to filter out any likely 

candidates of miRNA target gens. Currently, there are a number of algorithms 

available for testing the prediction of miRNAs, including the largest of its type, 

miRBase. 

3.5. Diversity and Broad Functions of microRNAs 

The discovery of second microRNA, let-7, triggered large scale searches for miRNAs 

in various organisms. At least 100-200 miRNAs per species have already been 

identified experimentally in C. elegans, D. melanogaster, D. rerio, M. musculus and H. 

sapiens, many of them being conserved over large evolutionary distances (Table 3.1), 

suggesting broad cellular functions of miRNAs. Indeed, miRNAs are now found 

participating in a variety of functions, including neuronal patterning, apoptosis, 

adipogenesis metabolism, tumorigenesis, infectious diseases, hematopoiesis, and 

developmental transition，in which the lattermost associates with stem and progenitor 

cells. 
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The Relationship between microRNAs and 

stem Cells 

As mentioned in Chapter 1，asymmetric cell division is a hallmark of stem cells. It 

generates one daughter cell that retains stem cell properties, and another daughter cell 

that is committed to specialized functions. External and internal factors are known to 

regulate such unique cell division pattern, which have been exemplified by the niche 

and intracellular signals in our tissue specific stem cell model using corneal epithelial 

progenitor cells. microRNA is a recently emerged intracellular molecule which acts by 

negatively regulate its target mRNA, together with the increasing evidence that 

microRNAs associate with cell development and stem cells, we postulate that 

microRNA is capable to regulate tissue specific stem cells, including the corneal 

epithelial progenitor cells that we are interested of. In this chapter, evidences which 

support microRNA as a regulator for the general stem cells will be presented. 

4.1. The DGCR8 and Dicer knockout model 

DGCR8 and Dicer are the two critical proteins associated with the production of 

mature miRNAs. It has been shown that Dicer is essential for early mouse 

development, as its absence leads to embryos depleted of stem cells and so embryonic 
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lethality (Bernstein et al., 2003). In an in vitro system. Dicer-null ES cells fail to 

express differentiation markers, including hepatocyte nuclear factor 4A (HNf4A; 

which is endodermal) and brachyury, bone morphogenetic protein 4 (BMP4) and 

GATAl (which are mesodermal), even after the induction of differentiation 

(Kaneilopoulou et al., 2005). Although Dicer is associated with both miRNA and 

siRNA pathways, in the absence of Dicer, only the profiles of miRNAs change in ES 

cells, but not of other small RNAs (Calabrese et al., 2007). On the other hand, DGCR8 

knockout ES cells show a stable but subtle proliferation defect by not completely 

silencing the pluripotency markers Oct4, Rexl, Sox2 and Nanog (Wang et al., 2007b). 

These reports suggest that the microRNA pathway indeed participates in stem cell 

maintenance and related cellular processes. 

4.2. Stem cells has a distinct signature of microRNAs 

The relationship between microRNAs and stem cells is put forward by the distinct 

microRNA signature found in both embryonic stem cells and tissue specific stem cells, 

the latter actually being the progenitor cells that we have been discussing. Table 4.1 

shows a summary of the key microRNAs that are specifically expressed in various 

stem or progenitor cells. Of note, epidermal stem cells, which are the close relative of 

cornea epithelial progenitor cells, have shown to express miR-203 in mice. This 

microRNA has been found to target p63 expression, which is the proteins that similarly 

expressed in the limbal epithelium (Yi et al., 2008). These observations provide a 

strong hint that cornea epithelial progenitor cells may too be regulated by microRNAs. 
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Our Study - Hypothesis, Goals, 

Significance and Plan 

5.1. Hypothesis 

The evidence of microRNA in embryonic and tissue specific stem cell provide a solid 

foundation of our hypothesis: microRNAs can participate in the regulation of corneal 

epithelial progenitor cells, the tissue specific stem cells for the cornea epithelium. 

5.2. Immediate and long term goal 

As stated in Chapter 2, functional biology of the corneal epithelial progenitor cells 

(CEPC) remains largely unknown. By delineating the role of microRNAs in CEPC, we 

hope to better understand CEPC biology, with a long-term objective to devise novel 

therapy for effective treatment of patients with limbal stem cell deficiency and cornea 

surface injuries. The potential clinical significance of this study is discussed below. 

5.2.1. Help in the development of microRNA eyedrops 

Small RNAs has been anticipated as a new category of drugs. Small interfering RNAs 
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(siRNAs), one of the close relatives of microRNAs, is exceedingly promising for 

successful clinical application (Love et al., 2008). To date, at least 7 clinical trials use 

siRNAs for treating a variety of diseases. Among these, 3 siRNAs are known for 

ophthalmic treatment, namely, Bevasiranib, Sima-027/AGN211745 and RTP801i-14 -

the former two targets at Vascular endothelial growth factor (VEGF), while the latter 

targets at Hypoxia-inducible gene (RTP801), all with the hope to treat wet age-related 

macular degeneration (AMD) (Love et al., 2008). The reasons why nearly half of the 

trials focus at eye diseases is that (1) a number of eye diseases is currently no cure, (2) 

cell therapy in bilateral eye diseases is much constrainted due to the limited supply of 

tissues for allogenic transplant, (3) the blood brain barrier renders eye as a rather 

isolated compartment, which can sustain small RNAs delivered in the eye and enable 

higher efficiency in drug absorption and assimilation. Because microRNAs prevails 

over siRNAs in that they can target multiple genes rather than a single target, and their 

repression mechanism is more subtle than that of siRNA, miRNA is now considered as 

a novel class of small RNA drug that can combat complicated diseases including 

cornea surface complications. Limbal stem cell deficiency is an ocular disease 

perplexed with the loss of CEPC at the cornea periphery. Current treatment using 

amniotic membrane provides the niche for the proliferation of CEPC but there are a 

number of drawbacks associated with its use as a substrate in corneal repair, including 

the maintenance of a reliable supply of membranes, considerable variation amongst 

donors, costly donor screening which cannot completely avoid the risk of viral agent 

transmission and ultimately lack of optimal transparency (Levis and Daniels, 2009). 

Better alternative treatment is needed. Unlike conventional gene therapy whose 
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delivery is coupled with virus vector, microRNAs can be delivered naked as an 

eyedrop onto the cornea surface with considerable level of uptake. Immunological 

problems caused by the viral vector is thus tremendously reduced. With the better 

understanding of CEPC biology, we hope to devise microRNA eyedrops for efficiently 

and conveniently treating limbal stem cell deficiency and cornea surface injuries. 

5.2.2. Help in the cell-based therapy 

Cell based therapy have been providing realistic hope for restoring tissue function and 

therefore treating the root cause of degenerative diseases in the currently aging 

population. MicroRNAs, together with other small molecules, e.g. LIN28, OCT4, 

S0X2, is envisaged as the candidate molecules for reprogramming tissue specific stem 

cells into its pluripotent state. Besides, Lavker and Sun have proposed that CEPC is 

the ideal model for studying epithelial stem cell biology. This present study may 

therefore provide clues for the specific microRNAs which associate in reprogramming 

CEPC into its pluripotent state. 

5.2.3. Help in the understanding of cancer biology 

Cancer is originated from stem cells that have been aberrantly regulated. From the 

observation that orbit and eye cancers have the lowest prevalence comparing to 

cancers in other parts of the body (Table 5.1), it is tempting to speculate that ocular 

stem cells may possess a unique system for combating with any harmful external 
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stimulus. In addition to the possible stimulus like alcohol and nicotine, the cornea 

surface is also exposed to ultraviolet irradiation. This means that cornea does not 

receive less harmful external stimulus than the rest of the body but their cancer 

prevalence remains exceptionally low. By comparing CEPC at the limbus region with 

other normal tissue specific stem cells, and by comparing the limbal squamous cell 

carcinoma with other cancers, we may speculate a protective mechanism of corneal 

epithelial progenitor cells for resisting the mutation and thus the emergence of aberrant 

stem cells. 

5.3. Study plan 

In order to prove the hypothesis and achieve the aim, this study is divided into five 

sections. The first section concerns mostly on the validation of tissue samples, the 

second section discusses the best isolation methods for CEPC, the third part identifies 

candidate microRNAs in CEPC, the forth part aims at confirming the candidates that 

have been identified, and the final section elucidates the functional roles of these 

microRNAs in cornea epithelial maintenance. With all 

novel avenue for ocular progenitor cell research. 

these, we hope to open up a 
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Table 5.1. Prevalence of cancer in the human body. (Data obtained from 
http://seer.cancer.gov/index.htmn 

Cancer 

Anus 

Bones and joints 

Brain and other nervous system 

Breast 

Cervix uteri 

Colon and rectum 

Corpus and uterus, NOS 

Esophagus 

Eye and orbit 

Kidney and renal pelvis 

Larynx 

Leukemia 

Liver and intrahepatic bile duct 

Lung and bronchus 

Lymphoma 

Myeloma 

Oral cavity and pharynx 

Ovary 

Pancreas 

Prostate 

Skin (excl. basal and 

squamous) 

Small intestine 

Soft tissue including heart 

Stomach 

Testis 

Thyroid 

Urinary bladder 

Vulva 

Age-adjusted incidence rate 

(per 100,000 individual per year) 

1.6 

0.9 

6.4 

123.8 

8.2 

49.1 

23.3 

4.5 

0.8 

13.6 

3.5 

12.2 

6.6 

63.1 

22.3 

5.6 

10.4 

13.1 

11.7 

159.3 

21.4 

1.9 

3.1 

7.9 

5.4 

9.6 

21 

2.2 
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Part II 
General Methodology 
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Materials 

6.1. Animals 

All animal experiments were conducted in compliance with the ARVO Statement for 

the Use of Animals in Ophthalmic and Vision Research. Approval of all animal 

experimentation procedures was obtained from the Animal Experimentation Ethics 

Committee of The Chinese University of Hong Kong. 

The principles of laboratory animal care set forth by the NIH were followed. Male 

BALB/c mice aged 3-4 weeks of age and weighed approximately 20-22 g were 

obtained from the Laboratory Animal Services Centre, The Chinese University of 

Hong Kong (Hong Kong, SAR, China). The mice were kept under a 12:12 h light-dark 

cycle in a humidity-controlled room and fed with irradiated LabDiet for rodents (PMI 

Nutrition, Richmond, Ind., USA) and ozone-sterilised tap water. 

6.2. Cells 

Human corneal epithelial cells (HCE) cells were cultured in DMEM/F12 medium 

supplemented with 5 % FBS. It was maintained in 37 °C humidified CO2 incubator 
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and passaged every 3 days. 

6.3. Tissue specimens 

Fresh human cornea rims disposed after cornea transplant were used in the present 

study. The specimens were preserved under cold storage conditions in Optisoi before 

surgery. The study protocol complied with the provisions of the Declaration of 

Helsinki and was reviewed and approved by the Ethics Committee of the Chinese 

University of Hong Kong, Informed consent was obtained from individuals. 
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6.4. List of commonly used reagents in the thesis 

Reagent name Company 

Sucrose Fluka 

Paraformaldehyde (PFA) Sigma-Aldrich 

Formamide Riedel 

Diethylpyrocarbonate (DEPC) Fluka 

Triethanolamine Fluka 

Cone. HCI Riedel 

Acetic anhydride Sigma-Aldrich 

SOX Denhardt's Sigma-Aldrich 

Yeast tRNA Sigma-Aldrich 

Salmon sperm DNA Sigma-Aldrich 

Blocking reagent Roche 

Anti-digoxigenin antibody Roche 

Levamisol Sigma-Aldrich 

BCIP Roche 

NBT Roche 

Tissue Tek OTC Sakura 

Fast Red Substrate Dako 

10% (w/w) CHAPS Sigma-Aldrich 

10% and 20% (w/w) Tween Fluka 

5 M NaCI Merck 

1 M MgCI2 Fluka 

Tris-HCI Sigma-Aldrich 

Optimal cutting temperature (OCT) tissue freezing medium Tissue-Tek 

Haematoxylin Sigma-Aldrich 

Scott's tap water Sigma-Aldrich 

Eosin Sigma-Aldrich 

Triton X-100 (Sigma-Aldrich) Sigma-Aldrich 

4',6'-diamidino-2-phenyindo!e(DAPI) Sigma-Aldrich 

BSA Sigma-Aldrich 

Dispase 11 Roche Diagnostics 
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D-sorbitol Sigma-Aldrich 

6.5. List of antibodies 

Antibody name Company Cat no. 

p73 (H-79), rabbit pAb IgG Santa Cruz sc-7957 

EGFR (31G7), mouse mAb, lgG1 Zymed 28-0005 

Anti-human cytochrome oxidase subunit II, mouse MolecularProbes A-21363 

mAb 12C4-F12 

Cytokeratin 3/12 (AE5), mouse mAb Lifespan Biosciences LS-C84884-200 

Connexin43, mouse mAb IgG Zymed 13-8300 

Nanog (Clone 98-195) mouse Ab Abnova H00079923-IVI02 

Notch 1 (C-20), goat pAb IgG SantaCruz sc-6014 

Oct-4 (C-10),mouse mAb lgG2a SantaCruz sc-5279 

Stat3 Ab Cell Signalling 9132 

STAT1 Ab Cell Signal 9172 

Phospho-Stat1 (Tyr701) (58D6) Rabbit mAb Cell Signal 9167s 

CDCP1 (E-20) goat pAb IgG Santa Cruz sc-32844 

Cytokeratin 15 (LHK15), mouse mAb abeam ab2414-500 

Anti-BMI-1 Clone F6, mouse monoclonal lgG1 Upstate 05-637 

l\/IDM2 (SMP14), mouse mAb lgG1 Santa Cruz sc-965 

6.6. List of primers used in polymerase chain reaction 

Orientation Primer Sequence Tm (。C 

ABCG2 Forward TCACAGTCGTACTGGGACTGGTT 60 

ABCG2 Reverse GGTTGGTCGTCAGGAAGAAGAGA 61 

ANXA13-1 Forward GCAATCGTCATGCTAAAGCG 61.82 

ANXA13-1 Reverse GCCTCTCATCTGATGTCCTGC 62.3 

ANXA13-2 Forward CTAAAGGGGACTCCCAACCC 61.93 

ANXA13-2 Reverse TGATGGCTGCTTCATTGGTC 62.17 

'liHIilffffiBTIl 
108 

144 

180 
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BCRP1 

BCRP1 

CD34 

CD34 

CD71 

CD71 

CFH 

CFH 

CFHR1 

CFHR1 

CK12 

CK12 

CK13 

CK13 

CK3 

CK3 

connexin 43 

connexin 43 

desmoglein 3 

desmoglein 3 

EGFR 

EGFR 

FGF14 

FGF14 

FM01 

FM01 

IFNB1 

IFNB1 

IGF1R 

IGF1R 

Intregrin alpha 6 

Intregrin alpha 6 

KRT15 

KRT15 

Forward GGTTTCCAAGCGTTCATTCAAA 59.9 88 

Reverse AACCAGTCCCAGTACGACTGTGAC 60.3 

Forward AGCCACCAGAGCTATTCCCAA 60 149 

Reverse GTGTAATAAGGGTCTTCGCCCA 59 

Forward GCCACTGAATGGCTAGAGGGATA 60 112 

Reverse GGCTGGCAGAAACCTTGAAGTT 61 

Forward ATGTCAGAAAAGGCCCTGTG 60.11 170 

Reverse TGGTCCATCCATCTGTGTCA 60.98 

Forward ATGTGTAGAACGGGGCTGGT 61.72 186 

Reverse CACATCACTTCTTCATCCCCA 60.91 

Forward GCAGATGCTTCACAGAGCGATT 60 144 

Reverse CATCCTGAAGTCCTCAGCAGCTA 60 

Forward ATTGAAGAGCTCCGGGACAA 58 124 

Reverse GGGCCAGCTCATTCTCATACTT 58 

Forward GGACCTGGTGGAAGACTTCAAGA 60 140 

Reverse CATCCACTTTGGCCTGAAGCT 60 

Forward GTACCAAACAGCAGCGGAGTTT 59 141 

Reverse CTGGGCACCACTCTTTTGCTTA 60 

Forward GCCTGCCGTATGGAGTATCACA 61 134 

Reverse GTGGCATCTCACACCGATTGTT 61 

Forward GTGAGGTGGTCCTTGGGAATTT 60 112 

Reverse GTGTTGAGGGCAATGAGGACA 60 

Forward ATGGAACCAAGGATGACAGC 59.93 148 

Reverse GGGGTAAAAAGTTCTGATGGG 59.69 

Forward TTGGAATGGGAAATTCTGGC 62.06 192 

Reverse AAGTCACAATTGGGGTTGGG 61.92 

Forward GCATTACCTGAAGGCCAAGG 61.87 150 

Reverse GCAATTGTCCAGTCCCAGAG 60.66 

Forward GCTTGTCCAACGAGCAAGTC 60.99 134 

Reverse GAAGGAAGGCCTCATCTTGG 61.1 

Forward CCGAAAATATCAGGCTGCCA 60 108 

Reverse CCACTAGGATGATCCACCAAGGT 60 

Forward ATAAAGACACGGCTGGAGCA 60.8 176 

Reverse TTGTGGGAAGAAACCACCTG 60.92 
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KRT2 Forward ACCAGGAGCTGATGAACGTG 61.28 135 

