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at The Chinese University of Hong Kong in July 2010 

Abstract 

Age-related macular degeneration (AMD) is a major retinal disease leading 

to severe visual impairment and even irreversible blindness in people aged 50 or 

above in the developed world. At present, it affects about 50 million people 

worldwide. Genetic studies play pivotal roles in understanding the pathogenesis of 

AMD, but only few studies have been reported. Previous genome-wide association 

studies pinpointed complement factor H (CFH) on lq31 and high temperature 

requirement factor A1 {HTRAl) on 10q26 to be the AMD-associated genes even 

though the disease-causing genes in these loci are still unknown. This thesis describes 

the molecular analysis of CFH and HTRAl to affirm their association with exudative 

AMD. 

A mutation screening analysis was conducted on CFH and HTRAl genes in 

163 Chinese exudative AMD patients and 390 unrelated control subjects. Both CFH 

(rs800292; p = 0.00056) and HTRAl (rsl 1200638; p = 1.74 x lO]】）genes were 

associated with exudative AMD. Significant additive effect of CFH (rs800292) and 

HTRAl (rsl 1200638) was found (odds ratio = 23.3), In addition, a HTRAl variant 

(34delCinsTCCT) was identified to be significantly associated with exudative AMD 

(p == 0.002), of which the variant allele was more frequently found in control subjects 

(7.9%) than in AMD patients (1.2%). The protective effect of this variant on 

exudative AMD was confirmed by a haplotype analysis that the variant allele was 

located in the protective haplotype. Transfection of variant in human retinal pigment 
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epithelial (RPE) ceil line, ARPE-19, was further shown to improve cell viability and 

reduce the apoptosis, when compared to wildtype protein. By bioinformatics analysis, 

the variant with a serine insertion at the position is predicted to influence the 

signal peptide recognition. The transfection study revealed that the variant protein was 

more localized in the endoplasmic reticulum, which was unlike the wildtype protein 

in the Golgi apparatus, and the secretion of variant was retarded. 

To establish the association of HtrAl with AMD pathogenesis, the 

interaction of HtrAl with other AMD-associated proteins was investigated. A 

screening study of human vitreous humor from 55 patients revealed for the first time 

that HtrAl levels were positively related to vascular endothelial growth factor (VEGF) 

levels in vivo, especially in patients with retinal detachment (Pearson's correlation 

coefficient test; r = 0.835，/? = 2.14 x 10'̂ ), which is related to stress and inflammatory 

responses. The association of HtrAl and VEGF with stress and inflammation was 

further validated as HTRAl and VEGFA expressions were simultaneously upregulated 

in primary human fetal RPE cells upon tunicamycin and DTT treatments. However, 

proteasome inhibitor, MG132, unexpectedly downregulated both gene expressions. 

Nevertheless, no direct interactive effect between HtrAl and VEGF was observed in 

vitro. Finally, HtrAl-promoted RPE cell apoptosis suggests a mechanism for HtrAl 

on AMD development. Results in this thesis provide the support for HTRAl as an 

AMD-associated gene through a combination of genetic and functional studies. 
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摘要 

年齡相關性黃斑變性 (AMD)是在發達國家伍十歲或以上人群中導致嚴重 

視力損傷甚至失明的一種主要視網膜疾病。據統計，全球約有伍千萬人受此病影 

響。基因學研究在對AMD發病機制的探討中起到重要的作用，但僅有少數相關的 

研究被報導。全基因組相關性研究指出染色體 l q31上的CFH反10c i26上的HTRA1 

是A M D的相關基因，但上述位點的致病基因尚未明確。本論文通過閣述C F H知 

HTRA1的分子分析來證實其與渗出性AMD之間的相關性。 

本研究對1 6 3位渗出性A M D患者及3 9 0位對照組進行突變薛查。統計學 

结果顯示（：/’̂ ^ ( r s800292 ; /H) .00056)和 HTRA1 ( r s l l200638; /7= l . 74x10 丨‘）的多 

態性與渗出性AMD相關，且具有肯定的相加作用（機會比率=23. 3 ) � 此 外 ， 本 研 

究發現一個位於双r似/基因上的變異（34delCinsTCCT)與渗出性AMD相關，此變 

異上的等位基因在對照組出現的頻率（7. • )明顯高於渗出性A M D患者（1 . 2 % ) �單 

倍體型分析確認了這個變異位於保護性單倍體上以及其保護作用。在將此變異轉 

染到視網膜色素上皮細胞株 (ARPE-19)後發現，與野生型相比，攜帶變異的細胞 

其存活率提高並且洞亡率降低’從而進一步證實以上结論。通過生物訊息分析發 

現，這個變異導致在12號位點絲胺酸的插入可影響訊號肽的識別，同時轉染研 

究揭示了此變異比野生型更集中於内質網而非高爾基體，使其對外分泌作用受阻 

礙 ° 

為證實H t r A l與A M D發病機制之間的相關性，本論文對5 5位患者的活體 

玻璃體樣本進行研究，並探討HtrAl與其他AMD相關蛋白的相互作用。本研究首 

次揭示活體玻璃體的HtrAl水平與血管内皮生長因子 (VEGF)水平呈正相關，在應 

激及炎症相關性視網膜脫離病人中尤其明顯（ P e a r s o n ’ s 相 關 係 數 測 試 ； 



r二0. 835，p=2.14x10力。在經衣霉素與二硫蘇糖醇處理的人胚胎視網膜色素上皮 

細胞内，HTRA1和厂石，^？/：^的表達同時上調，這進一步確認它們與應激及炎症的相 

關性。然而，本研究發現蛋白酵抑制劑MG132可使它們的表達下調。不過，在體 

外研究中未能觀察到H t r A l與V E G F的直接相互作用� H t r A l促使的細胞调亡提 

示了 Ht rAl在AMD發病機制中的作用。本論文結合基因及功能研究證實了 

是AMD的相關基因。 
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Chapter 1: Introduction 

1.1 Retina, light perception and visual pathway 

Eye is the organ in vertebrates for visual perception, which requires a sophisticated 

and well-engineered system for the missions to be performed accurately, rapidly and 

reliably in the natural environment. Retina, lining the interior of the eye, is a transparent 

neural tissue for light reception. Mature retina is composed of six types of neurons, one 

type of epithelial cell and one type of glial cell, all of which are derived from a single type 

of retinal progenitor cell, the neuroblast, in a sequential order. The six types of neurons 

(from posterior to interior: the rod and cone photoreceptors, the amacrine cells, the 

horizontal cells, the bipolar cells and the retinal ganglion cells) form a characteristic 

laminar structure with 11 layers (from posterior to interior: pigment epithelium, outer 

segment and inner segment of photoreceptors, outer limiting membrane, outer nuclear layer, 

outer plexiform layer, inner nuclear layer，inner plexiform layer, ganglion cell layer, nerve 

fibre layer and inner limiting membrane) (Cajal SR, 1892; reviewed in Glickstein M, 1969) 

(Figure 1.1). The neuron distribution in the retina is non-random and forms a 

crystalline-like order, mosaics (reviewed in Galli-Resta L et al, 2008). The central retina, 

called fovea or macula, which contains a dense population of cone photoreceptors, is 

responsible for the color vision. 

Distant light rays from the environment enter the eye through the refraction and 

convergence by the cornea and the lens, and fall on the back of retina. The light energy 

activates the photopigments, opsin or rhodopsin, and causes the isomerization of ll-c/5 

retinaldehyde to sXX-trans (reviewed in Ritter E et al, 2008). This leads to hyperpolarization 

and generation of electrical signals in the photoreceptors, which diverge and transmit the 

electrical signals to the horizontal cells and the bipolar cells at the synapses in the outer 
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plexiform layer (reviewed in Bloomfield SA and Dacheux RF, 2001; Field GD and 

Chichilnisky EJ, 2007; Balasubramanian V and Sterling P, 2009). After the information 

processing among the bipolar cells, the amacrine cells and the horizontal cells in the inner 

nuclear layer, the electrical signals are passed from the bipolar cells and the amacrine cells 

to the retinal ganglion cells at the synapses in the inner plexiform layers (reviewed in Field 

GD and Chichilnisky EJ, 2007; Balasubramanian V and Sterling P，2009). The electrical 

signals from the retinal ganglion cells are converged in and transmitted through the optic 

nerve to the primary visual centres, superior colliculus or dorsal lateral geniculate nucleus, 

in the brain (reviewed in Glickstein M, 1969; van Essen DC et al，1992; Schulte D and 

Bumsted-0‘Brien KM, 2008). The generated vision cooperates with centres for motor 

control and cognitive processing, allowing the vertebrates to learn, react and response. 

Human retina is able to receive light signal accurately and completely from the 

environment because of three cone types and a single rod type cells with different peak 

sensitivities for the full spectrum of visible light (reviewed in Bloomfield SA and Dacheux 

RF, 2001; Jacobs GH, 2008). In addition, different subtypes of intermediate neurons and 

retinal ganglion cells (at least 10 types of bipolar cells, 30 types of amacrine cells, 2 types 

of horizontal cells and 17 types of retinal ganglion cells) further compute the visual signal, 

allowing precise information passing to the brain (reviewed in Field GD and Chichilnisky 

EJ, 2007). Recently, a newly characterized retinal ganglion cell type, independent of cone 

and rod photoreceptors，is able to receive light signal by melanopsin and responsible for 

circadian rhythm of the biological clock (reviewed in He S et al, 2003). 

1.2 Retinal diseases 

Retina is the tissue within the eye responsible for light perception. Diseased or 

damaged retina would weaken the reception of the light and lead to vision loss or even 
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blindness. This is mainly caused by the death of neurons or separation of retina from the 

retinal pigment epithelium. There are a great number of retinal disease，including retinitis 

pigmentosa, glaucoma, diabetic retinopathy, retinal detachment, macular hole, age-related 

macular degeneration, and etc. 

Retinitis pigmentosa is one of the subset of hereditary degenerative diseases, 

affecting 1 in 4000 individuals. Retinitis pigmentosa is characterized by a classic pattern of 

difficulties in dark adaptation and night blindness in adolescence, loss of mid-peripheral 

visual field in young adulthood and central vision in later life, which are due to the severe 

attenuation of rod and cone photoreceptors (reviewed in Hartong DT et al, 2006). The inner 

nuclear layer is fairly preserved, but many of them would degenerate later in the disease 

(reviewed in Hartong DT et al, 2006). 

Diabetic retinopathy is the most common cause of vision impairment in 

working-age adults in the developed countries. It can be subdivided into non-proliferative 

and proliferative retinopathy. The retinal changes include the formation of retinal capillary 

microaneurysms, development of excessive vascular permeability, vascular occlusion， 

proliferation of new blood vessels and accompanying fibrous tissue on the surface of the 

retina and optic disk, and contraction of the fibrovascular proliferations and the vitreous 

(reviewed in D'Amico DJ, 1994; Wood AJ，1999; Gariano RF and Gardner TW, 2005). 

Retinal detachment, a separation within the retina between the photoreceptors and 

RPE, is characterized by the collection of fluid or blood in this area. Rhegmatogenous 

retinal detachment is defined as the presence of a hole or break in the retina that allows 

fluid from vitreous cavity to enter the subretinal space (reviewed in D'Amico DJ, 1994). 

Rhegmatogenous detachment is distinguished from traction detachment, in which the intact 

retina is forcibly elevated by contracting membranes on the surface of retina or by vitreous 

traction on areas of retinal neovascularization (reviewed in D'Amico DJ, 1994). 
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Rhegmatogenous retinal detachment is originated from retinal holes or as a result of 

subsequent scar formation. Retinal detachment would also initiate inflammatory and stress 

responses (Zacks DN et al, 2006; Hollbom M et al, 2008). Failure in surgery for 

rhegmatogenous detachment will cause the development of membranes on the retina, with 

reopening of retinal breaks and subsequent recurrent detachment, a condition known as 

proliferative vitreoretinopathy (reviewed in D'Amico DJ, 1994). 

Macular hole is a full-thickness defect of retinal tissue involving the anatomic 

fovea of the eye. Macular hole was originally believed to be traumatic in young eyes; 

however’ idiopathic, age-related macular hole represents more than 80% of cases 

(McDonnell PJ et al，1982). A mechanism of idiopathic macular hole is proposed as 

"involutional macular thinning" (Morgan CM and Schatz H, 1986). Firstly, choroidal 

vascular changes lead to altered submacular choroidal vascular perfusion, leading to focal 

foveal, retinal and pigment epithelial changes. The vascular changes then lead to cystic 

degeneration of the retina (Coats Q 1907)，producing permanent structural changes in the 

fovea or in the RPE and resulting involutional macular thinning. Finally, vitreous traction 

on thinned foveal tissue produces the macular hole (reviewed in Ho AC et al, 1998). 

Recently, with the application of optical coherence tomography, the understanding and 

management of macular hole have been improved, such as monitoring precursor lesions and 

progression，staging of macular hole, differentiating simulating lesions, and assisting in 

evaluating the results of surgery (Altaweel M and Ip M，2003). 

Age-related macular degeneration (AMD), firstly described as "symmetrical 

central choroido-retinal disease occurring in senile persons" (Hutchinson J et al, 1874), is 

the leading cause of irreversible blindness in people aged 50 years or above in the 

developed world, affecting about 50 million people worldwide (Pascolini D et al, 2004; 

Congdon N et al, 2004). AMD is a disease influencing the central portion of the retina，the 
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macula, on which the diagnosis of AMD relies, irrespective of visual acuity (Bird AC et al, 

1995). In the Hong Kong Chinese population, AMD was observed in 5.9% of subjects aged 

40 years or above (Van Newkirk MR, 1997), which is similar to 5.6% in Beijing (Li Y et al, 

2008), but in contrast to 10.1% in Taiwan (Chen SJ et al, 2008). The overall prevalence of 

advanced AMD is projected to increase by more than 50% by the year 2020 (Friedman DS 

et al, 2004). Traditional AMD treatments, including ocular photodynamic therapy (Donati 

G et al, 1999) and vitreoretinal surgeries [surgical extraction of CNV (Hawkins BS et al, 

2004), macular translocation surgery (Mmthyunjaya P et al, 2004) and subretinal tissue 

plasminogen activator injection combined with intravitreal air injection (Haupert CL et al, 

2001)] can limit visual loss, but not a cure of the disease. Currently, the most common 

treatment, intravitreal injection of anti-angiogenic agents, such as pegaptanib sodium 

(Macugen) (Gragoudas ES et al, 2004)，ranibizumab (Lucentis) (Rosenfeld PJ et al, 2006) 

and bevacizumab (Avastin) (Spaide RF et al, 2006), prevents the progression of the disease, 

with limited vision improvement. Therefore, in-depth understanding the pathological 

mechanisms of AMD is important for the development of new and safe therapies against 

this sight-threatening disease. 

1.3 Pathology of age-related macular degeneration 

The clinical hallmark and characteristic physical sign of AMD is the appearance of 

pale yellowish lesions, called drusen, during funduscopic examination (reviewed in 

D'Amico DJ, 1994; de Jong PT, 2006; Jager RD et al, 2008). This acellular, polymorphous 

debris is focally deposited between the RPE and Bruch's membrane. Drusen have a core of 

glycoproteins (Hageman GS et al, 2001; Rudnew A, 1871)，and their outer domes contain 

crystallins, chaperone proteins, apolipoprotein E, vitronectin and other inflammatory 

proteins (Crabb JW et al, 2002; Nakata K et al，2005; Umeda S et al, 2005). Drusen become 
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visible on ophthalmoscopy when their diameter exceeds 25 jim (Sarks SH et al, 1999). 