KRT2 Reverse TGGTGCTGCTTGTCACAGAC 61.11 

MAPK7 Forward GGGATGACACATTCCCAGAG 60.33 125 

MAPK7 Reverse GCCGTC1 1 CCTCCTTCAGAG 61.44 

Nanog Forward ATGCCTGTGAI 丨 IGTGGGCC 60 403 

Nanog Reverse GCCAGTTGTTTTTCTGCCAC 60 

NFIB Forward ACATTGCACAAACCCAGCAC 61.97 143 

NFIB Reverse TCTTGGCAGGATCA 丨 IGTGG 62.02 

0CT4 Forward AGC CCT CAT TTC ACC AGG CC 63 456 

0CT4 Reverse CAA AAC CCG GAG GAG TCC CA 63 

p73H Forward GATGAACCGCCGTCCAAI 1 1 61 114 

p73H Reverse 1 1CCTGTCTCTTCCTGGGCAA 61 

PCNA Forward ACGTCTC1 1 IGGTGCAGCTCA 60 123 

PCNA Reverse CATTGCCGGCGCATTTTA 60 

PITX2 Forward GCCGGGATCGTAGGACCTT 59.9 79 

PITX2 Reverse GTGCCCACGACC1 ICTAGCA 59.8 

RARA-1 Forward GGGAATCCTGAATCGAGCTG 62.03 142 

RARA-1 Reverse AAAGATGCCACTCCTAGATGGG 61.69 

S100A12 Forward ACAI 1CCTGTGCATTGAGGG 60.92 172 

S100A12 Reverse GGTGTTTGCAAGCTCCTTTG 60.81 

SOHLH2 Forward CCTCGGTACTGCAC 丨 1CTGG 60.84 182 

SOHLH2 Reverse GGTCI 1 1GGGTGGAGCTTTC 61 

Sox2 Forward CCCCCCTGTGGTTACCTC1 1 59 137 

Sox2 Reverse GCTGGGACATGTGAAGTCTGC 59 

vimentin Forward TGGATTCACTCCCTCTGGTTGA 60 142 

vimentin Reverse GCTGCACTGAGTGTGTGCAATT 60 

WNT7A Forward CTGGAACTGCTCTGCACTGG 62.17 185 

WNT7A Reverse GGTGGTACTGGCCTTGCTTC 61.97 

61 



SK LEE 

6.7. List of primers used in Taqman microRNA microarray 

microRNA primer Target sequence Company 

hsa-miR-21 UAGCUUAUCAGACUGAUGUUGA ABI 

hsa-miR-184 UGGACGGAGAACUGAUAAGGGU ABI 

hsa-miR-143 UGAGAUGAAGCACUGUAGCUC ABI 

has-mlR-145 GUCCAGUUUUCCCAGGAAUCCCU ABI 

hsa-let-7a UGAGGUAGUAGGUUGUAUAGUU ABI 

hsa-miR-16 UAGCAGCACGUAAAUAUUGGCG ABI 

hsa-miR-26b UUCAAGUAAUUCAGGAUAGGUU ABI 

hsa-miR-302a UAAGUGCUUCCAUGUUUUGGUGA ABI 

hsa-miR-302d UAAGUGCUUCCAUGUUUGAGUGU ABI 

hsa-miR-320 AAAAGCUGGGUUGAGAGGGCGAA ABI 

hsa-miR-338 UCCAGCAUCAGUGAUUUUGUUGA ABI 

hsa-miR-371 GUGCCGCCAUCUUUUGAGUGU ABI 

hsa-miR-372 AAAGUGCUGCGACAUUUGAGCGU ABI 

hsa-miR-373 GAAGUGCUUCGAUUUUGGGGUGU ABI 

hsa-miR-373# ACUCAAAAUGGGGGCGCUUUCC ABI 

hsa-miR-182 UUUGGCAAUGGUAGAACUCACA ABI 

hsa-miR-204 UUCCCUUUGUCAUCCUAUGCCU ABI 

hsa-miR-184 UGGACGGAGAACUGAUAAGGGU ABI 
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7 
Methods 

7.1. Cryosectioning 

Cornea rims were fixed in paraformaldehye (4 %) for 1 hour at room temperature 

before sectioning into small pieces at 50 mm x 50 mm using surgical blade. The small 

sections were immersed in 20 % sucrose for 2 hours at room temperature to reduce the 

possible formation of ice upon freezing and were then embedded in optimal cutting 

temperature (OCT) tissue freezing medium. For cryosectioning, it was cut at 8 ^m in 

cryostat that has been adjusted at -20°C. The sections were captured using superfrost 

slides (Thermo Scientific). All the embedded tissues were freezed at -80°C for storage. 

7.2. Haematoxylin and Eosin Staining 

Slides containing the human cornea rim sections were stained in haematoxylin for 10 

mins at room temperature. The nucleus were then differentiated by immersing slides in 

acid alcohol for 30 sees, followed by the blueing up process using Scott's tap water for 

another 1 min. The cytoplasms were further stained by eosin for 10 mins. The slides were 

then washed and dehydrated in 50，70’ 80, 90 and 100 % alcohol, each for 5 mins, before 

mount. 
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7.3. Immunostaining 

Sections on slides were post-fixed in 4% paraformaldehyde, rinsed with PBS and 

incubated in 0.1% Triton X-IOO-PBS for 30 min. Non-specific fixation sites were 

saturated with 5% bovine serum albumin in PBS for 1 hour, and then incubated with 

suitable primary antibodies at RT for 2 hours. After incubation with the specific 

primary antibodies, the sections were rinsed (3 times 5 min each) with PBS, incubated 

for 1 h at room temperature with appropriate secondary antibody and 

4',6'-diamidino-2-phenyindole (DAPI) diluted in PBS containing 1% BSA. The 

sections were mounted and were examined with a fluorescent microscope coupled to a 

digital camera. 

7.4. Flow cytometric assays 

7.4.1. Annexin V apoptosis Assay 

Cornea epithelial cells at 5 x 10̂  cells/tube were stained with Annexin V-FITC and 

propidium iodide (PI) for 15 min at RT by using a commercial kit (BD Pharmingen, 

USA). Cells were washed twice with PBS and re-suspended in buffer solution. Stained 

cells were analyzed with a flow cytometer (BD, FACSAria™) within 1 hour of 

staining, as described in the manufacturer's manual. Data were analysed using 

FACSDiva™ software. 
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7.4.2. ABCG2 staining 

Mouse cornea epithelial cells at 5 x 10̂  cells/tube were blocked in purified rat 

anti-mouse CD16/CD32 (BD Biosciences) for 15 mins at RT. Florescence conjugate 

were developed to the antibodies using Zenon ® Alexa Fluor ® 488 Mouse IgG2a 

labeling kit (Invitrogen) as according to manufacturer's protocol. The cells were then 

stained with the conjugated rat monoclonal antibody against ABCG2 clone BXP-53 

(Abeam) or its conjugated isotype control IgG2a for 30 min at RT. Stained cells were 

analysed by a flow cytometer (BD, FACSAria™). Data were analysed using 

FACSDiva™ software. 

7.4.3. Pyronin Y optimization 

Mouse cornea epithelial cells at 5 x 10̂  cells/tube were stained in 1 |xL pyronin Y 

(Invitrogen) (250 ng) for 15, 30’ and 45 mins. The cells were briefly washed in PBS by 

centrifugation at 300 g for 3 mins at 4°C. The staining efficiency were analysed 

immediately using a flow cytometer (BD, FACSAriaTM). Data were analysed using 

FACSDiva™ software. 

7.4.4. Rhodamine 123 optimisation 

Mouse cornea epithelial cells at 5 x 10̂  cells/tube were stained in 10 ng/mL 
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Rhodamine 123 (Invitrogen) for 15，30，and 45 mins. The cells were briefly washed in 

PBS by centrifugation at 300 g for 3 mins at to reduce the background. The 

staining efficiency were analysed immediately using a flow cytometer (BD, 

FACSAria™), Data were analysed using FACSDiva™ software. 

7.4.5. Four parameter sorting of corneal epithelial progenitor cells 

Singlet mouse cornea epithelial cells were blocked in purified rat anti-mouse 

CD16/CD32 (BD Biosciences) for 15 mins at RT. The cells were distributed at a 

proportion of 20 % and 80 % in two separate tubes. The one with fewer cells were for 

isotype staining, while the other one were for staining with the antibodies of interest. 

To stain the cells, florescence were first conjugated to the appropriate antibody. Rat 

monoclonal antibody against ABCG2 clone BXP-53 (Abeam, ab24115) and its isotype 

control rat IgG2a (Abeam, abll671) were conjugated by Zenon ® Alexa Fluor ® 488 

Mouse IgG2a labeling kit (Invitrogen, Z25102); mouse anti-Notch 1 antibody (Zymed, 

41-3500) and its isotype control mouse IgGl (Abeam, ab 18447) were conjugated by 

Zenon ® Alexa Fluor � 660 Mouse IgGl labeling kit (Invitrogen, Z25009); mouse 

anti-connexin 43 (Zymed, 13-8300) and its isotype control mouse IgG (Abeam, 

ab37355) were conjugated by Zenon ® Allophycocyanin Mouse IgGl labeling kit 

(Invitrogen, Z25051). All conjugations were performed as per manufacturer's protocol. 

The conjugated rat monoclonal antibody against ABCG2 clone BXP-53 or its isotype 

control rat IgG2a, conjugated mouse anti-Notch 1 antibody or its isotype control mouse 

IgGl, conjugated mouse anti-connexin 43 or its isotype control mouse IgG, and 
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pyronin Y (250 ng) or its control PBS buffer, were incubated with cells for 30 min at 

RT. The stained cells were analysed and sorted by a flow cytometer (BD, 

FACSAria™). Data were analysed using FACSDiva™ software. 

7.4.6. Cell cycle analysis 

Harvested cells (5 x 10^) were fixed in ice cold 75 % ethanoi for 4 hours at -20°C. 

Propidium iodide (50 ^g/ml) and RNase A (0.1 mg/mL) diluted in cold PBS were then 

incubated with the samples for 30 mins at 4°C. Excess staining was removed by 

centrifugation at 1500 rpm for 5 mins. The cells were resuspended in 500 |il PBS for 

flow cytometric analysis using BD FACS Calibur. Data were analysed using 

FACSDiva™ software. 

7.5. RNA extraction 

For every 1 x 10̂  cells, add 700 )a1 Trizol ® Reagent (Invitrogen) for lysis. The cells 

were homogenized by pipetting up and down in Trizol � Reagent > 15 times and were 

left on benchtop at room temperature for 5 mins. For every 700 homoegenate, add 

140 chloroform, shake the tube vigorously by hands for 15 s and stand for 3 mins. 

The tube was then centrifuge for 15 min at 12,000 x g at 4°C. The upper aqueous 

phase was collected and transferred to a new collection tube. One and a half volumes 

(usually 525 jj.1) of 100% ethanoi were added and mixed thoroughly by pipetting up 

and down 5 times. The total RNA was then purified according to the cleanup protocol 
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suggested by miRNeasy Mini Handbook (Qiagen). Briefly, 700 |il of the sample was 

pipetted into an RNeasy Mini spin column in a 2 ml collection tube, which were then 

centrifuging at >8000 x g for 15 s at RT. Any flow through were discarded. Buffer 

RWT (700 jil) were then added to the RNeasy Mini spin column. Close the lid gently, 

centrifuge for another 15 s at 8000 x g to wash the column, and discard the 

flow-through. This is followed by adding Buffer RPE (500 ^1) onto the RNeasy Mini 

spin column to wash the column. The column membrane was then dried by 

centrifugal ion for 2 min at 8000 x g. Transfer the dried RNeasy Mini spin column to a 

new 1.5 ml collection tube. Pipet 30 RNase-free water directly onto the RNeasy 

Mini spin column membrane. Close the lid gently and centrifuge for 1 min at 8000 x g 

to elute the RNA. 

7.6. RNA integrity check 

7.6.1. Bioanalyser 

The RNA 6000 Pico Chip Kit (Agilen) was used for Bioanalyser measurement 

(Agilent) and was carried out as per manufacturer's protocol. Briefly, the gel was 

filtered by centrifugation at 1500 x g for 10 mins at RT and was loaded at 65 |iL in a 

0.5 mL RNAase-free microfuge tubes. The vortexed dye concentrate was then added at 

65 jiL in the same tube. This is followed by spinning the gel-dye mix at 13000 x g for 

10 mins at RT and loading at 9 |j,L on a new RNA 6000 Pico chip that has been put on 

the chip priming station. The conditioning solution and marker were pipetted at 9 \iL 
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and 5 ^L respectively into the appropriate marked wells. Pipette 1 pL each of the heat 

denatured ladder and diluted RNA sample (5 ng/|a,L) into appropriate wells. After 

vortexing the chip for 1 mins at 2400 rpm, the chip could be run in the Agilent 2100 

bioanalyser machine (Agilent) for assessing RNA integrity. 

7.6.2. Nanodrop 

RNA concentrations were verified by measuring absorbance (A260) on the NanoDrop 

Spectrophotometer ND-1000 (NanoDrop). 28S/18S ratios in the typical range of 

1.1-1.8 for RNA isolated from limbus and cornea tissues were used in the 

experiments. 

7.7. Taqman microRNA assay using quantitative polymerase chain reaction 

7.7.1. Procedures 

cDNA was reverse transcribed from RNA using High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystem, Cat No. 4368813) as per manufacturer's 

protocol. Briefly, a cocktail containg lOx reverse transcription buffer (0.5 100 mM 

dNTP mix (0.05 |ul), recombinant RNase inhibitor (0.063 ^1), 50 U/|iL Multiscribe 

reverse transcriptase (0.35 ja.1), 5x Taqman® miRNA RT primer RT (1 jil); 10 ng/|iL 

RNA (1 p.1), and nuclease-free water (3.037 jxl) were assayed in thermal cycler at 16°C 

for 30 min, 42°C for 30 min, 85°C for 5 min for termination and 4°C for storage. The 
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cDNA products were then quantitated by real time PCR, in which one reaction 

contains 20x TaqMan MicroRNA Assay Primer (0.5 juL), 1:3 diluted cDNA (1.4 jal), 

TaqMan 2x Universal PCR Master Mix (2.5 |il), and nuclease-free water (0.6 ^1). 