Drusen are categorized as small (<63 |im in diameter), medium (63 to 124 jim), or large 

(>124 ixm) according to an international classification and grading system (Bird AC et al, 

1995). The diameter of large drusen, on ophthalmoscopic examination, is roughly 

equivalent to the caliber of a retinal vein coursing towards the optic disk. Besides, drusen 

are also categorized as hard or soft on the basis of the appearance of their margins (Bird AC 

et al, 1995). Hard drusen have discrete margins while soft drusen are usually large with 

indistinct edges and confluent. Drusen are ubiquitous in people over 50 years of age and are 

considered as a part of normal aging. Therefore, an eye with few small, hard drusen is not 

regarded as having AMD (reviewed in Jager RD et al, 2008). 

According to the international classification and grading system of age-related 

maculopathy and AMD (Bird AC et al, 1995), early AMD is characterized by drusen or by 

hyperpigmentations or small hypopigmentations, without visible choroidal vessels 

(reviewed in de Jong PT, 2006). The larger the drusen, the greater the covered area, and the 

larger the areas of hyperpigmentation and hypopigmentation of the RPE in the macula, the 

higher the risk of late AMD (Klein R et al, 2002). Late AMD is divided into two forms: 

"dry" and "wet". Dry (atrophic, non-exudative or non-neovascular) AMD, also named as 

geographic atrophy, starts with a sharply demarcated round or oval hypopigmented spot that 

is often juxtafoveal and in which large choroidal vessels are visible (reviewed in de Jong PT, 

2006). The initial symptoms of dry AMD are usually indicated by gaps in an image. Serous 

or hemorrhagic fluid that causes the neuroretina or the RPE to detach from Bruch's 

membrane is the first sign of wet (exudative or neovascular) AMD, also called choroidal 

neovascularization (CNV) (reviewed in de Jong PT, 2006). The fluid originates from the 

subretinal neovascular membrane. The detachment disturbs the fine arrangement of 

photoreceptors and causes metamorphopsia, the first symptom of wet AMD. New subretinal 



vessels tend to grow toward the fovea, and more extensive hemorrhages and scars can 

appear within days or months. 

Excess drusen can lead to damage of RPE, which is important for regeneration of 

bleached visual pigments, formation and maintenance of the inter-photoreceptor matrix and 

Bruch's membrane, transport of fluids and nutrients between photoreceptors and the 

choriocapillaries, and phagocytosis of photoreceptors (reviewed in de Jong PT, 2006; Jager 

RD et al, 2008). Each RPE cell sheds about 3000 disks from 30 photoreceptors daily (Bok 

D and Young RW, 1979). The contents of phagolysosomes are incompletely degraded 

within acid lysosomal compartments and the residual bodies are the substrates for 

lipofuscin formation (reviewed in de Jong PT, 2006). Accumulation of lipofuscin imposes 

an ever-increasing burden on RPE cells; however, RPE cells have a limited capacity to 

sequester malfunctioning cytoplasm before delivering it to lysosomes (Streeten BW, 1961). 

The autophagic process of RPE cannot handle the immense amount of metabolic waste that 

accumulates within RPE cells before the onset of late AMD (reviewed in de Jong PT, 2006). 

Moreover, the number of RPE cells diminishes with age, increasing the phagocytic burden 

on the remaining cells (reviewed in de Jong PT, 2006). 

Bruch's membrane, beneath the RPE, has three layers: a central elastic layer 

encompassed by two collagenous layers. The elastic layer is one third to one fifth as thick 

in the fovea as in the peripheral retina, lowering the tissue resistance for centripetal growth 

of wet AMD (Chong NH et al, 2005). Moreover, Bruch's membrane calcifies, doubles in 

thickness between the ages of 10 and 90 years (Ramrattan RS et al, 1994)，and concentrates 

with lipid in later years (Bird AC and Marshall J, 1986). Furthermore, basal laminar 

deposits and membranous debris, considered as precursors of AMD, in Bruch's membrane 

cause a sharp reduction in fluid and nutrient transport across the membrane (Starita C et al, 

1996)，and instigate chronic local inflammation (Cousins SW et al, 2004). Abnormalities in 
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collagen or elastin in Bruch's membrane, the outer retina, or the choroid may also 

predispose to AMD development (Mameros AG et al, 2007). 

Consequently, damage to the RPE and a chronic aberrant inflammatory response 

can lead to geographic atrophy and the expression of angiogenic cytokines, such as vascular 

endothelial growth factor (VEGF) (reviewed in D'Amico DJ, 1994; de Jong PT, 2006; 

Jager RD et al, 2008). Subsequently, CNV develops and is accompanied by increased 

vascular permeability and fragility. CNV may extend through breaks in Bruch's membrane 

and lead to subretinal hemorrhage, fluid exudation, lipid deposition, RPE detachment from 

the choroid and appearance of fibrotic scars (Hageman GS et al，2001; Zarbin MA，2004; 

Donoso LA et al, 2006; Grossniklaus HE and Green WR, 2006; Anderson DH et al, 2002; 

KijlstraAetal, 2005). 

CNV in AMD belongs to the angiogenic condition of ocular diseases, which is 

regulated by different angiogenic factors. Among the known angiogenic factors, vascular 

endothelial growth factor (VEGF) is widely accepted as the most important single regulator 

in physiological and pathological angiogenesis (Ferrara N, 2002). VEGF，a dimeric secreted 

glycoprotein, is an endothelial cell-specific mitogen, a vascular permeability factor (Keck 

PJ et al, 1989) and a cell survival factor (Nishijima K et al, 2007). Evidences from animal 

models (Baffi J et al, 2000; Spilsbury K et al, 2000) and anti-VEGF therapeutic treatments 

for human patients with ocular vascular diseases (Eyetech Study Group, 2003; Chan WM et 

al，2008) suggested VEGF could be one of the initiators or inducers of neovascularization 

in the eye. Moreover, elevated expression of VEGF in the aqueous and vitreous humors of 

patients with different angiogenic ocular diseases (Tong JP et al, 2006; Wang X et al, 2006) 

indicated prognostic potential of VEGF for the prediction of angiogenic disease progression 

or severity. In addition, angiogenesis is a consequence of the equilibrium between 

stimulation by VEGF and inhibition by pigment epithelium-derived factor (PEDF) 
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(Folkman J，1995). In retina tissue cells, there is a physiological balance between 

angiogenic VEGF and anti-angiogenie PEDF (Ohno-Matsui K et al, 2001). Accordingly, 

PEDF downregulates VEGF expression and inhibits VEGF-induced vascular changes 

(Zhang SX et al, 2006; Tong JP et al, 2006). 

1.4 Genetics of age-related macular degeneration 

AMD is a common late-onset progressive macular disorder. Twin and family-based 

studies have provided compelling evidences for a genetic basis of AMD (Meyers SM, 1994; 

Seddon JM et al, 2003). However, because of phenotypic variability and unavailability of 

large pedigree, mapping AMD loci with classical linkage analysis was not informative. 

Until now, more than 31 loci across multiple chromosomes are linked to AMD (reviewed in 

Haddad S et al, 2006). Apart from a polygenic nature of AMD, the inheritance could be 

influenced by environmental factors, such as smoking, greater body mass index, 

hypertension and chronic inflammation (reviewed in Katta S et al, 2009). Nonetheless, a 

meta-analysis of genome scans of AMD has revealed chromosome 10q26 to be a strongest 

AMD susceptibility locus, whereas chromosomes Iq, 2p, 3p and 16 are likely to contain 

linked loci (Fisher SA et al, 2005). In addition, the approach studying the candidate genes 

for hereditary macular dystrophies, such as Best's (VMD2), Stargardt's (ABCA4) and 

Sorsby's {TIMP3) diseases, which exhibit certain commonalities with AMD, were only able 

to show limited association with AMD (reviewed in Patel N et al, 2008) although some 

mutations were found in ABCA4 (Baum L et al, 2003), VMD2 (Lotery AJ et al, 2000) and 

fibulin-5 genes (Stone EM et al, 2004). 



1.4.1 Association studies 

The development of AMD genetics has been boosted with the application of 

genome-wide association study (GWAS), which attempts to identify disease-causing 

variants by using high-throughput genotyping technologies to assay hundreds of thousands 

of common single nucleotide polymorphisms (SNPs) and relate them to clinical conditions 

and measurable traits (Manolio TA and Collins FS, 2009). If a SNP is associated with a 

disease, the occurrence of the two characteristics will be more often than by chance alone, 

i.e. the associated SNP could be a disease-causing variant or in linkage disequilibrium (LD) 

with a true disease-causing variant. 

The first AMD-associated gene identified by GWAS is the complement factor H 

{CFH) gene on chromosome lq31 (Klein RJ et al, 2005; Edwards AO et al, 2005; Haines 

JL et al, 2005). Significant association of a non-synonymous variant (Tyr402His; rsl061170, 

T>C) in exon 9 of CFH with AMD has been widely replicated in Caucasian populations, 

but not in Chinese and Japanese populations (Table 1.1). The association follows a 

co-dominant, multiplicative genetic model, by which a meta-analysis has shown that 

patients with homozygous CC and heterozygous TC genotypes have 6.32 and 2.50 times 

higher chance to develop AMD than that with homozygous TT genotype, respectively 

(Thakkinstian A et al, 2006). Moreover, the Tyr402His variant represents a population 

attributable risk of 54% in Caucasian (Despriet DD et al, 2006). Furthermore, both advance 

type of AMD (geographic atrophy and neovascular AMD) are equally associated with CFH 

(Magnusson KP et al, 2006). In addition, the Tyr402His variant exhibits decreased binding 

affinity to C-reactive protein (Yu J et al, 2007), which affects the negative control of CFH 

on alternative complement pathway for innate immunity and inflammation (Donoso LA et 

al, 2006). 
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Just after the discovery of association between CFH gene and unrelated AMD 

patients, another locus on chromosome 10q26 was discovered to be associated with Hong 

Kong Chinese exudative AMD patients. The most significant SNP (rs 11200638, G>A) 

resides in the promoter region of high temperature requirement factor A1 (HTRAl) gene 

(Dewan A et al, 2006). The positive association of rsl 1200638 with AMD is replicated in 

different studies (Table 1.2), implying that rsl 1200638 in HTRAl, unlike Tyr402His in 

CFH, can increase the risk of developing AMD in all races. A meta-analysis showed that 

patients with homozygous AA and heterozygous GA genotypes have 6.92 and 2.13 times 

higher chance to develop AMD than that with homozygous GG genotype, respectively 

(Chen W et al, 2009). Similar to CFH, the risk ofHTRAl rsl 1200638 on wet and dry AMD 

is comparable (Cameron DJ et al, 2007). Moreover, the risk allele of rsl 1200638 is more 

prevalent in bilateral than unilateral AMD patients (Chen H et al, 2008). However, the 

functional role of HtrAl on the development of AMD is still unclear although higher 

expressions of HtrAl mRNA and protein were found in the eyes and leukocytes of patients 

with AA genotype compared to that with GG genotype (Yang Z et al, 2006; Tuo J et al, 

2008). 

Apart from CFH and HTRAl, other components of complement system, such as 

complement factor B {BF), complement component 2 {CI) and complement component 3 

(C5), have been suggested to be associated with AMD (Gold B et al, 2006; Yates JR et al, 

2007). Lys9His and Arg32Gln in BF, which are in LD with Glu318Asp in C2, may have a 

protective role in AMD since a higher frequency was observed in the normal Caucasian 

control (Gold B et al, 2006)，whereas Argl02Gly in C3 increases the risk of AMD in the 

British and Scottish cohorts (Yates JR et al, 2007). 
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1.4.2 Common Disease Common Variant versus Common Disease Rare Variant 

Significant association of a common HTRAl promoter SNP (rs 11200638) with 

AMD is consistently observed (reviewed in Chen W et al, 2009); however, extensive 

sequencing around this chromosome 10q26 region has not yet given a definite causal 

variation although some variants in LOC387715 are suggested to be possible mutations 

(Kanda A et al, 2007; Fritsche LG et al, 2008; Wang G et al, 2009). The non-synonymous 

Ala69Ser change in the LOC387715 protein was suggested to affect the presumptive 

function of the protein in mitochondria (Kanda A et al, 2007). Moreover, the LOC387715 

protein with Ala69Ser change is more likely associated with the cytoskeleton in COST cells 

compared with wildtype protein (Wang G et al, 2009). Furthermore, a deletion-insertion 

(indel) polymorphism (c.372_815del443 ins54) in LOC387715 gene removes the 

polyadenylation signal of LOC387715 transcript and mediates rapid mRNA turnover 

(Fritsche LG et al, 2008). However, this indel polymorphism has no correlation with 

LOC387715 mRNA level in human retina and blood samples (Wang G et al, 2010). In 

addition, the indel in LOC387715 gene, rather affecting the LOC387715 mRNA levels, 

together with HTRAl promoter SNP (rs11200638) in the risk haplotype upregulates the 

expression of HTRAl, whereas a nonsense mutation (Arg38X) in a protective haplotype 

leads to loss of LOC387715 mRNA (Yang Z et al, 2010). Therefore, the functions of the 

LOC387715 to AMD are still controversial. 

Considering rs 11200638 alone, it has high contribution at the population level with 

a population attributable risk (PAR) of 57.7%, using the formula of PAR = (observed 

disease incidence - disease incidence in the absence of the genetic variant) / observed 

disease incidence (Bodmer W and Bonilla C, 2008) and considering a recessive mode of 

inheritance of this SNP from our previous genotyping study (Tarn PO et al, 2008). 

Moreover, the contribution of this SNP to the individual's risk is also justifiable with a 
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penetrance of 9.1%, using the formula of penetrance = [disease incidence in the absence of 

the genetic variant x (odds ratio - 1)] / {1 + [disease incidence in the absence of the genetic 

variant x (odds ratio - 1)]} (Bodmer W and Bonilla C, 2008) and considering an odds ratio 

(OR) of 5.2 (Tarn PO et al, 2008). However, the functional aspect of this SNP is only 

known to upregulate the transcription of HTRAl (DeWan A et al, 2006; Yang Z et al, 2006; 

Tuo J et al, 2008, Yang Z et al, 2010). The causal impact of this SNP to AMD is still not 

clear; therefore, it is possible that other variants, which are in linkage disequilibrium with 

this common SNP, can be a causative factor for AMD. 

Recently, there is a debate in the cause of common, multifactorial diseases on 

whether common variants or rare variants would be the actual disease causal factor 

(reviewed in Bodmer W and Bonilla C, 2008; Schork NJ et al, 2009). This issue is raised 

since the ORs in most GWAS only reach 1.2 to 1.5 and the penetrances are also low 

(reviewed in Bodmer W and Bonilla C, 2008; Schork NJ et al, 2009). In contrast, although 

the frequency of rare variants is low, their penetrances are often high and the changes are 

functionally relevant (reviewed in Bodmer W and Bonilla C, 2008; Schork NJ et al, 2009). 

Good examples for rare variants in AMD could be observed from patients with AMD 

containing mutations in ABCA4 (Baum L et al, 2003), VMD2 (Lotery AJ et al, 2000) and 

FIBULIN-5 genes (Stone EM et al, 2004). Unlike other GWAS, the OR and PAR of HTRAl 

discovered by GWAS is high (>5) (Dewan A et al, 2006). However, this does not mean the 

HTRAl common SNP is likely to be a causal variant because common SNP might not be a 

functionally relevant variant due to comparatively recent natural selection (Bodmer W and 

Bonilla C, 2008). An association in GWAS could act as a guide to uncover the effect of a 

closely linked functional variant in LD with the observed associated variant. This suggests 

HTRAl and adjacent genes {LOC387715 and PLEKHAl) could be possible candidates for 

rare variant search. Ultimately, the potential consequences to the function of relevant gene 
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product have to be assessed in order to validate the causal effect of the (common or rare) 

variants. 