Real-time PCR reactions was performed at least duplicate and was assayed in an 

optical 96-well plates using ABI PRISM® 7900HT Sequence Detection System (ABI) 

with the following conditions - 10 min at 95°C, 40 cycles each of 15 s at 95X and 1 

min at 60°C. The emitted fluorescence signal was converted into numerical values by 

SDS 2.1 software (Applied Biosystems). 

7.7.2. Statistical analysis 

The expression level of the miRNA was analysed by the SDS 2.1 software (ABI). The 

relative expression of each target miRNA was determined by dividing the target 

amount by endogenous control U6 amount to obtain a normalized target value (ACT). 

Then the normalized values of the target miRNAs were compared between samples. 

Data were analysed using GraphPad Prism v5.0. p < 0..05 is considered statistical 

significant. 

7.8. microRNA microarray 

Agilent™ Human MicroRNA Microarray Kit vl (Agilent, cat no. G4470A) which 

probes with 470 human miRNA and 64 viral miRNAs according to Sanger database 

version 9.1 was used in the present microarray analysis. Briefly, a total of 100 ng of 
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total RNA was dephosphorylated (calf intestinal alkaline phosphatase; GE Healthcare, 

Munich, Germany) and labeled by ligation (T4 RNA ligase; NEB Biolabs, Frankfurt, 

Germany) with one cyanine 3-pCp molecule to the 3' end of the RNA molecules using 

Agilent's miRNA labeling reagent and hybridization kit (Agilent Technologies). 

Labeled miRNAs were desalted with Micro Bio-Spin Chromatography Columns 

(BioRad Laboratories) as described by Agilent Technologies. Hybridization (20 hours 

at 55°C), microarray washing, and detection of the labeled miRNA on the microarray 

were performed according to the manufacturer's instructions. Microarray results were 

extracted using Agilent Feature Extraction software (v9.5.3.1) and analyzed using 

Gene-Spring GX 7.3.1 software (Agilent Technologies). Following Agilent 

recommendations, no interarray normalization was applied，because the similarity 

between matched limbus and cornea sample arrays was unknown. Quality of all data 

sets was tested. 

7.9. miRNA Target Prediction Methods 

The miRNA database miRBase (http://www.mirbase.org/) was used to identify 

potential miRNA targets and our candidate miRNA sequences across species. In the 

miRBase, the miRanda algorithm was used to scan all available miRNA sequences for 

a given genome against 3' UTR sequences of that genome. The algorithm uses dynamic 

programming to search for maximal local complementary alignments, which 

correspond to a double-stranded antiparallel duplex. A positive score is given for 

complementary base pairing, and a negative score is given to mismatches, gap opening, 
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and gap extension. Importantly, scores derived from the 5' end of the miRNA were 

multiplied by a scaling factor to reflect the apparent importance of perfect 

Watson-crick base pairing, which has been observed experimentally. Subsequently, 

Karlin-Altschul normalization was performed. 

7.10. In situ hybridization 

In situ hybridsation were performed on frozen sections as previously described 

(Obemosterer et al., 2007). Briefly, human cornea rims were pre-fixed in 4 % 

paraformaldehyde for 30 mins, followed by 30 % sucrose overnight at 4°C. The tissues 

were then embedded and immersed in tissue Tek OCT medium and were sectioned at 

10 \xm using cryostat. The section were then post-fixed in 4% paraformaldehyde for 10 

mins and acetylated in acetic anhydride/triethanolamine for another 10 mins. The 

sections were treated with proteinase K at 5 |j.g/mL for 10 mins to increase membrane 

permeability for the subsequent hybridisation. After thorough washing, the tissue were 

pre-hybridized in hybridization solution (50% formamide, 5x SSC, 200 jag/mL yeast 

tRNA, Ix Denhardt's solution, 500 |ig/mL salmon sperm DNA and 0.4 g Roche 

blocking reagent) at RT (below the predicted T m value of the LNA probe) for 4 hours. 

Probes (3 pmoi) denatured at 80�C for 5 mins (LNA miRCURY probe; Exiqon) were 

DIG-labeled (DIG Oligonucleotide 3' Tailing Kit; Roche Applied Sciences) and 

hybridized to the sections overnight at 60°C. After post-hybridization wash in 0.1 x 

SSC at 55°C, the in situ hybridization signals were detected using the NBT/BCIP 

developer solution (BCIP, Roche, cat no. 1383221; NBT, Roche, 1383213). Slides 
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were mounted, observed under microscope coupled with an Olympus digital camera. 

7.11. Transfection using Pre-miRs 

HCE cells were plated to 80 % confluency and allowed to adhere overnight. After 24 

hours, pre-miR 21, 143, 145 or a scrambled pre-miR control (Ambion) was reverse 

transfected (50 or 100 nM) using si PORT NeoFX transfection (Ambion, Austin, TX) 

into cells in growth media following manufacturer's recommendation. Following 48 hs, 

cells were harvested for RNA extraction. The cells were incubated longer for MTT or 

morphological study until day 8. 

7.12. MTT proliferation assay 

Cells were reverse transfected with pre-miR-21, 143, 145 or scrambled pre-miR. MTT 

assay was performed with the modified Mosmann's method (Mosmann, 1983). 

7.13. Gene expression microarray 

Whole Human Genome Oligo Microarray Kit (Agilent Technologies) which 

contains 4IK human genes and transcripts were used to screen for the candidate 

targets of miR-21, 143 and 145. The procedures were performed according to 

manufacturer's protocol. The resulting images were visualized and digitalized by 

Feature Extraction software v 9.5.3.1 (Agilent Technologies，Santa Clara, CA, USA), 
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in which background signal, non-uniform signal and the average raw signal on each 

probe were automatically calculated. The resulting data files were generated and 

transferred to GeneSpring GX version 7.3.1 (Agilent Technologies, Santa Clara, CA, 

USA) for further analysis. In order to compare samples on different arrays and obtain 

meaningful data, several normalization methods in GeneSpring were applied including 

per gene (normalize to median) normalization and per chip (normalize to 

percentatile) normalization. The cut-off value for the differential change of gene 

expression was set as 2 fold for the data analysis. Pathway analysis was performed 

with references to the pathway information downloaded from KEGG database 

(ftp://ftp.genome.jp/pub/kegg/). 

7.14. Western blot 

7.14.1. Summary of procedures 

Cell lysate was prepared using RIPA Buffer with protease inhibitors and quantified 

using protein assay. Protein (20 fig) was loaded onto a 10% SDS-PAGE gel then 

transferred onto nitrocellulose and incubated with mouse monoclonal Notch 1 antibody 

(Santa Cruz) at 4 � C overnight in blocker (1% non-fat dry milk in TTBS), followed by 

incubation with HRP-conjugated secondary anti mouse. Blots were then developed 

using ECL Substrate (Amersham) following manufacturer's instructions. 

HRP-conjugated GAPDH was incubated further for normalization. The blots were 

again developed using ECL substrate. 
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Stock reasent 

IMTris-HCI (PH 7.4) 

(SIGMA, TRIZA® BASE) 

5MNaCl 

(GIBCO BRL) 

NP-40 

(Fluka, Nonidet® P40 Substitute) 

H20 

5% sodium deoxycholate 

(SIGMA-ALDRICH) 

Protease inhibitor cocktail 

with EDTA 

(Roche) 

PhosphatesSTOP 

lOOmM PMSF 

(SIGMA, phenylmathlsulfonyl fluoride, p-7626) 

50mM 

150mM 

1% 

0.25% 

me / Amount 

0.5 ml 

ImM 

0.3 mL 

0.1 mL 

9.1 mL 

50|il 

1 tablet 

1 tablet 

lO îl 

7.14.4. 5X DTT/SDS Loading Buffer 

Reagent 

Tris HCL(pH 6.8) 

Glycerol 

SDS (Sodium dodecyl sulfate) 

Bromopheno丨 blue 

DTT (Dithiothreitol) 

B-mercaptoethanol 

Volume / Amount 

250mM 

50% 

10% 

0.01% 

250mM 

25% 
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Reagent 

Resolving gel solution 

30% aciyiamide/ Bis solution 29:1 (3.3% C) (BIO-RAD) 

dd H20 

10% ammonium persulphate 

TEMED (AMRESCO) 

Stacking gel solution (4% arylamide; 10ml for 4 gels) 

30% acrylamide/ Bis solution 29:1 (3.3% C) 

4 X Tris-Hcl-SDS PH 6.8 

dd H20 

10% ammonium persulphate 

TEMED 

Volume / Amount 

(20ml for 2 gel; 1.5mm thick) 

6.7ml 

8.2ml 

100^1 

20… 

1.5mm thick (10ml) 

1.33ml 

2.5ml 

6.1ml 

lO îl 

7.14.6. Running buffer, lOx 

1 Reagent Volume /Amount 

Tris base 30.3g 

Glycine 144g 

SDS lOg 

H20 IL 

7.14.7. Transfer buffer，lOx 

Reagent Volume / Amount 

Tris base 30.3g 

Glycine 144.167g 

H20 IL 
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•14.8. TBS 

Reagent Volume / Amount 

IM Tris base (PH7.4) 20ml 

5M Nad 30ml 

H20 950ml 

7.14.9. TBST 

TBS 1000ml 

Tween 20 (SIGMA) 500nl 

Volume / Amount 
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Part III 
Results and Discussion 
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Validating human cornea rims in our study 

Ethnic variations have been reported in ocular anatomy and in the prevalence and 

severity of eye diseases (Blake et al., 2003). The human cornea rims described in this 

thesis originated from the Chinese Hong Kong population. However, there are 

currently no reports characterizing it in details. As a first step to confirm our 

hypothesis and to validate our studied samples, we here investigated the morphology 

and protein expression of the human cornea rims recruited in our study. 

8.1. Gen eral morphology of the cornea rim specimen 

Figure 8.1 shows the morphology of our human cornea rim in cross section. The rim 

consists of three visually identical parts at the epithelial layer, the bulbar conjunctiva, 

the thick limbus region, and the thin cornea region. The thickness of the limbus is 

nearly doubled when comparing to the cornea region as described eJsewhere (Feng and 

Simpson, 2008). Essentially we focused on the limbal and cornea regions for the 

protein expression study. 
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8.2. Expression of limbal and cornea specific proteins 

As mentioned, a distinct set of proteins have been postulated to regulate the corneal 

epithelial progenitor cells (CEPC) either extrinsically or intrinsically. The extrinsic 

protein or niche is out of our study capacity here because the human cornea rim was 

collected ex vivo and after surgery. We here studied a number of proteins which we 

believed are the intrinsic regulators or markers of the CEPC and the results are 

summarized in Table 8.1. From our results, we found that the limbal specific proteins, 

p63 (Figure 8.2), EGFR (Figure 8.3), cytochrome oxidase (Figure 8.4) and cytokeratin 

(CK) 15 (Figure 8.6) were highly expressed at the limbal region when comparing to 

the central cornea, while the expression of the cornea specific protein, such as 

cytokeratin (CK) 3/12 (Figure 8.5) and connexin (Cx) 43 (Figure 8.7) were higher at 

the central cornea when compared to the limbal region. 

Previous reports have shown that p63 was an undifferentiation marker of epithelium 

that can initiate epithelial stratification and therefore its expression in the basal cells of 

the limbal region (Koster et al., 2004). EGFR is important for the EGF-signaling in 

corneal epithelial cell growth and proliferation and was therefore located at the basal 

limbal epithelium (Murata et al., 1993). As one of the terminal enzymes of the 

respiratory chain, cytochrome oxidase accelerates cornea epithelial cell renewal by 

increasing metabolic rate of the cells at the basal limbus (Hayashi and Kenyon, 1988). 

Cytokeratin (CK) 15 belongs to the type 1 family of cytoskeletal component proteins 

of epithelial cells and have been shown to express by limbal and conjunctival epithelia, 
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but not by corneal epithelium (Yoshida et al., 2006). Another pairs of cytokeratin (CK), 

the basic cytokeratin 3 and acidic cytokeratin 12, and connexin 43, are known as 

corneal differentiation markers and they exhibited intensive expression in the cornea 

(Matic et al., 1997; Yoshida et al., 2006). In summary, the expression pattern of our 

human cornea rim was similar to the recognized phenotype that has been previously 

reported (Chen et al.，2004). 

8.3. Expression of embryonic stem cell specific proteins 

With an endeavor to suggest any similarities or differences between CEPC and 

embryonic stem (ES) cells, or CEPC and cancer stem (CS) cells, we have also 

analysed the proteins which is specific for ES or CS cells in our tissues. Nanog, Oct4， 

Sox2，and Notch 1 have been regarded as the canonical ES cell markers. However, we 

could not obtain observable expression at the basal limbus, let alone the cornea region 

(Table 8.2). STATl and STAT3 are the members of the signal transducers and 

activator of transcription (STAT) proteins, which together forms homodimers or 

heterodimers for regulating broad spectrum of cell growth, differentiation and survival. 

The expression of STATl appears critical for ES cells because disruption of STATl 

gene disabled cells from responding to interferon (Durbin et al., 1996)，a cytokine for 

activating stem cells (Essers et al., 2009). In our tissue, STATl was expressed more 

strongly at the basal limbus and weakly at the suprabasal cornea, but STAT3 was 

expressed in neither region (Durbin et al., 1996) (Figure 8.8 and Table 8.2). Our 

results indicated that the corneal epithelial progenitor cells may resemble embryonic 

81 



SKLEE 

stem cells at little extent, confirming the underlying difference between tissue specific 

stem cells and ES cells. 

8.4. Expression of cancer stem cell specific proteins 

In Chapter 5, we have suggested the feasibility of understanding cancer biology using 

CEPC as a model. To test whether CEPC possesses features similar to cancer stem 

cells, we investigated the expression of several cancer specific proteins. We identified 

that p73, MDM2, and phospho-STATl were highly expressed in the basal limbus 

when compared to basal cornea, but this was reversed for CDCPl expression (Table 

8.3). However, we did not observe any expression of BMI-1 and Stat3 in both the 

limbus and cornea regions (Table 8.3). p73, together with the previously mentioned 

p63, are members of the p53 tumor suppressor family which bind to the p53 

DNA-binding sites, transactivate p53-responsive genes and induce cell cycle arrest or 

apoptosis (Jost et al., 1997), though overexpression of p73 has also been observed in a 

wide range of tumors (Stiewe and Putzer, 2002) (Figure 8.10). Similar to p73，MDM2 

relates to p53 in the sense that it negatively regulates p53. Recently, MDM2 was 

proposed as a small molecule target for anti-cancer therapeutics (Dickens et al., 2009) 

(Figure 8.11). phospho-STATl, activated by Janus-activated kinases, has been 

recommended as a biomarker in melanoma prognosis (Wang et al., 2007a). 

Interestingly, both phospho-STATl and STATl were expressed stronger in the limbus 

when compared to the cornea in our specimens (Figure 8.8 and 8.13). CDCPl is a 

novel cancer stem cell marker which is expressed in CD34-positive haematopoietic 

82 



SK LEE 

stem cells, mesenchymal stem/progenitor cells, and several other types of cancers 

(Ikeda et a l , 2006). However, instead of expressing at the basal layer of limbal region, 

CDCPl was expressed in the cornea basal epithelium in our tissues (Figure 8.9). 

Whether this is a hint for explaining the low prevalence of limbal tumors requires 

further elucidation. BMI-1, a polycomb gene family member which plays an important 

role in the general cell cycle regulation, cell immortalization, and cell senescence, is 

involved in the regulation of self-renewal and differentiation of stem cells (Jiang et al., 

2009), though neither cornea nor limbus in our tissues positively expressed BMI-1 

(Table 8.3). In conclusion, basal cells at the limbus region, or functionally CEPC， 

possesses properties similar to cancer cells especially the overexpression of p73, 

MDM2 and phospho-STATl but different to other cancer stem cell like the negative 

expression of CDCPl at the limbus region. Further study is pending for dissecting 

these unique qualities of CEPC. 