1.5 High temperature requirement factor A1 

1.5.1 HtrA family 

High temperature requirement (HtrA) family of protein belongs to the trypsin clan 

SA of the serine proteases, which is characterized by the histidine-aspartic acid-serine 

catalytic triad with two six-stranded p barrel domains (reviewed in Clausen T et al，2002). 

HtrA is defined as SIC endopeptidase within the SA clan and identified by a proteolytic 

domain with at least one C-terminal Postsynaptic density protein 95-Discs large-Zona 

occludens 1 (PDZ) domain (Fallen M and Wren B, 1997). There are over 180 members in 

this ATP-independent family, corresponding to 10% of trypsin-like proteases. 

1.5.1.1 Prokaryotic HtrA 

HtrA was initially identified in Escherichia coli {E. coli) from the observation of 

two phenotypes in corresponding mutants. Mutant of DegP was discovered to be defective 

in breakdown of abnormal periplasmic protein (Strauch KL and Beckwith J，1988) while 

mutant of HtrA failed to maintain bacterial survival at temperatures above 42°C (Lipinska B 

et al，1988). As expected from the sequence analysis, DegP possessed proteolytic activity 

on a number of substrates, including colicin A lysis protein (Cavard C et al, 1989), K88 and 

K99 fimbriae (Bakker D et al, 1991)，MalS (Spiess C et al, 1999)，PapApilin (Jones CH et 

al, 2002), and DPMFKLV-/7«ra-nitroaniline (Hauske P et al, 2009). However, DegP, as a 

general cage-forming protease (Krojer T et al, 2002), is proposed to degrade at least 

partially unfolded substrates (reviewed in Clausen T et al, 2002) instead of cleaving folded 

proteins (Spiess C et al，1999; Kim KI et al，1999; Swamy KH et al, 1983). The proteolytic 
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activity, which is shown to be inhibited by diisopropylfluorophosphate (Lipinska B et al， 

1990) and SPMFKGV-chloromethyl ketone (Hauske P et al, 2009), is independent of ATP, 

pH, reducing agents and divalent cations (Swamy KH et al, 1983). The protease activity 

increases rapidly from 32°C to 42°C in a nonlinear fashion (Skorko-Glonek J et al, 1995; 

Spiess C et al, 1999). Recently, a report showed a hydrolyzed peptide-induced autocleavage 

process after the relief of stress conditions (Jomaa A et al, 2009). At temperatures below 

20°C，however, almost no proteolytic activity is detected. Instead, DegP exhibits molecular 

chaperone activity only at low temperatures (Bass S et al, 1996; Spiess C et al, 1999). The 

protease and chaperone activities appear to be antagonistic to each other (Clausen T et ai, 

2002). 

After initial identification of DegP, sequence-based homology search revealed 

another 2 proteases, named as DegQ and DegS, comprising the HtrA family of proteins in E. 

coli. DegS was identified in the E. coli mutant strains with the small colony phenotype 

under all growth conditions (Bass S et al, 1996; Waller PR and Sauer RT，1996). DegS, as a 

membrane-bound periplasmic protease, is involved in the activation of the a^-stress 

response through the heat stress-induced PDZ domain binding of OMPs and subsequent 

cleavage of the periplasmic domain of RseA (Ades SE et al, 1999; Alba BM et al, 2001; 

Walsh NP et al, 2003). DegQ, as a functional substitute for DegP in overexpressing 

condition (Waller PR and Sauer RT, 1996)，was initially identified as a multicopy E. coli 

suppressor with a pre null mutation (Bass B et al, 1996). Although the physiological 

functions of DegQ remain largely unknown, DegQ is neither heat-inducible nor relevant to 

cell growth under normal conditions (Waller PR and Sauer RT, 1996; Fam J and Roberts M, 

2004). Because of the lack of DegP and DegS, the HtrA homologues in many bacteria are 

more suitable to be considered as DegQ homologues due to the sequence homology with 

Q-liner region in DegQ (reviewed in Kim DY and Kim KK, 2005). In addition to the 
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protease and chaperone activity, HtrA homologues are proposed to be involved in the 

biogenesis and maturation of natural secreted proteins through pro-peptide processing 

(Poquet I et al, 2000; Lyon WR and Caparon MQ 2004; Biswas S and Biswas I, 2005; Cole 

JN et al, 2007). 

1.5.1.2 Eukaryotic HtrA 

Compared with prokaryotes, eukaryotic HtrAs have less information because of 

their relatively recent discovery. There is only one HtrA-like protein in Saccharomyces 

cerevisiae reported, named as Nmall l or Ynm3. Nmall l was identified as a nuclear 

mediator of apoptosis under cellular stress conditions, as overexpression of Nmal l l 

enhances apoptotic-like cell death and yeast cells lacking Nmall l survive better than 

wildtype cells (Fahrenkrog B et al, 2004). Moreover, Nmal 11 is described as a modulator 

of fatty acid metabolism for its role in the use of nonfermentable carbon source (Tong F et 

al, 2006). Furthermore, Ynm3 is a dual chaperone-protease, in which its proteolytic activity 

is crucial for cell survival at higher temperature and the chaperone activity is important to 

improve the efficiency of proteolysis of aberrant proteins (Padmanabhan N et al，2009). 

Until now, Ynm3 is the only eukaryotic HtrA-like member carrying chaperone activity 

(Padmanabhan N et al, 2009). 

Evolution of the chloroplasts of green algae and higher plants from a 

cyanobacterial ancestor by endocytobiosis suggests an ancestory origin of proteases in 

chloroplast (Adam Z et al，2001; Huesgen PF et al, 2006; Sakamoto W, 2006). A total of 

sixteen HtrA homologues have been found in Arabidopsis thaliana, four of which are 

located in chloroplasts (Adam Z et al，2001; Sokolenko A et al, 2002; Huesgen PF et al, 

2005). Similar to its cyanobacterial ancestor (Silva P et al, 2002; Huesgen PF et al，2007), 

the only suggested role for plant Deg proteases is the site-specific fragmentation of 
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photodamaged reaction center D1 protein participated in plant photosystem II under light 

stress (Haupuhl K et al, 2001; Kapri-Pardes E et al, 2007; Sun X et al, 2007a; Sun X et al, 

2007b; reviewed in Huesgen PF et al, 2009). 

The HtrA-like sequences are suggested to enter the lineages of Animal kingdom by 

horizontal acquisition from prokaryotes (Koonin EV and Aravind L, 2002). Different 

animals, such as Xenopus (Montesanti A et al, 2007), Syrian hamster (Zurawa-Janicka D, et 

al, 2008), chick (Oka C et al, 2004; Ferrer-Vaquer A et al, 2008), rabbit (Clouet J et al, 

2009), rat (Bowden M et al, 2009)，mouse (Gray CW et al, 2000; De Luca A et al, 2004; 

Tocharus J et al，2004) and rhesus monkey (Bowden MA et al, 2008) are reported to contain 

HtrA homologues in their genomes. Three HtrA homologous, HtrAl-3, are identified in 

animals. Because of the high sequence homology with human HtrA proteins (>90%), the 

HtrA homologues in different animal species have been used to study the functions with 

respect to human HtrAs, such as cell growth, apoptosis, cell fate determination and 

inflammatory reactions (Clausen T et al, 2002). However, despite sharing high sequence 

homology, expression pattern of HTRAl mRNA in chick is significantly different from its 

mouse homolog (Ferrer-Vaquer A et al, 2008). 

1.5.1.3 Human HtrA 

In human, four members of HtrA family have been identified, named as HtrA 1-4 

(Figure 1.2). HTRAl (PRSSll or L56) is originally identified as a downregulated gene in 

the SV40 oncogenic virus-transformed human fibroblasts (Zumbrunn J and Tmeb B, 1996), 

and subsequently isolated in osteoarthritic cartilage (Hu SI et al, 1998). HtrAl has been 

implicated in different physiological and pathological conditions, such as placentation (Nie 

GY et al, 2003; De Luca A et al, 2003), cancers (Baldi A et al, 2002; Chien J et al, 2004)， 

arthritis (Hu SI et al, 1998; Grau S et al，2006) and age-related macular degeneration 
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(DeWan A et al, 2006; Yang Z et al, 2006). Moreover, HtrAl is reported to be involved in 

TGFP signaling (Oka C et al, 2004) and degradation of several extracellular matrix proteins 

through its protease activity (reviewed in Canfield AE et al, 2007). 