8.5. Expression of proteins phenotyped for tissue specific stem / progenitor cells 

Because CEPC belongs to the population of tissue specific stem cells, we briefly tested 

whether CEPC expressed c-Kit receptor, a tyrosine kinase receptor that have been 

frequently used as a marker for hematopoietic stem and progenitor cells, probably the 

most well known and historic tissue specific stem cells in the human body (Edling and 

Hallberg, 2007). As shown in Figure 6.13, c-kit receptor was strongly expressed in the 

basal layer of limbus，which is the location where CEPC resides. 
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8.6. Brief conclusion 

By possessing qualities similar to the limbal tissues from other human populations and 

to other tissue specific stem cells, we conclude that the human cornea rim tissue that 

we collected is eligible for our study. 
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conjunctiva 

Figure 8.1. A representative human cornea rim collected in our study, cross 

section, haematoxylin and eosin stain. Bar, 100 jim. 
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Table 8.1. Expression of reported corneal epithelial progenitor cell (CEPC) 
marker in the human cornea rim of our study. 

Marke 
p63 

EGFR 

Cytochrome oxidase 

Cytokeratin 15 

Cytokeratin 3/12 

Connexin 43 

Staining site 
Nuclear 

Cell surface 

Cytoplasmic 

Cytoplasmic 

Cytoplasmic 

Cell surface 

Limba丨 basal 
+ + + 
+ + 
+ + 
+ + + 

Corneal basal 

+ / -

++ 
++ 

86 



SK LEE 

limbai 

basal 

(+++) 

corneal 

basal 

(+) 

Figure 8.2. Expression of p63 in the limbai and corneal basal region of our 

corneal rim. The nucleus was stained with DAPI. Florescence intensity was denoted 

by '+'. Bar, 100 îm. 
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EGFR DAPI 

limbal 

basal 

(++) 

corneal 

basal 

(-/+) 

Figure 8.3. Expression of epidermal growth factor receptor (EGFR) in the limbal 

and corneal basal region of our corneal rim. The nucleus was stained with DAPI. 

Florescence intensity was denoted by ‘+’ or Bar, 50 ^m. 
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Cytochrome Oxidase DAPI 

limbal 

basal 

(++) 

corneal 

Figure 8.4. Expression of cytochrome oxidase in the limbal and corneal basal 

region of our corneal rim. The nucleus was stained with DAPI. Florescence intensity 

was denoted by '+' or ‘-，. Bar, 50 |Lim. 

89 



SK LEE 

CK3/12 DAPI 

Figure 8.5. Expression of cytokeratin 3/12 (CK3/12) in the limbal and corneal 

basal region of our corneal rim. The nucleus was stained with DAPI. Florescence 

intensity was denoted by ‘+’ or ‘-，. Bar, 50 jim. 
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CK15 DAPI 

limbai 

basal 

(+++) 

corneal 

basal 

(-) 

Figure 8.6. Expression of cytokeratin 15 (CK15) in the limbal and corneal basal 

region of our corneal rim. The nucleus was stained with DAPI. Florescence intensity 

was denoted by ‘+’ or ‘-，. Bar, 50 ^m. 
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Connexin 43 DAPI 

limbai 

basal 

(-) 

corneal 

basal 

(++) 

Figure 8.7. Expression of connexin 43 in the limbal and corneal basal region of 

our corneal rim. The nucleus was stained with DAPI. Florescence intensity was 

denoted by ‘+’ or ‘-’. Bar, 25 jim. 
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Table 8.2. Expression of reported embryonic stem cell (ESc) marker in the human 

cornea rim of our study. 

Marker Staining site Limbai basal Corneal basal 
Nanog Nuclear - -

Oct4 Nuclear - -

Sox2 Nuclear - -

Stat1 Cytoplasmic --surface ++ + 

Stat3 Cytoplasmic - -

Notch 1 Cell surface - nuclear - -
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Statl DAPI 
limbai 

basal 

(++) 

corneal 

basal 

(+) 

Figure 8.8. Expression of statl in the limbal and corneal 

corneal rim. The nucleus was stained with DAPI. Florescence 

by ‘+’. Bar, 25 ^m. 

basal region of our 

intensity was denoted 
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Table 8.3. Expression of reported cancer stem cell (ESc) marker 

cornea rim of our study. 

the human 

Marker Staining site Limbal basal Corneal basal 
CDCP1 Cytoplasmic - + 

BMI-1 Nuclear - -

p73 Cytoplasmic +++ + + 

MDM2 Cytoplasmic +++ -

P Stat1 Cytoplasmic 一 surface +/++ -

stats Cytoplasmic - -
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CDCPl DAPI 

limbal 

basal 

(-) 

corneal 

basal 

(十） 

Figure 8.9. Expression of CDCPl in the limbal 

corneal rim. The nucleus was stained with DAPI. 

by '+ ' o r ' - ' . Bar, 50 jxm. 

and corneal basal region of our 

Florescence intensity was denoted 
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p73 DAPI 

limbal 

basal 

(+++) 

corneal 

basal 

Figure 8.10. Expression 

corneal rim. The nucleus 

by ‘+’. Bar, 50 ^im. 

of p73 in the limbal and corneal 

was stained with DAPI. Florescence 

basal region of our 

intensity was denoted 
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(A) 

limbal 
basal 

(+++) 
corneal 
basal 
(-/+) 

MDM2 DAP互 

Cornea Limbus 

Figure 8.11. Expression of MDM2 in the limbal and corneal basal region of our 

corneal rim. Florescence intensity was denoted by ‘+，• The nucleus was stained with 

DAPI, MDM2 was stained in Rhodamine Red. Bars in A, 25 |um. Bars in B, 100 jum. 
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PStatl DAPI 

limbal 

corneal 

basal 

(-) 

Figure 8.12. Expression of P Statl in the limbal and corneal basal region of our 

corneal rim. The nucleus is stained with DAPI. Florescence intensity was denoted by 

'+，• Bar, 50 |im. 
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Figure 8.13. Expression pattern of c-kit receptor in the human cornea rim. Bar in 

upper image, 100 fxm; bar in lower image, 25 
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Protocols for enriching the population of 

corneal epithelial progenitor cells 

Because tissue specific stem cells including cornea epithelial progenitor cells generally 

exist at low occurrence, it is necessary to enrich this population of cells from the 

cornea rim before study. This chapter describes the several enrichment protocols that 

we have devised, beginning with the isolation of single cells, the protocol utilising 

flow cytometry, laser pressure catapult system and finally manual microdissection, 

with an aim to determine a method which gives the most genuine microRNA profiling 

pattern as described in Chapter 10. 

9.1. Isolation of single ceils from cornea tissue 

To obtain singlet CEPC for further assays, we optimized our isolation method using 

cow's eye ball, which was purchased freshly from a local butcher. As shown in Figure 

9.1, the extraocular muscles on the eyeball were removed, which was followed by the 

isolation of anterior ocular segment. Lens, iris and cornea endothelium were then 

scraped away gently by a round surgical blade. The central cornea and peripheral 

cornea were isolated manually by dissection. The tissue was then washed with 

phosphate-buffered saline and was incubated in 50 mg/ml Dispase II (Roche 
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Diagnostics, Basel, Switzerland) in the presence of D-sorbitol (100 mM) at 4 � C for 16 

hours. The epithelium was loosened readily from the underlying stroma and was 

collected for single cell isolation. By incubating and pipetting up and down in 

pre-warmed 0.05% trypsin (1:250) and 0.53 mM ethylenediaminetetraacetic acid 

(EDTA), single cell suspension is obtained. The action of trypsin was neutralized by 

adding ice-cold trypsin inhibitor cocktail diluted at 1 mg/mL in corneal epithelium 

culture medium. The cell suspension was then passed through a 40 ĵ m nylon mesh to 

collect the singlet cell population in the flow-through (Figure 9.2). In addition, the 

corneal epithelial cell culture medium is composed of Dulbecco modified Eagle 

medium:F12 basal media in a 2:1 ratio containing 5% heat-activated fetal bovine 

serum (European Directorate on the Quality of Medicines compliant), hydrocortisone 

0.4 |a.g/mL, cholera toxin 0.1 nmol, recombinant human insulin 5 jig/mL, selenite A 

(6.7 ng/mL), transferrin (5.5|Lig/mL), basic fibroblast growth factor (10 ng/mL) and 

epidermal growth factor 10 ng/mL. The antimicrobials penicillin (100 lU/mL), 

streptomycin (100 jig/mL), and amphotericin B (0.25 jig/mL) were added at all the 

washing and incubation steps. 

Because it has been shown that CEPC is the smallest epithelial cells in the cornea 

(Romano et al., 2003), we examined the size of the singlet cell population that we 

obtained from the cow's cornea to validate our procedures. As shown in Figure 9.3A 

and B, singlet cells isolated from the peripheral cornea had smaller cell size when 

compared to those from the central cornea. Since apoptotic cells usually shrink and 

become compact when compared to viable population, we also investigated the 
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percentage of cell apoptosis in the small sized cell population from the peripheral 

cornea using flow cytometric analysis. We found that the percentage of early apoptotic 

cells at the peripheral cornea and central cornea were similar, with the values of 20.4 土 

1.5 and 21.9 士 0.7，respectively (Figure 9.3D, E), indicating most small-sized cells 

from peripheral cornea were not apoptotic cells and the isolation procedure could 

maintain the viability of target cells. Instead, this population of cells should be the 

corneal epithelial progenitor cells as suggested by other reports (Arpitha et al.，2008a, 

b; Romano et al., 2003; Umemoto et al, 2006). 

This procedure has been confirmed applicable to the isolation of murine, porcine and 

human singlet CEPC, respectively. The mouse eyeballs were collected from BALB/c 

mice aged 4 to 8 weeks; the eyeballs from pig were again freshly purchased from local 

butcher, the human eyeballs were obtained from Joint Shantou International Eye 

Center (JSIEC), Shantou, China. For the human cornea rim collected in the Hong 

Kong Eye Hospital and Prince of Wales Hospital, Hong Kong, the isolation step began 

by manually dissecting the more central cornea and the peripheral cornea, followed by 

the immersion in Dispase II overnight at 4°C. The procedures were then followed 

likewise. 

9.2, Enrichment of corneal epithelial progenitor cells using Florescence 

Activated Cell Sorting (TAGS) 

We attempted to use the florescence activated cell sorting (FACS) for isolating a purer 



SK LEE 

population of CEPC. This usually involves a panel of positive or negative markers to 

select the target population. It has been shown that stem or progenitor cells exhibits a 

Hoechst 33342-low side population (SP) phenotype through the effluxing of the 

supravital dye Hoechst 33342 by membrane efflux activity of the ATP-binding cassette 

(ABC) transporter superfamily, including multidrug resistance 1 (Mdrla/lb, mouse; 

MDRl, human) (Schinkel et al.，1997) and breast cancer resistance protein 1 

(BcrpiyATP-binding cassette, subfamily G (WHITE), member 2 (ABCG2) (Zhou et 

al., 2001). This SP phenotype was originally described in murine bone marrow 

preparations and was later used as a gold standard for purifying stem cells (Goodell et 

al., 1996; Lin and Goodell, 2006). However, the excitation of Hoechst requires the 

installation of expensive ultraviolet lamp in the FACS machine, which may not be 

affordable in normal laboratory settings. Based on the principle that Hoechst was 

effluxed through the ABC transporter superfamily, it is possible to sort prospective 

stem cells by the surface marker, ABCG2. Indeed, several reports have successfully 

utilized ABCG2 as a marker for sorting CEPC that is slow cycling (Budak et al., 2005; 

de Paiva et al., 2005). To validate our set up and procedures, we have also utilized 

ABCG2 as a marker for sorting CEPC (Figure 9.4). By using murine cornea epithelial 

cells, we found that ABCG2+ cells appeared small (Figure 9.4C) and engaged 15 士 

3.555 % of the total cell population (Figure 9.4D). Since other tissue specific stem cell, 

for example hematopoietic stem cells, generally exists at 0.01 - 0.05 % out of the 

concerned cell population (Challen et al., 2009), our percentage of ABCG2+ cells 

appeared higher than expected. Indeed, it has been shown that different tissue SP cells 

may use different transporters and ABCG2 is not the exclusive markers for the SP 
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phenotype (Challen and Little, 2006). Furthermore, functional data also do not support 

the sole use of ABCG2 for stem cell purification (Naylor et al., 2005). We therefore 

include additional markers in the FACS isolation. 

Because CEPC are generally slow cycling in condition without external stimuli, it is 

possible to isolate CEPC by its characteristic quiescent state, which can be measured 

by pyronin Y and rhodamine 123. Pyronin Y is a cationic dye capable of forming 

fluorescent complexes with double-stranded RNA and DNA (Kapuscinski and 

Darzynkiewicz, 1987). It has been reported that PY" represents cells in the GO phases 

of the cell cycle when DNA is blocked by other dyes (Huttmann et al., 2001). 

Rhodamine 123, a fluorescent cation ic dye labels mitochondria in living cells and 

effluxed by MDRl (Kim et al., 1998)，has been reported as a replacement of Hoechst 

33342, with an advantage that it is excited at 505 nm and therefore eases the 

requirement for an expensive ultraviolet lamp in the FACS machine. Indeed there is an 

increasing trend of using Rhodamine 123 as a marker for isolating tissue specific stem 

cells (Lo et al.，2005; McKenzie et al.，2007; Wagner-Souza et al., 2008). Based on 

these reports, we have also tested the validity of using these two markers for purifying 

CEPC. Figure 9.5 shows the staining efficiency of pyronin Y (250 ng/|u,l) (Bhatt et al., 

2003). Necrotic and apoptotic cells were differentiated from the viable cells by the 

uptake of propidium iodide. We found that pyronin Y at this concentration possessed 

little cytoxicity on the corneal epithelial cells and 15 mins incubation time is already 

sufficient for an efficient stain up. Similarly, Figure 9.6 shows the staining efficiency 

of Rhodamine 123 (10 ng/ml). This concentration is actually ten times lower than the 
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one suggested by McKenzie et al in 2007. However, we noticed that rhodamine 123 

possessed observable cytotoxicity if the incubation is longer than 45 mins in corneal 

epithelial cells. Although rhodamine 123 could satisfactorily stain up the cells within 

15 mins, the time required for sorting a rare cell population is much beyond 45 mins. 

Because of the possible cytotoxicty induced by rhodamine 123, we abandon the use of 

it in purifying CEPC. 

Besides ABCG2 and pyronin Y, we introduced two additional markers in the 

enrichment protocol, which are Connexin 43, the cornea differentiation marker, and 

Notch 1, the marker for CEPC (Djalilian et al., 2008). These two markers were chosen 

because they are the rare surface antigens that are known in CEPC. And surface 

antigens are selected because viable cell staining is enabled and viable cells can be 

sorted for in vitro experiments. Figure 9.7 shows the results of the enrichment protocol 

gating low Connexin 43, high ABCG2, high Notch 1 and low Pyronin Y cells. In a 

typical sorting experiment, we obtained 0.7 % cells with low Connexin 43，high 

ABCG2, high Notch 1 and low Pyronin Y phenotype. This percentage appears 

reasonable for CEPC and this novel protocol is ready for further in vitro testing which 

will be carried out in further study. 