HtrA2 (Omi) was initially identified as an interactive binding partner with 

presenilin-1 in a human fetal brain library. It is upregulated in response to stress induced by 

heat shock and tunicamycin in mammalian cells (Gray CW et al, 2000). HtrA2 contains a 

mitochondrial localization signal in the N-terminus and resides in the mitochondrial 

intermembrane space (reviewed in Vande Walle L et al, 2008). Missense mutations 

(Alal41Ser and Gly399Ser) in the HTRA2 gene are associated with the development of 

Parkinson's disease in human (Strauss KM et al, 2005). Moreover, HtrA2 is associated with 

Alzheimer's disease by interacting with secretase factor, presenillin-1 (Gray CW et al, 

2000), and generating a 28 kDa amyloid precursor fragment (Park HJ et al, 2006). In 

addition, HtrA2 participates in apoptosis by degrading inhibitors of apoptosis protein (lAP), 

such as XIAP and cIAPl leading to activation of caspase 3, 7 and 9 (Yang QH et al, 2003; 

Srinivasula SM et al, 2003). 

HtrA3 was originally identified as a pregnancy-related serine protease，which is 

uniquely regulated at the time of embryo implantation and placental development in mouse 

and human (Nie GY et al, 2003). HtrA3 contains similar structural domains as HtrAl (Nie 

GY et al, 2003). Moreover, HtrA3 has overlapping TGFp binding partners and proteolytic 

substrates with HtrAl (Tocharus J et al, 2004). Furthermore, HtrA3 and HtrAl are 

downregulated in human endometrial cancer (Bowden MA et al, 2006). However, HtrA3 

has a different expression profile from HtrAl (Nie GY et al, 2003; Tocharus J et al, 2004)， 

suggesting a complementary functions with HtrAl in certain types of tissues (Tocharus J et 

al, 2004). 
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HtrA4 (GenBank accession number: NM_153692.3) is a predicted gene according 

to its homology with the HtrA family. HTRA4 gene, located at chromosome 8pll,22, 

contains 8 exons, sharing similar structural domains with HtrAl and HtrA3 (reviewed in 

Clausen T et al, 2002). No biochemical characterization has yet been reported for HtrA4. 

1.5.2 Structure of HtrAl 

The open reading frame of HtrAl contains 480 amino acids with a predicted 

molecular mass of 51 kDa and a calculated isoelectric point of 7.7 (Zumbrunn B and Trueb 

B, 1996). HtrAl protein is characterized and defined by the presence of HtrA domain, 

which is consisted of a proteolytic domain with at least one PDZ domain (Figure 1.3). 

Apart from the HtrA domain, HtrA family members have variable components at the 

N-terminus (reviewed in Clausen T et al, 2002). HtrAl, like HtrA3, but in contrast to HtrA2, 

also contain a signal peptide, a mac25-like/insulin-like growth factor binding protein-like 

domain with Kazal-type trypsin inhibitor motif at the N-terminus. 

1.5.2.1 Signal peptide 

The first 22 amino acids of HtrAl is the most hydrophobic region in the protein 

(Zumbrunn J and Trueb B, 1996) (average hydrophobicity of 1.5455 for signal peptide 

versus -0.1215 for whole HtrAl protein; SOSUIsignal (Gomi M et al, 2004); 

http://bp.nuap.nagoya-u.acjp/sosiii/sosuisignal/). A putative secretory signal peptide is 

suggested (Hu SI et al, 1998), in which residues 1 to 5 represent the N-region of a typical 

signal peptide, residues 6 to 17 represent the H-region and residues 18 to 22 represent the 

C-region, according to the bioinformatics analysis using Phobius (Kali L et al, 2004; 

http://phobius.binf.ku.dk/index.html). The pre-protein is predicted to be cleaved after 

alanine residue 22 and the starting glutamine residue of the mature protein would be 
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converted into pyroglutamic acid, blocking the N-terminus of the polypeptide (Zumbrunn J 

and Tmeb B, 1996). The secretory property of HtrAl signal peptide is confirmed by the 

existence of HtrAl protein in the extracellular supernatant (Hu SI et al, 1998; Ajayi F et al, 

2008; Gilicze A et al, 2007) although intracellular localization of HtrAl was also reported 

(Clawson GA et al, 2008; Chein J et al, 2009b). 

1.5.2.2 Mac25-like/Insulin-like growth factor binding protein-like domain 

The first 140 amino acids at the N-terminus of HtrAl protein is characterized by a 

cluster of 12 conserved cysteine residues (Zumbrunn J and Tmeb B, 1996; Hu SI et al, 

1998). This N-terminus region of HtrAl has a homology of IGFBP3 (Zumbrunn J and 

Tmeb B, 1996) and shows 61% sequence identity (Figure 1.4A). In contrast, a homology to 

mac25, rather than IGFBP3, is suggested from the degree of identity and the motif 

arrangement (Hu SI et al, 1998). The N-terminus of HtrAl has a higher sequence identity 

(81%) with human mac25 protein than IGFBP3 (Figure 1.4B). Moreover，apart from the 

IGFBP-like domain, a conserved Kazal-type serine protease inhibitor motif is identified at 

the end of these 140 amino acid region (Zumbrunn J and Tmeb B，1996; Hu SI et al, 1998). 

Although mac25 is provisionally labeled as IGFBP7 (GenBank accession number: 

NM—001553.1), mac25 is more closely related to follistatin than IGFBP because both 

mac25 and folistatin contain the Kazal-type inhibitor motif (Kato MV et al, 1996). 

Nevertheless, HtrAl preferentially cleaves IGFBP5 than other IGFBP in vitro; however, the 

mac25-like/IGFBP-like domain is not required for the cleavage (Hou J et al，2005). Besides, 

the possibility for IGF-I or IGF-II binding to this domain is extremely low (Hou J et al, 

2005). In addition, the removal of this N-terminus region enhances the proteolytic activity 

of HtrAl towards the substrates (Hou J et al, 2005; Chien J et al，2006), indicating the 

presence of auto-inhibitory property in this region, which might be mediated by the 
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Kazal-type inhibitor motif. However, the function and properties of this region for HtrAl 

remains to be elucidated. 

1.5.2.3 Proteolytic domain 

HtrA domain is characterized by a proteolytic domain followed by at least one 

PDZ domain. The proteolytic domain is chymotrypsin-like and belongs to the SIC type 

endoprotease within the trypsin clan SA of the serine proteases (Fallen M and Wren B, 

1997). The HtrA proteolytic domain is arranged in the histidine-aspartic acid-serine order of 

the catalytic triad with two six-stranded P barrel domain structure (reviewed in Clausen T et 

al，2002). In HtrAl, the catalytic triad is composed of histidine at position 220, aspartic acid 

at position 250 and serine at position 328 (Zumbrunn J and Trueb B, 1996). In addition, the 

proteolytic activity of HtrAl, unlike other proteases, is ATP-independent (reviewed in 

Clausen T et al, 2002). 

A preferred HtrAl cleavage motif (PI’ to P4') is identified as Arg-Pro-Asp-Phe, 

accounting for 13 to 27 % of total primary peptide library (Chien J et al, 2009a). Based on 

this post-proteolytic cleavage motif, a possible HtrAl proteolytic cleavage site (PI to P4) is 

generated as [AlaGluGlyArg] — [LysAlaGlyArg] — [IleAlaMetLysArg] — [TheVlalleAlaLys], 

and the predicted potential substrates containing this motif include tubulins, CD44, ICAMs, 

ABCBs, BESTs, lAPs and caspases (Chien J et al, 2009a). However, the proteolytic domain 

of HtrAl has wide range of in vitro substrates, such as aggrecan, decorin, fibromodulin, 

soluble type II collagen, fibronectin, tubulins, cartilage oligomeric matrix protein, biglycan 

and matrix Gla protein (Tochams J et al, 2004; Murwantoko et al, 2004; Tsuchiya A et al, 

2005; Grau S et al，2006; Hadfield KD et al, 2008; Chamberland A et al, 2009; Chein J et al, 

2009a). HtrAl recognizes the interglobular domain of aggrecan and generates the 

HtrAl-cleaved aggrecan fragments containing the VQTV neoepitope (Chamberland A et 
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al, 2009). Moreover, HtrAl is also able to bind various TGFp family proteins without 

cleavage, including TGFpi, TGFp2, activin, BMP2, BMP4 and Gdf5 (Oka C et al, 2004). 

The proteolytic activity depends strictly on the catalytic triad since mutation of serine 328 

to alanine abolishes the proteolytic acitivity of HtrAl (Hu SI et al, 1998). Furthermore, the 

removal of the N-terminus region of HtrAl enhances the proteolytic activity of HtrAl 

towards the substrates (Hou J et al, 2005; Chien J et al, 2006), indicating a self-regulatory 

mechanism. In addition, HtrAl agonists, such as CPU，a C-terminal hexapeptide derived 

from the C-propeptide of procollagen Hal also enhances the protease activity of HtrAl 

(Chamberland A et al, 2009). Recently, recombinant HtrAl has been reported to cleave 

several RPE secretome, including fibromodulin, clusterin, ADAM9, vitronectin, a-2 

macroglobulin, talin-1, fascin and chloride intracellular channel protein 1 (An E et al, 

2010). 

1.5.2.4 Postsynaptic density protein 95-Discs large琴Zona occuldens 1 domain 

Postsynaptic density protein 95-Discs large-Zona occuldens 1 (PDZ) domain is a 

common protein, which mediates protein-protein interactions through the recognition of 

specific motifs, 4 to 6 amino acid in length, at the C-terminus of target proteins or 

structurally related internal motifs (Harris BZ and Lim WA, 2001; Hung AY and Sheng M， 

2002). In additional to complex assembly, PDZ domains are also involved in the regulation 

of receptor activation and protein trafficking (Hung AY and Sheng M, 2002). HtrA family is 

characterized by the HtrA domain, which is consisted of a proteolytic domain followed by 

at least one PDZ domain (reviewed in Clausen T et al, 2002). Mammalian HtrAl harbors 

only one PDZ domain, which is located at the C-terminus of HtrAl protein. 

Analogous to other PDZ domain structures (Sheng M and Sala C, 2001), the PDZ 

fold in human HtrAl is consisted of a five-stranded p-sandwich (pi - (35) capped by two 
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a-helices (al, a3) (Runyon ST et al, 2007). In addition, two short P-strands are present at N 

and C termini (Runyon ST et al, 2007). Compared to the canonical PDZ fold, PDZ fold in 

HtrAl is cyclically permuted, where the first p-strand of the canonical fold corresponds to 

P5 of PDZ in HtrAl (Runyon ST et al, 2007). From the NMR structure, Tyr382, Ile383， 

Gly384, Met387 and Ser389 are involved in direct contact with the peptide ligand (Runyon 

et al, 2007). Moreover, mutations in Ile415 and 1418 of HtrAl-PDZ result in poor peptide 

recognition (Runyon et al, 2007). Similar to the structure of other HtrA family members, 

the peptide ligand binds to an extended conformation in the cleft between strand pi and 

helix a3 (Runyon et al, 2007). 

From a yeast-two-hybrid analysis, 11 PDZ-binding proteins are identified in 

day-17 mouse embryo and adult mouse brain cDNA libraries. These include collagen type 

III al (Col3al), collagen type I al (Collal), collagen type II al (Col2al), and cw-Golgi 

matrix Golgin subfamily protein (GM130) (Murwantoko et al, 2004). PDZ domain of 

HtrAl recognizes only last 4 ligand positions of C-terminus of target peptide, yielding a 

consensus motif of which � represents 

hydrophobic/non-polar amino acids and X represents any amino acid (Murwantoko et al, 

2004). The consensus sequence for HtrAl-PDZ is different in another study, of which 

aliphatic side chains at position，more promiscuous at position"，Trp/Phe at position' and 

lie at position are highly selected (Runyon et al, 2007) although the preference of overall 

hydrophobic character is conserved. Binding of peptide ligand to HtrAl-PDZ stimulates the 

proteolytic activity, which is similar to the effect of truncating the PDZ domain from HtrAl 

protein, indicating a suppressive function of the unengaged PDZ domain on the proteolytic 

activity (Martins LM et al, 2002; Murwantoko et al, 2004). 
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1.5.3 Localization of HtrAl 

An exhaustive knowledge of the tissue expression pattern and specific subcellular 

localization of HtrAl is an essential requirement for a critical evaluation of the exact role 

for HtrAl in cell homeostasis as HtrAl is involved in several physiological and 

pathological conditions, such as placentation, cancers, arthritis and age-related macular 

degeneration. 

1.5.3.1 Tissue distribution of HtrAl 

Tissue distribution of HtrAl mRNA and protein has been reported in embryonic 

chick (Ferrer-Vaquer A et al，2008), embryonic mouse (Oka C et al, 2004; De Luca A et al, 

2004b; Ferrer-Vaquer A et al, 2008) and adult human (Zumbrunn J and Trueb B, 1996; Nie 

GY et al, 2003; De Luca A et al, 2003). 

In chick embryo, HTRAl mRNA expression is detected throughout the ectoderm 

and in the head development at Hamburger and Hamilton stages (HH) 4-8 (Ferrer-Vaquer A 

et al, 2008). At HH12, the neural crest derived head mesenchyme, the notochord, the floor 

plate, the sclerotome of somites from somite stage IX-X and the primordium of the 

facial-acoustic ganglion shows strong HTRAl expression (Ferrer-Vaquer A et al, 2008). At 

HH15, in addition to the expression at HH12 except the floor plate, HTRAl is expressed in 

the ectoderm on the dorsal side of the forming otic pits, the trigeminal placode, pharyngeal 

pouch endoderm and the endothelium of the dorsal aorta (Ferrer-Vaquer A et al, 2008). At 

HH18, strong HTRAl staining is detected in the nasal pit region, the lens vesicle, the dorsal 

region of the otic vesicle, the core of the first branchial arch, the ectoderm covering the 

second branchial arch, the endoderm of the pharyngeal pouches, all cranial ganglia, the 

endocardial cushion of the heart, the sclerotome of all somites，the tail region of notochord, 

the mesenchyme of developing forelimb, the mesenchyme around developing gut 
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(Ferrer-Vaquer A et al，2008). At HH20, the overall pattern of HTRAl is similar to previous 

stages with expression in the head mesenchyme, a restricted domain of the tegmental 

neuroepithelium, the lens and otocyst epithelium, pharyngeal endoderm, cranial ganglia, 

pharyngeal arches, forelimb and the dorsal midline of the neuroepithelium of forebrain and 

midbrain (Ferrer-Vaquer A et al, 2008). At HH23, addition HTRAl expression is detected in 

the anterior wall of the lens vesicle, the dorsal part of otocyst, the pharyngeal region, the 

dorsal root ganglia and spinal nerves (Ferrer-Vaquer A et al, 2008). At embryonic day (E) 7， 

the lungs, the outflow tract of heart, the dorsal aorta, gut, gizzard and Miillerian duct are 

positive for HTRAl (Ferrer-Vaquer A et al, 2008), Moreover, strong expression is localized 

in regions of the mesenchyme of E8 chicken limbs (Ferrer-Vaque A et al, 2008). 

Furthermore, HTRAl is involved in skin morphogenesis as it is detected in the forming 

feather placodes and the underlying dermis at HH34, and the dermal core of forming 

feathers, but not epithelium, at HH36 (Ferrer-Vaque A et al, 2008). 