9.3. Enrichment of corneal epithelial progenitor cells using laser pressure 

catapult microdissection 

Although the FACS protocol is useful for isolating cells for culture, it is far from 
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desire in the identification of microRNAs in the CEPC. Two reasons for this, first，the 

cells were manipulated in enzymes, medium, antibodies and buffers for around 24 

hours before the actual sorting. Such manipulation may induce undesirable side effects 

on the profiling of microRNAs; second, the number of cells isolated by the four 

parameter protocols are scarce, which means that a higher number of initial cells is 

demanded for RNA isolation and microarray studies. This appears impossible for a 

human cornea tissue because the cornea donation in Hong Kong is insufficient for 

medication, let alone those for scientific research. To profile microRNAs from human 

cornea rim, we must devise another enrichment method for CEPC. 

We tackle this by recruiting the non-contact laser-capture microdissection system 

(P.A.L.M., Bernried, Germany). Cornea tissues were cryosectioned at 8 [im and 

mounted onto a 1.35 }am thin polyethylene naphthalene membrane attaching onto a 

normal slide. The MicroBeam ejected from the system cut both the specimen and the 

underlying membrane at the desired location. The specimens were then catapulted in a 

non-contact micromanipulation manner (Huang et al., 2003). Figure 7.8 shows the 

location of cells that we intended to collect for microRNA profiling. We attempted to 

obtain cells at the basal layers in both the limbus (Figure 9.8A) and cornea (Figure 

9.8B) regions. However, we encountered a dilemma which is that for collecting good 

quality of RNA, the tissue should be fresh and so be prepared in frozen section instead 

of the dry paraffin sections. The moisture inevitably increased the tissue's weight, 

rendering difficulty in catapulting the section. We therefore abandoned this enrichment 

protocol because it may take up to 4 hours to collect one single section which is 

1
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already much manipulated and dried on repeated irradiation. 

9.4. Enrichment of corneal epithelial progenitor cells using manual 

microdissection 

With an aim to reduce the manipulation time but preserve the natural nucleic acid 

profile as much as possible, we finally utilized manual microdissection as our isolation 

method. We isolate the periperhal cornea from the close to central cornea in freshly 

collected human cornea rims. We regard the peripheral cornea as the limbus tissue, 

while the close to central cornea as the comea tissue. Although the population of 

CEPC is not homogenous, the limbus tissue is much enriched with CEPC when 

compare to the comea tissue. We believe the most prominently expressed microRNAs 

will be revealed in the identification process, as discussed in Chapter 10. 

Because degraded RNA appears as short fragment and may affect microRNA 

identification, we evaluated the RNA integrity of the comea and iimbal tissues using 

bioanalyser before the actual experiments. As shown in Figure 9.9, the typical integrity 

of our RNA samples usually bears a more than 1.3 ratio of 28S to 18S，and an RNA 

integrity number (RIN) above 7. This value appears reasonable for the human comea 

specimen, which was generally stored in Optisoi at for a few days before the 

comea transplant. In addition, purity of the RNA samples was assessed using 

Nanodrop 1000. We proceeded only those RNA samples with OD260/280 ~ 2 and 

OD260/230 > 2 for the identication experiments, as described in Chatper 10. 
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Figure 9.1. Schematic diagrams showing the isolation of corneal epithelial 

progenitor cells from the cornea tissue. Cow's eyes were used in demonstrating this 

method for easy visualization. (1) Remove extraocular muscle and other connective 

tissues on the eyeballs. (2) Make a slit on the sclera. (3) Collect anterior segment. (4) 

Remove lens and iris. (5) Remove endothelium. (6) Separate central cornea and 

peripheral cornea. (7) and (8) Incubate tissue at dispase for 16 hours at 4°C to collect 

corneal epithelium and limbal epithelium, respectively. 
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Figure 9.2. Schematic diagram showing the set-up for collecting a cell population 

enriched with single corneal epithelial progenitor cells. 



10̂  
AnnexinVFITC-A 

Cow Cornea-Rim 

I iiniij J I iMiii| I I iiiiii| I I mm| 
10̂  10̂  

FSC-A (A) 

I iitiii|~~I \ �uiiii~I I iiiiii[~~i'Tnini[ 
10， 10。 10* 10® 

FSC-A 

SK LEE 

10̂  ™r 
10� 

l l l l l l t > 
FSC-A (C) 

Figure 9.3. Cell and apoptosis pattern of isolated single cells. 

Representative results showing size of the single cells collected from (A) peripheral 

and (B) central cornea regions, and apoptosis pattern of cells collected from (D) 

peripheral and (E) central cornea. (C) Scatter plot denoting the size of single cells 

collected from intact cornea. Quadrants Ql , debris; Q2, late apoptosis; Q3, viable; Q4, 

early apoptosis. 
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(C) Murine Cornea Rim-ABCG2 

Figure 9.4. ABCG2 staining on cornea epithelial cells. (A-C) The size of cornea 

epithelial progenitor cells stained with ABCG2 (FITC) were small. (A) unstained 

control; (B) isotypic control; (C) ABCG2 stained cells. (D) Bar graphs showing the 

percentage of FITC positive cells in the unstained，isotypic control (IC) and ABCG2 

treated cells. * p < 0.05, n =3, One Way ANOVA with Bonferroni's Multiple 

Comparison. 
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Figure 9.5. Efficiency of Pyronin Y (PY, 250 ng) staining at 15，30 and 45 mins. 

Quadrants Ql , PY+PI- cells; Q2, PY+PI+ cells; Q3, PY-PI- cells; Q4, PY-PI+ cells. 

Treatments Ctr, Control; PY, Pyronin Y. 
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Figure 9.6. Efficiency of Rhodamine 1,2,3 (10 ng) staining at 15，30, and 45 mins. 

Quadrants Ql , Rhol23+PI- cells; Q2, Rhol23+PI+ cells; Q3, Rhol23-PI- ceils; Q4, 

Rhol23-PI+ cells. Treatments Ctr, Control; Rhodamine-1,2,3, Rhol23. 
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Figure 9.7. The four parameter gating for isolating corneal epithelial progenitor 

cells from mouse. PI, gate for all cells negatively expressing connexin 43; P2, gate 

for all PI cells that positively expressing ABCG2; P3, gate for all P2 cells that 

positively expressing Notchl; P4, gate for all P3 cells that positively expressing 

pyronin Y; P5, gate for all P3 cells that negatively expressing pyronin Y. 
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Figure 9.9. Chromatogram showing the RNA integrity of our human cornea rim 

sample. The ribosomal RNA 18S and 28S peaks are located at around 39 and 46 

seconds on the x-axis, respectively. FU: florescence unit, s: time in second. 
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10 
Identification of microRNAs in the limbus 

10.1. Housekeeping microRNAs are present in limbus 

To identify limbal specific microRNAs, we first evaluated whether microRNAs were 

actually present in the limbus and cornea regions. We assessed the level of several 

housekeeping microRNAs, including hsa-let-7a, hsa-miR-16, and hsa-miR-26b 

(Davoren et al.，2008) using real time polymerase chain reaction (qPCR). As shown in 

Figure 10.1, 10.2，and 10.3, which respectively represents the qPCR results of 

hsa-let-7a, hsa-miR-16, and hsa-miR-26b, the housekeeping microRNAs expressed as 

early as the threshold cycle (CT) 21，indicating the presence of microRNAs in the 

human cornea rim. 

10.2. Selected embryonic stem cells specific microRNAs are not present in 

limbus 

We next evaluated whether limbus contains any ES cell specific microRNAs. We 

selected several ES cell specific microRNAs for our study (Houbaviy et al., 2003; Suh 

et al., 2004), namely, hsa-miR-302a (Card et al., 2008), hsa-miR-302d (Li et al., 2009b; 

Tsai et al., 2009), hsa-miR-320, hsa-miR-338, hsa-miR-371 (Wilson et al.，2009), 
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hsa-miR-372, hsa-miR-373 and hsa-miR-373# (Qi et al., 2009). However, we could 

detect neither their expression in the limbus nor cornea region (Table 10.1). Together 

with the immunostaining results, CEPC may not possess phenotypes that pertain to 

embryonic stem cells. 

10.3. Ocular specific microRNAs are not differentially expressed in limbus 

Human cornea rim is part of the ocular tissues. We further assessed whether ocular 

specific microRNAs were expressed in our limbus and cornea specimens. We selected 

three microRNAs, including miR-182, miR-184, and miR-204 whose expression in 

eyes have been reported in different mammalian systems. In mouse embryos, miR-204 

and miR-184 could express in the retina (Deo et al., 2006; Karali et al., 2007) and 

corneal epithelium, respectively (Karali et al., 2007). In adult mouse, it has been 

demonstrated that miR-182 expressed in the retina (Jin et al., 2009; Ryan et al., 2006), 

miR-184 in the basal and the immediately suprabasal cells of corneal epithelium, and 

miR-204 in lens epithelial cells (Ryan et al., 2006). In a human system using cultured 

epidermal keratinocytes, high expression of miR-184 was identified (Yu et al., 2008). 

Although these microRNAs have been reported in both murine and human system, and 

in both embryonic and adult tissues, their expression and specificity in the limbal 

region is yet unknown. Here we showed that the expression of miR-182 was higher in 

limbus when compared to cornea, though no statistical significance could be obtained 

(p = 0.3865) (Figure 10.4). Conversely, we detected no observable and statistical 

difference in the expression of miR-204 between cornea and limbus tissues (p > 0.05) 
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(Figure 10.5). For the expression of miR-184, we observed an observable difference in 

cornea when compared to the limbus, but such difference was not statistically 

significant (p > 0.05) (Figure 10.6). In summary, the currently known ocular specific 

microRNAs did not differentially express in limbus of the human cornea. 

10.4. Identification of novel microRNAs differentially expressed in limbus 

Based on the mentioned results, we postulated that limbus residing the CEPC might 

contain a novel and distinct set of microRNAs. We performed microRNA microarray 

to identify the possible microRNA candidates in the iimbus region. By analyzing four 

sets of microRNA microarray experiments and by plotting a volcano plot that arrange 

genes along dimensions of biological and statistical significance (Figure 10.7)，we 

found that eleven microRNAs (hsa-miR-136, hsa-miR-373*, hsa-miR-150, 

hsa-miR-143, hsa-miR-455, hsa-miR-145，hsa-miR-381, hsa-miR-224, hsa-miR-338, 

hsa-miR-154, hsa-miR-377) were downregulated by more than 2 folds in the cornea 

when compared to limbus, while two microRNAs (hsa-iniR-122a and hsa-miR-425-3p) 

were upregulated by more than 2 folds when comparing cornea to limbus likewise. 

The functions of these microRNAs have been individually reviewed. miR-136 is 

known to involve in early erythroid commitment (Choong et al.，2007) and is highly 

expressed in parthenotes (Cui et al., 2009). These two reports have suggested a 

possible role of miR-136 in stem cells and have been supported recently by Liu et al, 

whom successfully associate miR-136 to embryonic stem cell regulation (Liu et al., 
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2009a). miR-373* is cancer specific because it is downregulated in childhood B-cell 

precursor acute lymphoblastic leukemia (Ju et al., 2009) but highly expressed in 

retinoblastoma (Zhao et al., 2009). miR-338 is essentially another cancer specific 

microRNA. Reports have suggested that it is downregulated in hepatocellular 

carcinoma (Huang et al., 2009), is upregulated in oral carcinogenesis in hamster model 

(Yu et al., 2009), is upregulated in squamous cell carcinoma (SCC) of the tongue 

(Wong et al., 2008), and is closely associated with relapse-free and overall survival 

among patients with gastric cancer (Xu et al.，2009b). Over-expression of miR-338 in 

the axon also markedly decreases cytochrome c oxidase IV expression, mitochondrial 

functional activity, and the uptake of neurotransmitter into the axon (Aschrafi et al., 

2008; Kaplan et al., 2009). miR-150 has been studied in a variety of dieases. Reports 

have suggested that it is differentially expressed in sepsis, (Vasilescu et al., 2009) 

upregulated in hepatocellular carcinoma (Magrelli et al., 2009), downregulated in 

circulating leukocytes in an in vivo model of acute inflammation (Schmidt et al., 2009), 

downregulated in polycythemia vera (Bruchova et al., 2007; Bruchova et al., 2009), 

and is upregulated in B-cell chronic lymphocytic leukaemia/small lymphocytic 

lymphoma (Wang et ah, 2008a). Its relation with stem cell can be exemplified by the 

observation that overexpression of miR-150 in hematopoietic stem cells could greatly 

impair mature B cell formation or function (Zhou et al., 2007). Besides, miR-150 has 

also been reported as a crucial partner for c-Myb for embryonic development (Lin et 

al., 2008). miR-455 and miR-381 have been known for their roles in cell maintenance. 

miR-455 has been shown to participate in cell development through its enhanced 

expression during brown adipocyte differentiation (Walden et al., 2009), while 
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miR-381 is essential for activity-dependent dendritic outgrowth of hippocampa! 

neurons (Khudayberdiev et al., 2009). miR-224 has been reported in both cancers and 

stem cells. Studies have shown that increased expression of miR-224 could associate 

with colorectal cancer progression (Amdt et al., 2009), could be detected in highly 

invasive and metastaticpancreatic ductal adenocarcinomas (Mees et al., 2009), and 

could enhance the migration and invasion of HepG2 cells in an in vitro system (Li et 

a l , 2009a). miR-224 could also express in prostate cancer by perineural cancer cells 

(Prueitt et al., 2008) and in benign and malignant hepatocellular tumors (Ladeiro et al., 

2008). Besides, osteogenesis of the unrestricted somatic stem cells has also been 

correlated to miR-224 (Schaap-Oziemlak et al., 2009). miR-154 is similar to miR-224 

by link up with tumors and stem cells. It is up-regulated in squamous cell carcinoma 

( s e e ) of the tongue (Wong et al., 2008) and associated with karyotype in acute 

myeloid leukaemia (Dixon-Mclver et al., 2008). Their stem cell relation can be 

demonstrated by its downregulation in fetal brains with prenatal ethanol exposure 

(Wang et al.，2009c), the participation in common myeloid/erythroid progenitor 

commitment (Choong et al., 2007) and upregulating in neonatal mouse and fetal 

human lung (Williams et al., 2007). Likewise, miR-377 is related to cell maintenance 

by being upregulated in lung tumors (Melkamu et al., 2009) and upreguiated during 

growth arrest states (Maes et al., 2009). In addition, overexpression of miR-377 in 

diabetic nephropathy can indirectly lead to increased fibronectin protein production 

(Wang et al., 2008c). miR-143 and 145, on the other hand, are the only clustered 

microRNAs that we have identified in our microarray experiments. This clustered gene 

has been known for its specificity in cancers, especially they are down-regulated in 
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oral squamous cell carcinoma (Yu et al.，2009), human gastric cancers (Takagi et al.， 

2009), nasopharyngeal carcinoma (Chen et al.，2009a) and colorectal cancers 

(Motoyama et al.，2009; Wang et a l , 2009a). They also involve in the regulation of 

smooth muscle cells by switching its quiescent versus proliferative phenotype (Cordes 

et al., 2009), modulate cytoskeletal dynamics and responsiveness of smooth muscle 

cells to injury (Xin et al., 2009), and reverse its differentiation phenotype that occurs 

during vascular disease (Elia et al., 2009). They partake in other cellular maintenance 

processes which include prolonging the cell survival of hematopoietic stem cell of the 

umbilical cord blood (UCB) cell lineages by being downregulated (Merkerova et al., 

2009)，and associating with endometriosis via its upregulation (Ohlsson Teague et al., 

2009). On the contrary, miR-122a is one of the two microRNAs that are upregulated in 

the cornea tissue from our microarray results. Reports have shown that it is 

hepato-specific and is down-regulated in human hepatocellular carcinoma (HCC) by 

targeting the cyclin G1 mRNA (Gramantieri et al., 2007). However, there is no known 

report suggesting the functions of miR-425-3p, another cornea specific microRNA in 

our experiment; though its major form, niiR-425, may guard brain differentiation (Gal 

et al., 2008). 

Because the thirteen microRNAs generated from our microarray results have shown to 

engage in various cellular maintenance processes including those sustaining the 

homeostasis of stem cells, it is possible that all of them may actually participate in 

cornea epithelial progenitor cell regulation. Nevertheless, by investigating individual 

microarray data (Figure 10.10 to 10.16), we observed that hsa-miR-143 (Figure 10.8) 
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and hsa-miR-145 (Figure 10.9) were the most differentially expressed when compared 

limbus to cornea; numerically, there was more than 1000 fold changes in three of the 

four pairs of specimens. We therefore speculated that hsa-miR-143 and hsa-miR-145 

are the most likely microRNA candidates for regulating CEPC. Further literatures 

supporting their biological roles were presented in Table 10.4 and 10.5. 

miR-21 is a well studied microRNAs that has been known as cancer specific (Table 

10.2) and can involve in a number of biological processes (Table 10.3). Recently, it has 

been reported as a stem cell specific microRNA (Singh et ai., 2008a). From our results, 

it was differentially upregulated in limbus in three of the six pairs of sample; the 

numerical values of such differential expression were also more than two thousand 

fold in two of the samples (Figure 10.6). We have therefore included it in our study 

likewise. 
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Figure Expression of the housekeeping microRNA hsa-Set-7a in 

limbal tissue, n = 8. 
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i Cornea Limbus 

Tissue 

Figure 10.2. Expression of the housekeeping microRNA 

and limbal tissue, n = 8. 
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Cornea Rim 

Tissue 

Figure 10.3. Expression of the housekeeping microRNA hsa-miR-26b in cornea 

and limbal tissue, n = 8. 
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Table 10.1. The expression of several ESc specific microRNAs were undetectable. 

mic roRNA Reference Thresho ld cyc le 

hsa--miR- 302a (Suh et a • ’ 2004) Undetectable 

hsa--miR- 302d (Suh et a 2004) Undetectable 

hsa-•miR- 320 (Suh et a 2004) Undetectable 

hsa--miR- 338 (Suh et a 2004) Undetectable 

hsa-•miR- 371 (Suh et a 2004) Undetectable 

hsa-•miR- 372 (Suh et a 2004) Undetectable 

hsa--miR- 373 (Suh et a • ’ 2004) Undetectable 

hsa--miR- 373# (Suh et a 2004) Undetectable 
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Figure 10.4. Real time PCR quantification of the ocular specific hsa-iniR-182 in 

human cornea and limbal tissue. Mann Whitney U-test, p < 0.05 considered 

statistical significant. 
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Figure 10.5, Real time PCR quantification of the ocular specific hsa-miR-204 in 
human cornea and limbal tissue. Mann Whitney U-test, p < 0.05 considered 

statistical significant. 
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Figure 10.6. Real time PCR quantification of the ocular specific hsa-miR-184 in 

human cornea and limbal tissue. Mann Whitney U-test, p < 0.05 considered 

statistical significant. 
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Figure 10.8. Scatter plot comparing the expression of hsa-miR-143 in four pairs of 

cornea and limbal RNA. * p < 0.05, Mann Whitney U Test. 
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Figure 10.9. Scatter plot comparing the expression of hsa-miR-145 in four pairs of 

cornea and Hmbal RNA. * p < 0.05, Mann Whitney U Test. 
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Figure 10.10. Scatter plot comparing the expression of hsa-iniR-338 in four pairs of 

cornea and limbal RNA. * p < 0.05，Mann Whitney U Test. 
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Figure 10.11. Scatter plot comparing the expression of hsa-miR-373* in four pairs 

of cornea and limbal RNA. * p < 0.05，Mann Whitney U Test. 
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Figure 10.12. Scatter plot comparing the expression of hsa-miR-377 in four pairs of 

cornea and limbal RNA. * p < 0.05, Mann Whitney U Test. 
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Figurel0.13. Scatter plot comparing the expression of hsa-miR-136 in four pairs of 

cornea and limbal RNA. * p < 0.05, Mann Whitney U Test. 
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Figure 10.14. Scatter plot comparing the expression of hsa-niiR-154 in four pairs of 

cornea and limba且 RNA. * p < 0.05, Mann Whitney U Test. 
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Figure 10.15. Scatter plot comparing the expression of hsa-iniR-445 in four pairs of 

cornea and limbal RNA. * p < 0.05，Mann Whitney U Test. 
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Figure 10.16. Scatter plot comparing the expression of hsa-miR-21 in six pairs of 

cornea and limbal RNA. * p < 0.05, Mann Whitney U Test. 
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11 
Confirmation of candidate limbal 

microRNAs 

11.1. Comparative Ct method is used in quantifying miRNA expression 

To confirm the expression level of the three candidate microRNAs, we performed 

Taqman microRNA assay which utilized qPCR for validation. Figure 11.1 is a 

representative figure showing the cycle threshold of the housekeeping U6 and 

microRNA of interests. We adapted the comparative Ct method for calculating the 

expression level of microRNA, which is that Ct of U6 is subtracted by Ct of 

microRNA to obtain a ACt value. The ACt of a specific microRNA in the limbus and 

the cornea region is then plotted on a scatter plot. Because the lower the Ct value (also 

the normalized ACt), the stronger the expression, the scatter plots from Figure 11.2 to 

11.5 and in the succeeding chapters will read like the lower the position of the dots, the 

higher the expression value. For Ct higher than 35, we regarded them as undetectable. 

11.2. U6 is the most suitable housekeeping RNA 

To select the most suitable housekeeping for our study, we compared different 

housekeeping microRNAs and small nucleolar RNA (snRNA) in eight different human 

149 



SK LEE 

cornea rims. We found that U6, a non-coding snRNA, was the most stable amongst the 

eight pairs of specimens (Figure 11.2), numerically the Ct values were 19.91 土 2.142 

in the cornea tissue and 19.95 土 2.133 in limbal region. The Ct values of hsa-let-7a, 

hsa-miR-16 and hsa-miR-26b, however, were 24.30 ±1.12 and 25.26 士 1,36, 23.50 土 

I.88 and 23.87 士 3.17, and 25.65 士 3.68 and 24.27 土 4.43 in cornea and limbus tissues, 

respectively. We therefore favored U6 as our housekeeping RNA and will applied in 

all microRNA qPCR assays. 

II.3. Confirming the expression level of candidate miRNAs 

Expression levels of the candidate microRNAs in limbus and cornea were confirmed 

by qPCR. Results showed that the ACT of hsa-miR-143 is 5.89 土 0.80 in the limbal 

epithelium and 11.09 土 0.87 in the cornea epithelium (p = 0.0006，Mann Whitney 

U-test) (Figure 11.4), while that of hsa-miR-145 is 4.53 土 0.72 and 10.19 士 0.66 (p = 

0.0004，Mann Whitney U-test) (Figure 11.5) in the limbal and cornea epithelium, 

respectively. Biologically these ACT values represented an upregulation of miR-143 

and miR-145 in the limbus region by an average of more than 700 fold, confirming the 

microarray results that we have previously obtained. Although the expression of 

hsa-miR-21 was not statistically significant as shown from our microarray results, we 

could secure a significant difference in the ACT values of limbus (2.79 土 0.35) and 

cornea (7.44 土 1.55) (p = 0.0028, Mann Whitney U-test). This has a biological 

meaning that upregulation of miR-21 was observed in limbus when compared to the 

cornea. 
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11.4. Confirming the spatial distribution of candidate miRNAs 

To localize the three candidate microRNAs, we performed in situ hybridization on the 

frozen cornea rim sections using locked nucleic acid (LNA)-modified oligonucleotide 

probes. Results showed that miR-21, 143 and 145 were distributed in the litnbal region 

with gradation of expression level along the basai-suprabasal line. In particular, the 

expression of miR-21, when comparing to the other two candidate microRNAs, 

appeared relatively strong in both the cornea and limbus regions, which is 

inconcordance with the qPCR results (with low ACTs respectively of 6.09 土 4.64 and 

3.04 士 1.04 in the cornea and limbal epithelium). On the contrary, the expression of 

miR-143 was fairly subtle in both the cornea and limbus, as respectively agreed by the 

median ACTs of 10.72 士 2,87 and 7.05 土 2.65. When comparing the expression of 

miR-145 to miR-21，the expression was equally potent but more specific in the limbal 

region (hsa-miR-145: ACTs of 4.28 土 2.38 in limbus, hsa-miR-21: ACTs of 3.04 士 1.04 

in limbus). This suggests that miR-145 may be a more faithful microRNA in stem cell 

regulation when comparing to miR-21 and 143, Indeed reports have suggested that 

miR-21 participates in a wide range of cancers and biological activities, and is 

therefore a more general microRNA in cellular processes (See the review in Table 10.2 

to 10.3). Although miR-143 and miR-145 is in the same cluster and often co-expresses 

in colorectal cancer, their pathway does not overlap (Arndt et al.’ 2009). This indicates 

the different functions of miR-143 and miR-145 even though they are co-express in a 

single tissue and even single cell. Because our results showed that the expression of 

miR-145 is far more specific and potent than miR-143 in the limbal basal and 
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suprabasal regions, miR-145 may be the chief CEPC regulator of the miR-143/145 

cluster. To further elucidate the role of the microRNA candidates especially miR-145 

in cornea epithelial cells, we performed the functional studies in Chapter 12. 
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Delta Rn vs Cvcle 

1314 1516 1718 19 20 21 22 23 24 25 

Cycle Number 

30 31 32 33 34 

Figure 11.1. Representative real time PGR results showing the expression level of 

the housekeeping RNA, U6 and candidate microRNA, miR-x. CT, cycle threshold. 
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p = 0.0028 

Comea Limbus 
Tissue 

Figure 11.3. Expression level of hsa-miR-21 in the cornea and limbus region, 

illustrated by ACT. * p < 0.05，Mann Whitney U test. 
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P = 0.0006 

u 
Cornea Limbus 

Tissue 

Figure 11.4. Expression leyel of hsa-iniR-143 in 1 

illustrated by ACT. * p < 0.05’ Mann Whitney U test. 
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P = 0.0004 
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Figure 11.5. Expression level of hsa-niiR-145 in the cornea and limbus region 

illustrated by ACT. * p < 0.05, Mann Whitney U test. 
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Functional analyses of candidate 

microRNAs in human corneal epithelial 

cells 

In this chapter, we performed bioinformatic and literature search and overexpression 

experiments to better understand the functions of the candidate microRNAs. 

12.1. From bioinformatics search 

It has been known that the mature sequences o f miR-21 (Table 12.1), 143 (Table 12.2) 

and 145 (Table 12.3) are perfectly conserved across mammals, as many other miRNAs 

are, and are encoded by single (as in miR-21) to several genes (as in miR-143 and 145). 

The human miR-21 gene is relatively well characterised and has been mapped to 

chromosome 17q23.2 (Table 12.4)，where it overlaps with the protein-coding gene 

V M P l (or TMEM49), a human homologue of rat vacuole membrane protein (Cai et al., 

2004; Fujita et ai., 2008). The human miR-143 and miR-145 genes are clustered 

together within the same chromosomal region 5q31-33 (Table 12.4) and are therefore 

originated from the same transcriptional unit (Akao et al., 2007; Johannsdottir et al., 

2006). It is therefore not surprising for us to observe simultaneous expression of 

miR-143 and 145 at the limbus region. The precursor hair-pin sequences of these 
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candidate microRNAs are presented in Figure 12.1. 

12.2. From literature search 

It has been proposed that microRNAs are ubiquitous in function. Table 10.2 to 10.5 

presents the broad biological functions of miR-21, 143 and 145. Noticeably, most 

functions of miR-143 and 145 are overlapped because they exist in cluster, which is in 

concordance with our current finding that limbus also co-expresses both miR-143 and 

145. Because most o f the known functions of miR-21, 143 and 145 involve 

tumorigenesis, we speculated that these microRNAs may too affect cell proliferation in 

the limbus region for maintaining homeostasis of CEPC. We therefore performed the 

below overexpression study for the better elucidation of our candidates. 

12.3. From over-expression experiments of miR-21,143 and 145 in human 

corneal epithelial cells 

Because of the scarcity of human cornea rim tissues, we utilized human corneal 

epithelial cell transformed by Adeno-12/SV-40 viral sequences, abbreviated below as 

HCE, for our study. Figure 12.2 presents the typical morphology o f HCE in culture, 

which resembled cobblestone appearance and was cohesively organized in small 

colonies as described by Liu et al (L iu et al.，2007). The expression levels o f miR-143 

and 145 were undetectable, while that o f miR-21 remains low when comparing to the 

housekeeping U6 expression (Figure 12.3). 
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We attempted to over-express precursor microRNAs (Pre-miRs) in HCE cells, with the 

rationale that they are small and so are easily transfectable. As assessed by qPCR, the 

transfection efficiency o f pre-miR-21, 143 and 145 were respectively around 50, 1000 

and 1000 folds (Figure 12.3). 

By establishing the transfection method, we next evaluated the in vitro effects o f the 

over-expressed candidates in cell proliferation and morphology. As shown in Figure 

12.4, miR-145 suppressed cell proliferation o f HCE, while scramble control, miR-21 

and miR-143 did not show inhibitory effects on cell growth. By culturing transfected 

cells for seven days (Figure 12.5), colonies resembling those o f holoclones were 

formed in cells transfected with pre-miR-145. The number o f pre-miR-145 treated 

cells, as counted by Trypan blue exclusion assay, was found to be 50 % less when 

comparing to the control. Whether miR-145 transforms the differentiated human 

corneal epithelial cells to become more quiescent requires further elucidation. 

To ful ly confirm the functions o f miR-145, we carried out microarray to evaluate the 

gene and transcript expression o f miR-21，miR-143 or miR-145 overexpressed HCE 

cells. We performed two independent sets o f microarray experiments in which the 

results were summarized by principle component analyses (PCA) using transfection 

experiment as the variables (Figure 12.5, 12.6). PCA on either one o f the two set 

microarray displayed a dispersed expression o f scrambled pre-miR, pre-miR- 21，143 

and 145 transfected cells (Figure 12.5); while PCA on both microarray experiments 
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indicated a more segregated expression among the four treatments in experiment 2 

(Abbreviated as Expt-2 in Figure 12.6). We therefore selected experiment 2 for further 

analysis. By performing cluster analysis to demonstrate how the gene and transcript 

expression pattern relates between the four treatments in experiment 2，we found that 

pre-miR- 143 and 145 transfected cells looked more alike to each other but more 

differed to scrambled pre-miR and pre-miR-21 treated cells (Figure 12.7). This is in 

concordance with the proposal that miR-143 and 145 exist in cluster with overlapping 

functions and downstream genes. By associating the expression pattern o f the 

pre-miR- 21，143, 145 treatments to the scramble control, we obtained a list of 

differentially expressed genes, or entities to be more specific. Numerically, among the 

total 41,078 entities of the microarray, we distinguished a total o f 7,089 entities with 

fold change more than 2. When individually comparing the pre-miR-21 treatment with 

the scrambled pre-miR, there was 1,508 entities bearing 2 or more fold change, while 

the pre-miR-143 and pre-miR-145 treated cells respectively generated 1,721 and 3,860 

entities with 2 or more fold change when associating with the scrambled. These 

numbers implicated that miR-145 possessed the strongest alteration to the gene 

expression profile o f HCE cells when comparing to the other two microRNA 

candidates. This agreed with our cellular experiments in which miR-145 appeared 

critical in silencing cell proliferation in the human corneal epithelial cells but not 

miR-21 and miR-143. 

Next, we manually correlated these differentially expressed entities with the predicted 

targets o f the corresponding microRNA by searchng miRBase, the largest tniRNA 
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prediction database to date. We distinguished from each of the pre-miR-21 -scrambled, 

pre-miR-143-scramble, and pre-miR-145-scramble comparison, there was 

approximately 100 entities that were the prediction targets of the corresponding 

microRNA (Table 12.5, 12.6, 12.7). Among the list, we attempted to validate several 

which we regarded as highly possible targets by using qPCR, as highlighted in purple 

in Table 12.5, 12.6 and 12.7. For the prediction targets of miR-21, we selected FASLG, 

FGF14, PSCA，SOX2，CFH, CFHRl , NFIB and PITX2; for prediction targets of 

miR-143, we picked KRT2, SOHLH2, MAPK7; for prediction targets ofmiR-145, we 

chose IGFIR, PSCA, WNT7A, NFIB, IFNB l , and RARA for validation. Besides, we 

have also included several other genes which was not differentially expressed in the 

two microarray results, including, two canonical stem cell markers OCT4 and KLF4, 

two cancer stem cell markers M D M 2 and MYC, and TGFBI, which involves in 

corneal dystrophy and corneal development and so is cornea specific. However, among 

all these genes, only the upregulation of IFNBl could be verified (a median of 1093 

folds in pre-miR-145 treated cells when compared to the control, p < 0.05) (Figure 

10.9). For the other genes, we either could not obtain detectable expression in all the 

four treatments (we regard CT > 35 as undetectable) or could not discern statistical 

difference between the pre-miR-treated groups and the scrambled control (p > 0.05). 

qPCR results o f KLF4, WNT7A, MDM2，TGFBI, and IGFIR were presented in 

Figure 12.10, 12.11, 12.12, 12.13, and 12.14, respectively; while qPCR results of the 

remaining prioritiesed genes were not shown because their expressions were either 

undetectable or could not discern observable expression difference among all the 

treatment groups. 
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IFNB l is therefore of special interest to us. We discovered a statistically significant 

upregulation o f IFNBl in the presence of high endogenous miR-145，but not miR-21 

or 143, we here speculated a highly possible relation between IFNB l and miR-145, 

which has not been reported elsewhere. A number of studies have indicated the 

downregulation of miR-145 in cancers but upregulation in stem cell maintenance 

(Table 12.11), indicating the negative contribution o f niiR-145 in cell proliferation as 

literally suggested by Akao et al (2007). Other studies have revealed that the 

chromosomal location of IFNB l at 9p21 is frequently deleted or rearranged in a 

number o f human cancers, including leukemia, glioma, neuroblastoma, non-small-cell 

lung carcinoma, and melanoma (Center et al.，1993; Chen et al., 1996; Fountain et al., 

1992a; Fountain et ai., 1992b; Olopade et al.，1992a; Olopade et a l , 1992b; Takita et 

al.，1997; Zhang et al., 1996) implicating the involvement of IFNB l in regulating cell 

proliferation. We therefore postulate a novel correlation that miR-145 inhibit cell 

proliferation through the direct or indirect regulation o f IFNB1. The terms direct and 

indirect are used here because IFNBl is not a prediction target of miR-145, as 

disclosed by the miRBase target prediction algorithm，but microRNAs may activate 

gene expression under veiy special cellular conditions that we may not be aware of 

(Vasudevan et al., 2007). As mentioned, the relation between I F N B l and miR-145 has 

actually never been established, although miR-145, often together with miR-143, is a 

colorectal cancer specific microRNA, and IFNBl has been found as cytostatic factor 

(Zimmer and Thomas, 2002) and inhibitor for carcinoembryonic antigen (CEA) 

secretion in colorectal cancer (Toth and Thomas, 1990). We here are the first to 
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suggest that miR-145 may regulate IFNBl for colorectal cancer metastasis and staging, 

but this is far from the scope that this thesis can be addressed in details. Besides, since 

STATl is the downstream target of IFNBl in the IFNa/p signaling pathway, and we 

have shown that STATl was expressed strongly in the limbal epithelium (Chatper 6). 

We here therefore postulate the possible tight coordination between miR-145, IFNBl 

and STATl, though further experiments are necessary. 

In summary, by using the overexpression miR-145 HCE model, we identified the 

function of miR-145, which is possibly through the upregulation of IFNBl , to inhibit 

cell proliferation for the critical maintainance stem cell queiscence. This study shed 

lights on further correlation study of miR-145 and IFNBl • 



SK
 L

E
E 

T
ab

le
 1

2.
L 

M
at

ur
e 

m
iR

-2
1 

se
qu

en
ce

s 

H
Q

Q
I^

I^
III

III
III

III
III

III
IIQ

Q
^^

I^
I^

Q
Q

IIQ
^ 

pe
rf

ec
tly

 c
on

se
rv

ed
 a

cr
os

s 
sp

ec
ie

s. 

M
a

tu
re

 
S

eq
ue

nc
e 

S
p

e
ci

e
s 

(S
c

ie
n

ti
fi

c 
S

p
e

ci
e

s 
(C

om
m

on
) 

p
t
r
-
-
m
i
R
-
•
2
1 

M
I
M
A
T
0
0
0
2
3
2
1 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Pa
n 

tr
og

lo
dy

te
s 

c
h
i
m
p
a
n
z
e
e 

m
m
l
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
0
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ma

ca
ca

 
mu

la
tt

a 
r
h
e
s
u
s 

m
o
n
k
e
y 

o
a
n
-
-
m
i
R
-
•
2
1 

M
I
M
A
T
0
0
0
7
1
6
0
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Or

ni
th

or
hy

nc
hu

s 
an
at
in
us
 

p
l
a
t
y
p
u
s 

g
g
a
-
-
m
i
R
-
•
2
1 

M
I
M
A
T
0
0
0
3
7
7
4
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ca

ll
us

 
ga

ll
us

 
c
h
i
c
k
e
n 

a
g
e
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
5 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
At

el
es

 
ge

of
fr

oy
i 

s
p
i
d
e
r 

m
o
n
k
e
y 

m
d
o
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
4
0
9
1 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Mo

no
de

lp
hi

s 
do

me
st
ic
a 

o
p
o
s
s
u
m 

p
p
y
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
3
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Po

ng
o 

py
gm

ae
us

 
o
r
a
n
g
-
u
t
a
n 

t
n
i
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
3
0
0
0 

UA
G

CU
UA

UC
AG

AC
UG

G
UG

UU
G

G
C

 
Te

tr
ao

do
n 

ni
gr

ov
ir
id
is
 

g
r
e
e
n 

s
p
o
t
t
e
d 

p
u
f
f
e
r
f
i
s
h 

m
m
u
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
0
5
3
0 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Mu
s 

mu
sc

ul
us

 
m
o
u
s
e 

f 
r
u
--
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
9
9
9 

UA
G

CU
UA

UC
AG

AC
UG

G
UG

UU
G

G
C

 
Fu

gu
 

ru
br

ip
es

 
J
a
p
a
n
e
s
e 

p
u
f
f
e
r
f
i
s
h 

s
s
c
-
-
m
i
R
-
-
2
1 

I
M
I
i
y
i
A
T
0
0
0
2
1
6
5 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Su
s 

sc
ro

fa
 

f
e
r
a
l 

p
i
g
s 

h
s
a
-
-l
ui
R-
-
2
1 

M
I
M
A
T
0
0
0
〇

0
7
6
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ho

mo
 

sa
pi

en
s 

h
u
m
a
n 

r
n
o
-
-
m
i
R
-
-
2
1 

M
I
1
M
A
T
0
0
0
0
7
9
0 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ra

tt
us

 
no

rv
eg

ic
us

 
r
a
t 

P
P
a
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
6 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Pa
n 

pa
ni

sc
us

 
b
o
n
o
b
o 

g
g
o
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
2 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Go

ri
ll

a 
go

ri
ll

a 
g
o
r
i
l
l
a 

c
g
r
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
4
4
1
7 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Cr

ic
et

ul
us

 
gr

is
eu

s 
C
h
i
n
e
s
e 

h
a
m
s
t
e
r 

b
t
a
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
3
5
2
8
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

AC
U 

Bo
s 

Ta
ur

us
 

d
o
m
e
s
t
i
c 

c
o
w 

m
n
e
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
2
3
2
4 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ma
 c
ac

a 
ne

me
st

ri
na

 
p
i
g
t
a
i
l 

m
a
c
a
q
u
e 

c
f
a
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
0
6
7
4
1
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Ca

ni
s 

fa
mi

li
ar

is
 

d
o
g 

e
c
a
-
-
m
i
R
-
-
2
1 

M
I
M
A
T
0
0
1
3
0
2
9
 

UA
G

CU
UA

UC
AG

AC
UG

AU
G

UU
G

A 
Eq

uu
s 

ca
ba

ll
us

 
h
o
r
s
e 



SK
 L

E
E 

T
ab

le
 1

2.
2.

 M
at

ur
e 

m
iR

-1
43

 s
eq

ue
nc

es
 a

re
 p

er
fe

ct
ly

 c
on

se
rv

ed
 a

m
on

g 
va

ri
ou

s 
sp

ec
ie

s. 

l
l
a
-
-
m
i
R
-
•
1
4
3 

M
I
M
A
T
0
0
0
2
2
6
0
 

x
t
r
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
3
6
8
6
 

g
g
o
-
-
m
i
R
-
•
1
4
3 

M
I
M
A
T
0
0
0
2
2
5
8 

m
d
o
-
-
m
i
R
-
•
1
4
3 

M
I
M
A
T
0
0
0
4
1
1
3 

pp
y-

-
m
i
R
-
•
1
4
3 

M
I
M
A
T
0
0
0
2
2
5
9
 

o
a
n
-
-
m
i
R
-
•
1
4
3 

M
I
M
A
T
0
0
0
7
1
4
4 

e
c
a
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
1
3
0
6
3 

p
t
r
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
2
2
5
7 

c
f 
a-

-
m
i
R
-

-1
43

 
M
I
M
A
T
0
0
0
6
6
8
2 

p
p
a
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
2
2
6
1
 

b
t
a
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
9
2
3
3 

d
r
e
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
1
8
4
0 

h
s
a
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
0
4
3
5
 

m
m
u
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
0
2
4
7
 

m
m
l
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
6
2
0
1
 

r
n
o
-
-
m
i
R
-
-
1
4
3 

M
I
M
A
T
0
0
0
0
8
4
9
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CG
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CG
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CG
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

C
 

UG
AG

AU
G

AA
G

CA
CU

G
UA

G
CU

CA
 

La
go

th
ri

x 
la

go
tr

ic
ha
 

Xe
no

pu
s 

tr
op

ic
al

is
 

Go
ri

ll
a 

go
ri

ll
a 

Mo
no

de
lp

hi
s 

do
me

st
le
a 

Po
ng

o 
py

gm
ae

us
 

Or
ni

th
or

hy
nc

hu
s 

an
at
in
us
 

Eq
uu

s 
ca

ba
ll

us
 

Pa
n 

tr
og

lo
dy

te
s 

Ca
n 

is
 

fa
mi

li
ar

is
 

Pa
n 

pa
ni

sc
us

 

Bo
s 

Ta
ur

us
 

Da
ri

o 
re

ri
o 

Ho
mo

 
sa

pi
en

s 

Mu
s 

mu
sc

ul
us

 

Ma
ca

ca
 

mu
la

tt
a 

Ra
tt

us
 

no
rv

eg
ic

us
 

m 
w
o
o
l
l
y 

m
o
n
k
e
y
s 

p
i
p
i
d
 

f
r
o
g 

g
o
r
i
l
l
a 

o
p
o
s
s
u
m 

o
r
a
n
g
-
u
t
a
n 

p
l
a
t
y
p
u
s 

h
o
r
s
e 

c
h
i
m
p
a
n
z
e
e 

d
o
g 

b
o
n
o
b
o 

d
o
m
e
s
t
i
c
 

c
o
w 

z
e
b
r
a
f
i
s
h 

h
u
m
a
n 

m
o
u
s
e 

r
h
e
s
u
s 

m
o
n
k
e
y
-

r
a
t 

16
7 



T
ab

le
 1

2.
3.

 M
at

ur
e 

se
qu

en
ce

s 
of

 in
iR

-1
45

 a
re

 c
on

se
rv

ed
 a

cr
os

s 
va

ri
ou

s 
sp

ec
ie

s. 

SK
 L

E
E 

m
iR

N
A 

A
cc

e
ss

io
n 

N
o 

r
n
o
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
0
8
5
1 

m
d
o
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
4
1
1
6 

g
g
o
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
2
2
6
8 

x
t
r
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
3
6
8
8 

m
m
u
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
0
1
5
7 

m
n
e
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
2
2
7
0 

d
r
e
-
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
1
8
4
2 

c
f 
a 
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
9
8
6
3 

s
s
c 
-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
2
1
2
3 

b
t
a 

-
m
i
R
-
1
4
5 

M
I
M
A
T
0
0
0
3
5
4
2 

it
im
l 
-r
ti
iR
-
1
4
5 

M
I
M
A
T
0
0
0
2
2
6
6 

pp
y 
-
m
i
R
-
-1

45
 

M
I
M
A
T
〇

0
〇

2
2
6
9 

p
t
r 

-
m
i
R
-
-
1
4
5 

M
I
M
A
T
0
0
0
2
2
6
7 

o
a
n 
-
m
i
R
-
-
1
4
5 

M
I
M
A
T
0
0
0
7
1
4
1 

e
c
a 
-
m
i
R
-
-
1
4
5 

M
I
M
A
T
0
0
1
3
0
6
4 

h
s
a 

-
m
i
R
-
-
1
4
5 

M
I
M
A
T
0
0
0
0
4
3
7 

M
a

tu
re

 
S

eq
u 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

 C
C

 U
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

 C
C

 U
U

 

G
U

C
C

A
G

U
U

U
U

C
C

C
A

G
G

A
A

U
C

C
C

U
 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
UU

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
UU

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
UU

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
UU

 

G
U

C
C

A
G

U
U

U
U

C
C

C
A

G
G

A
A

U
C

 C
C

U
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

G
UC

CA
G

UU
UU

CC
CA

G
G

AA
UC

CC
U

 

Sp
ed
 

Ra
tt
us
 

no
rv
eg
ic
us
 

Mo
no
de
lp
hi
s 

do
me
st

ic
a 

Go
ri
ll
a 

go
ri
ll
a 

Ke
n 

op
us
 

tr
op
ic
al
is
 

Mu
s 

mu
sc
ul
us
 

Ma
ca
ca
 

ne
me
st
ri
na
 

Da
ri
o 

re
ri
o 

Ca
n 

is
 

fa
mi
li
ar
is
 

Su
s 

sc
ro
fa
 

Bo
s 

Ta
ur
us
 

Ma
ca
ca
 

mu
la
tt
a 

Po
ng
o 

py
gm
ae
us
 

Pa
n 

tr
og
lo
dy
te
s 

Or
nl
th
or
hy
nc
hu
s 

an
at

in
us

 

Eq
uu
s 

ca
ba
ll
us
 

Ho
mo
 

sa
pi
en
s 

S
p

e
ci

e
s 

(C
om

m
on

 

r
a
t 

o
p
o
s
s
u
m 

g
o
r
i
l
l
a 

p
i
p
i
d 

f
r
o
g 

m
o
u
s
e 

p
i
g
t
a
i
l 

m
a
c
a
q
u
e 

z
e
b
r
a
f
i
s
h 

d
o
g 

w
i
l
d 

b
o
a
r 

d
o
m
e
s
t
i
c 

c
o
w 

r
h
e
s
u
s 

m
o
n
k
e
y 

o
r
a
n
g
-
u
t
a
n 

c
h
i
m
p
a
n
z
e
e 

p
l
a
t
y
p
u
s 

h
o
r
s
e 

h
u
m
a
n 



SKLEE 

Table 12.4. Chromosomal coordinates of microRNAs according to UCSC Genome 

Browser. 

.croRNAs Chromosomal 
hsa--mir--145 5 : 148, , 7 9 0 , , 4 0 2 - 1 4 8 , 7 9 0 , , 489 [+] 

hsa--mir--143 5 : 148, , 7 8 8 , , 6 7 4 - 1 4 8 , 7 8 8 , , 779 [+] 

hsa--mir--21 1 7 : 55, , 2 7 3 , , 4 0 9 - 5 5 , 2 7 3 , z 180 [+] 
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(A) (C) 

B 

Cifiitlallit -32. -44.S Ilnlilally CinitiAllsi 

Figure 12.1. Precursor hair pin sequence of (A) hsa-iniR-21, (B) hsa-miR-143 and 

(C) hsa-miR-145. 
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,夕: 
‘ -V 

0 2C kC ec CC 130 

Figure 12.2. Morphology of human corneal epithelial cell line used in our study. 

Bar, 100 ^im. 



" 3 " 3 

Figure 12.3. Transfection efficiency of Pre-miRs in human cornea] epithelial cell 

line. Amplification plots comparing the expression level of (A) miR-21, (B) miR-143, 

and (C) miR-145 in transfected cells (left curves) and untreated HCE cells (right 

curves). 
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Treatment 
**p <0.001，Two-way ANOVA, with Bonferroni Post-test 

Figure 12.4. miR-145 affects cell proliferation in human corneal epithelial cells. 

One way ANOVA, p < 0.05. 
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• [numPrinqpalComponeritŝ  [4]] 

Q 

. a - 、 众 Z 

Figure 12.6. Principle Component Analysis of (A) Experiment 1 and (B) 

Experiment 2 microarray. 
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Expt-l-Pre*mR-143 

Expt-l-Pre-miR-14S 

Expt-l-Pre-miR-21 

Expt-l-Scrambte 

Expt-2-Pre-miR-143 

Expt-2-Pre-miR-145 

Expt-2-Pre-miR-21 
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p < 0.05 

SCR 21 143 145 

Treatment 

Figure 12.9. qPCR validation of IFNBl expression in scrambled pre-miR (SCR), 

pre-miR-21 (21)，pre-miR-143 (143) and pre-miR-145 (145) transfected HCE cells. 

Kruskal Wallis test, * p < 0.05. 
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KLF4 

21 143 145 

Treatment 

Figure 12.10. qPCR validation of KLF4 expression in scrambled pre-miR (SCR), 

pre-iniR-21 (21)，pre-miR-143 (143) and pre-miR-145 (145) transfected HCE cells. 

Kruskal Wallis test, * p < 0.05. 
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WNT7A 

21 143 145 

Treatment 

Figure 12.11. qPCR validation of WNT7a expression in scrambled pre-miR 

(SCR), pre-miR-21 (21)，pre-miR-143 (143) and pre-iniR-145 (145) transfected 

HCE cells. Kruskal Wallis test, * p < 0.05. 
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MDM2 

SCR 21 143 

Treatment 
145 

Figure 12.12. qPCR validation of MDM2 expression in scrambled pre-miR (SCR), 

pre-miR-21 (21)，pre-miR-143 (143) and pre-miR-145 (145) transfected HCE cells. 

Kruskal Wailistest, * p < 0 . 0 5 . 
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TGFBI 
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Treatment 

Figure 12.13. qPCR validation of TGFBI expression in scrambled pre-miR (SCR), 

pre-miR-21 (21)，pre-miR-143 (143) and pre-miR-145 (145) transfected HCE cells. 

Kruskal Wallistest, * p<0.05. 
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IGF1R 

21 143 145 

Treatment 

Figure 12.14. qPCR validation o f lGFlR expression in scrambled pre-miR (SCR), 

pre-iniR-21 (21), pre-miR-143 (143) and pre-miR-145 (145) transfected HCE cells. 

Kruskal Wallistest, * p<0.05. 
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Part IV 
Further Study and Conclusion 
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Further Study 

13.1. Significance and Overview 

The findings presented above shed lights on the possibility that limbus specific 

microRNA possess regulatory functions on CEPC. However, further experiments are 

suggested for depicting the roles of these candidates in details, which includes, 

(a) confirming the role o f miR-145 on IFNBI upregulation by protein analysis; 

(b) elucidating the downstream or upstream genes in pathways that IFNBI involved 

(IFN/Toll receptor pathways, Role of AP-1 in regulation of cellular metabolism, 

and IFN alpha/beta signaling pathway); 

(c) validating the remaining miRNA prediction targets obtained from the gene and 

transcription microarray; 

(d) characterising miR-21, 143 and 145 over-expressed cells through the 

transfection o f GFP-conjugated Human pre-microRNA Expression Construct 

(SBI); 

(e) long term culture of human CEPC for expanding the therapeutic application of 

our candidate miRNAs to be the functional marker for CEPC culture before 

transplant; 

(f) characterizing CEPC which is sorted by the four parameter sorting method as 
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described in Chapter 7; 

(g) defining the role of miR-145 as a small molecule therapeutics in cell based 

treatment; 

(h) discerning the role of miRNAs, possibly miR-21 and 143, in toll-like receptor 

regulation in cornea neovascularisation model; 

(i) comparing the expression of miR-145 in limbal epithelium to miR-145 

expression in colorectal tumors - because colorectal cancer also originates from 

epithelial cells but lining the gastrointestinal tract. We hope to shed lights on 

one of our long term goals of the present microRNA study, which is to use 

limbal epithelial stem cells, or CEPC that we have been using in this thesis, to 

be the model cell for understanding better cancer biology (Please refer to 

Chapter 5, section 5.2.3). 

Of the above eight suggestions, a number of them have actually been underway and 

the methods are setting up. Some of the set ups are worth discussion here. 

13.2. Characterising miR-21，143 and 145 over-expressed cells through the 

transfection of GFP conjugated human pre-microRNA expression 

construct 

Although the use of short double stranded precursor microRNA in the present study 

has enabled efficient transfection, we are unable to identify the cell which has high 

endogenous amount of the transfected microRNA and which has a change in 
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morphology and or protein expression. As the next step to validate our findings, we 

performed transfection by using GFP-conjugated human pre-microRNA expression 

lenti-vector construct for overexpressing microRNAs. From our preliminary results， 

we found that the transfection efficiency for expression lenti-miR-143 and 

lenti-niiR-145 constructs was less than 1 % in HCE cells. But in cells transfected with 

Ienti-miR-145, we discerned a few populations of cells which resemble colony 

morphology as depicted in Figure 11.1 in Day 3. The protocol needs further 

optimization. 

13.3. Setting up the long term culture of human corneal epithelial cells 

Cornea is always precious especially in the Chinese population. Cultured CEPC has 

been used as a source of cells for treating limbal stem cell deficiency. However, CEPC 

must be characterized before transplanting onto patient's eye. We attempt to establish 

microRNA as one of the markers for assessing CEPC quality before transplantation. 

Furthermore, we would like to evaluate any change in miRNA expression in long term 

culture for better understanding CEPC biology. To begin with, we have reviewed all 

the media that are currently available for CEPC culture, including CNT20, CNT30, 

CNT50, defined KSFM, KSFM supplemented, SHEM and LS medium. From Figure 

11.2, we observed that CEPC cultured in CNT20 for two weeks could grow cohesively 

into a colony (Figure 11.2A). However, for CEPC cultured in other media, for example, 

SHEM, were more wide spread and polarized. Figure 11.3A-D shows the morphology 

and characteristic o f human CEPC culturing in CNT20 medium for four weeks. We 
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noted that the cells remained proliferative and cobblestone shape, expressed stem cell 

marker vimentin (Figure 11.3C) and alpha-enolase (Figure 11.3D) but not the 

differentiation marker Cx43 (Figure 11.3B). On the contrary, we discerned that SHEM 

induced expression of differentiation marker CK3/12 in human CEPC culture (Figure 

11.3E). As shown in Figure 11.4，HCE cells cultured in CNT20 for four weeks could 

maintain Notch 1 expression, as substantiated from the the immunostaining and 

Western blot analysis. In addition, after four weeks culture of the primary human 

CEPC in CNT20, half o f the cells could abid to GO/Gl phase (red peak in the 

histogram of Figure 11.5) and preserved their proliferation potential. We therefore wi l l 

use CNT20 as our medium for culturing human CEPC in further experiments. 

13.4. Defining the role of miRNAs in toll-like receptor regulation in cornea 

neovascularisation model 

Being the most external ocular surface，cornea has its own rapidly deploy able innate 

immune system to evade pathogens. Important components of this immune system 

include the physical barrier to pathogen entry, the presence of antimicrobial molecules 

in the tear f i lm, and pattern recognition receptors such as the cellular toll-like receptors 

(TLRs). Activation of TLRs promotes the release of cytokines, chemokines, and other 

molecules, which participate in inflammatory responses that coupled with increase 

vascular permeability and blood f low to the affected area, initiated by regional 

vasodilation and followed by enhanced angiogenesis to facilitate the wound healing 

process (Frantz et al., 2005). Two microRNAs are now known to be the regulator of 
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TLRs, including miR-105, which modulates TLR2 protein expression in human oral 

keratinocytes (Benakanakere et al.，2009), and let-7i, which controls TLR4 in human 

biliary epithelial cells (Chen et a l , 2007a), Giving these miRNAs regulate TLRs 

exclusively in cells belonging to the epidermis, we here speculate that microRNAs 

may also regulate TLRs in mammalian corneal epithelial cells and may shed light on 

the unexplained role of miR-21 and 143 in limbal epithelium in this study. 

To begin with, we first set up a chemical injury model as a cause for cornea 

neovascuiarisation and so angiogenesis in the cornea. Figure 11.5 shows the 

procedures that we have established. Briefly, right eye of the anesthetized mice was 

dipped in silver nitrate and potassium nitrate at appropriate concentration for less than 

10 seconds. Any excess chemicals were washed away in large amount o f water and the 

mice were warmed during recovery period. After five days when cornea angiogensis 

appeared, we collected the singlet cornea epithelial cells by using the procedures as 

described in Chapter 2. The cells were analysed by f low cytometry to observe any 

changes in cell size and TLR expression between the untreated and injuried eye. As 

shown in Figure 11.6，we found that the expression of TLR2 and TLR6 were increased 

in injuried eye when compared to the untreated control. The FSC and SSC plot in 

Figure 11.7 suggested that cells of larger size, which were likely the central cornea 

epithelial cell that we have injuried, were much reduced. In addition, cells stained with 

TLR2 were throughout the collected corneal epithelial cell population; however, cells 

expressing TLR6 were limited to the smaller cell population, which may be the cells at 

the limbus region and so the CEPC. For the other TLRs, including TLR3 and 4, we 
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could not obtain observable difference between the untreated and injuried eye, though 

its expression has been reported in cornea inflammation (Johnson et al., 2008; 

Rodriguez-Martinez et al., 2006). 

Interestingly, co-expression of TLR2 and TLR6 substantiates the theory that TLR2 

form heteromers with TLR6 to attain specificity for the diverse bacterial iipopeptides 

repertoire (Ozinsky et al., 2000; Takeuchi et al., 2001). Hise et al stated that activation 

of TLR2/TLR6 responses in the cornea could lead to infiltration of neutrophils to the 

corneal stroma (Hise et a l , 2007), and TLR2 alone or the TLR2/TLR6 complex can 

regulate the production of IFN-gamma (Benson and Ernst, 2009; Weigt et al., 2004), 

which is a molecule pertaining to the family of IFN|3. This results therefore form the 

basis for our further study in defining the roles of microRNAs in corneal TLRs. 
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Figure 13.1. Morphology of cells transfected with human pre-microRNA 

expression construct lenti-miR-145. 
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Figure 13.2. Cells culturing in different media present different morphology. A, 

and B, CNT20, C，CNT30，D, CNT50, E, defined KSFM, F，KSFM supplmented, 

G, SHEM, H, LS medium. Bar, 20)im. 
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A 

C 
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D 

E 

Figure 13.3. Morphology and characteristic of human CEPC culturing in CNT20 

medium for 4 weeks. (A) morphology under phase contrast microscope; 

immunostaining of (B) Cx43, (C) vimentin，(D) alpha-enolase; (E) positive 

immunostaining of CK3/12 of human CEPC culturing in SHEM. Bar, 20 ^m. 
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Figure 13.4. Expression of Notchi in CEPC culturing in CNT20 for four weeks. 

(A) Western blot showing the expression o f Notchi in CEPC culturing in 

supplemented and unsupplmented CNT20 medium; (B) and (C) immunostaining of 

Notchi (green) and DAPI (blue) in CEPC cultured in CNT20 medium , 20x. Bar, 20 

fxm. 
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Figure 13.6. Procedures for inducing chemical injuries in our animal model using 

BALB/c mice. 

(1) Anesthetize mice systemically with 1:1 xylaxine and ketamine and locally with one 

to two drops AlconeTM Alcaine; (2) Soak cotton bud with 75 % silver nitrate and 25 

% potassium nitrate. Apply on the central cornea for aroud 10s; (3) Rinse cornea with 

water; (4) Warm mice under lamp during their recovery period. 
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Figure 13.7. Toll-like receptors 2 and 6 expression in cornea epithelial cells. 

(A) Flow cytometry histogram analysis showing the expression of Toll-like receptors 2 

and 6 in untreated control and injuried cornea. (B) Bar graph showing the percentage 

of cells expressing TLR2 in untreated and injuried cornea. (C) Bar graph showing the 

percentage of cells expressing TLR6 in untreated and injuried cornea, n=2. 
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Figure 13.8. Flow cytometry analysis showing the relations of cell size and 

toll-like receptor expression in injuried and untreated cells. 

A to D represents forward scatter (FSC) and side scatter (SSC) dot plots o f (A，B) 

TLR2 and (C,D) TLR6 in (A’C) untreated control and (B,D) injuried cornea. The blue 

population indicates cells stained positively with either (A，B) TLR2 or (C，D) TLR6. 
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14 
Summary and Conclusion 

In this thesis, series of experiments elucidating the anatomical distribution and 

functional roles of microRNAs on the human cornea rims were performed with the 

aim to testifying the proposition that microRNAs participate in human cornea 

epithelial cell maintenance. To begin with, I first validated the morphology and 

phenotype of the human cornea rims collected from the Chinese Hong Kong 

population, followed by the development of several protocols which aim at enriching 

CEPC for further assays. For the first time a four parameter cell sorting system was 

devised which was envisaged as a useful tool in the prospective in vitro study. 

Likewise, three novel microRNAs (hsa-miR-21, 143 and 145) were identified to be 

precisely upregulated in the limbus region. Functionally miR-145 was shown to inhibit 

cell proliferation and generate small discrete ball-like colonies resembling holoclones 

in differenting human cornea epithelial cells. The downstream target of miR-145 was 

identified to be interferon beta 1 ( IFNBl) . These unprecedented results suggest 

miR-145 a faithful candidate for CEPC maintenance especially among the other two 

limbal microRNAs singled out in this thesis, possibly with the main function to inhibit 

cell growth through the indirect regulation of IFNB1 or its related pathway. Further 

research on the upstream and downstream target of IFNBl are suggested, with the 

perspective to open up and decipher a novel cellular pathway that miR-145 is 
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participated. The regulatory functions of miR-145 on cell proliferation and survival 

has also suggested it a possible eyedrop therapy for limbal stem cell deficiency. Since I 

have also established the relations between miR-145, IFNBl and cancer from 

literatures and our experimental results, miR-145 may be a useful switch in controlling 

the aberrantly regulated cancer stem cells. Further study on miR-145 in both healthy 

and cancerous limbal cells may help to unravel the myths of the origin of tumors cells 

and so to devise therapy in combating with the formidable cancers. 
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