Unlike chick at HH4, HtrAl mRNA is localized in the extra-embryonic ectoderm 

adjacent to the ectoplancental cavity and in intra-embryonic mesoderm of E7.5 mouse 

(Ferrer-Vaquer A et al, 2008), which is similar to the presumptive mesoderm location of 

Xenopus HtrAl around the blastopore lip (Hou S et al, 2007). At E8-9.5, HtrAl mRNA and 

protein expressions are restricted to the notochord, neuroepithelial tissues, epithelium of gut 

diverticulum, mesodermal tissue, developing heart，base of allantois, dorsal aorta and 

vitelline artery walls (De Luca A et al, 2004b; Ferrer-Vaquer A et al, 2008). In El 1.5-12.5 

mouse, moderate signal for HtrAl is localized in midbrain, neopallial cortex, epithelium 

surrounding ventricles, pons/midbrain junction, spinal cord, cartilage primordial of different 

bones, the heart, lungs, gonads and skin of the thoraco-abdominal region while intense 

signal is shown in auditory epithelium, olfactory epithelium, dorsal and lumbar root ganglia 

(Oka C et al，2004; De Luca A et al, 2004b). At E14.5, HtrAl is expressed in rudiments of 

25 



tendons, ligaments along the vertebrae and mesenchymal cells surrounding precartilage 

condensations, as well as in specific regions of the neuroepithelium in the forebrain and 

hindbrain (Oka C et al, 2004). In El9 mouse, intense HtrAl protein is expressed in mature 

and outer layers of stratified epithelium of skin, epithelia of esophagus, intestine, urinary 

duct and striated and cardiac muscle while moderate expression is detected in liver and 

brain (De Luca A et al, 2004b). In postnatal day 1 mouse, HtrAl is highly expressed in liver, 

stratified epithelium of skin, epithelium of esophagus, intestine, cardiac and striated muscle 

and spinal cord，and moderately in brain and epithelia of lung and kidney (De Luca A et al, 

2004b). HtrAl expression level is increased from E12 to E16, but remains at the same level 

until birth (Oka C et al, 2004; De Luca A et al, 2004b). 

In normal adult human, low level of HtrAl is found in the mature and outer layers 

of stratified epithelia, such as from esophagus, cervix and vagina，and the stratified 

columnar epithelial of trachea, bronchi and adjacent glands, whereas high expression level 

is in the mature layers of epidermis in the skin, compared to the low level in hair follicles, 

sebaceous glands and sweat glands (De Luca A et al, 2003). Moreover, medium expression 

level is detected in the secretory breast epithelium compared to low level in breast duct 

epithelium (De Luca A et al, 2003). In the gastrointestinal system, intense HtrAl staining in 

the duct cells of the liver, moderate level in the colon epithelia and exocrine portion of the 

pancreas, and low level in secretory ducts of salivary glands, hepatocytes, stomach, 

gallbladder and the endocrine portion of the pancreas are shown (Zumbrurm J and Trueb B, 

1996; De Luca A et al, 2003). In the urinary system, medium level of HtrAl is detected in 

all kidney tubules of cortex and prostate stroma, whereas low expression is shown in the 

tubules of medulla and in the glomeruli (Zumbrunn J and Trueb B, 1996; De Luca A et al, 

2003). In the endocrine system, moderate HtrAl level is found in thyroid follicles, but low 

in cortical cells of adrenal gland (De Luca A et al，2003). The male reproductive system 
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displays low HtrAl level (De Luca A et al, 2003). In contrast, several regions in the female 

reproductive system show intermediate HtrAl levels, including epithelium of proliferating 

endometrium, the basal layer in exocervix and the stroma in ovary (Nie GY et al, 2003; De 

Luca A et al, 2003). Furthermore, greater HtrAl expression is detected in third trimester 

placenta compared with that at the first trimester of gestation (Zumbmnn J and Tmeb B, 

1996; Nie GY et al, 2003; De Luca A et al, 2003; De Luca A et al，2004a). In cardiovascular 

and connective tissues, medium HtrAl level in chondrocytes, endothelial cells and 

fibroblasts and low levels in skeletal muscle cells and myocardial cells are shown 

(Zumbmnn J and Tmeb B，1996; Nie GY et al, 2003; De Luca A et al, 2003). In the nervous 

system, all neurons from different regions of the brain，such as frontal cortex and midbrain 

and cells of the granular level of the cerebellum, as well as perineural and endoneural cells 

of peripheral nerves and ganglion cells and microglial cells display low HtrAl protein 

levels (De Luca A et al, 2003) although moderate HTRAI expression is detected in most of 

the compartments of the brain (Zumbmnn J and Tmeb B, 1996; Nie GY et al，2003). In 

addition, undetectable level of HtrAl is reported in blood cells and several lymphoid tissues 

(DeLucaAetal, 2003). 

In human eye，immunoreactivity of HtrAl is weakly found in the peripheral retina， 

retinal vascular endothelium, internal limiting membrane and RPE (Chan CC et al. 2007; 

Tuo J et al, 2008). In mouse，HtrAl is expressed at the peripheral margin of neural retina 

and RPE at E12.5, in the ciliary body, iris and cornea at E16.5, and additionally, in the 

ganglion cell layer and inner nuclear layer in 8-week adult (Tocharus J et a l , 2004). 

From all the reports, it can be summarized that HtrAl is widely expressed. 

However, variable HtrAl intensities are quantitatively shown in different tissues and 

developmental stages, indicating its highly dynamic nature. 
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1.5.3.2 Subcellular localization of HtrAl 

The l̂ t to 22"^ amino acids of HtrAl are predicted to be the signal peptide for 

HtrAl protein secretion. This is confirmed by the existence of HtrAl protein in 

HtrAl-transfected cell culture medium (Hu SI et al, 1998; Baldi A et al, 2002; Gilicze A et 

al, 2007). Moreover, the extracellular localization of HtrAl is further supported by the 

immunofluorescent pattern of HtrAl-expressed extravillous trophoblast cell line (Ajayi F et 

al, 2008) and mast cells (Gilicze A et al, 2007)，and the immunoelectron microscopy of 

HtrAl in extracytoplasmic space of the stroma of placental villi and the spaces between and 

on the collagen fibers (De Luca A et al, 2004a). However, the secretion of HtrAl is 

suggested to be constitutive rather than stored in secretory granules (Gilicze A et al, 2007). 

In contrast, perinuclear and nuclear staining for HtrAl is reported in a human cervical 

cancer cell line, a human embryonic kidney cell line and a hepatocyte cell line without any 

detectable HtrAl in the culture medium (Clawson GA et al, 2008). Moreover, HtrAl is also 

localized in the cytosol of placental cells (De Luca A et al, 2004a). Recently, a 

microtubule-associated localization for HtrAl has been shown in the ovarian cancer cell 

lines，respectively (Chien J et al, 2009b). These studies imply HtrAl in different cell types 

may have different subcellular localizations, as well as different functions. 

1.5.4 HtrAl-associated physiological and pathological conditions 

Mutations in the HTRAl gene (Ala252Thr, Val297Met, Arg302X and Arg370X) 

are associated with cerebral autosomal recessive arteriopathy with subcortical infarcts and 

leukoencephalopathy (CARASIL) (Ham K et al, 2009). Moreover, a polymorphism in the 

promoter region of the HTRAl gene (rs11200638) increases about 7-fold of risk to develop 

AMD (DeWan A et al, 2006; Yang Z et al, 2006). Furthermore, elevated expression of 

HtrAl has been found in several diseases, including rheumatoid arthritis and osteoarthritis 
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(Hu SI et al, 1998; Tsuchiya A et al, 2005; Grau S et al, 2006; Wu J et al, 2007)， 

Alzheimer's disease (Grau S et al, 2005), and Duchenne muscular dystrophy (Bakay M et al, 

2002). In contrast, HtrAl is downregulated in cancers (Baldi A et al, 2002; Chien J et al, 

2004). In normal physiology, HtrAl participates in the development of uterine lining and 

placentation (De Luca A et al, 2003; Nie GY et al, 2005). 

1.5.4.1 HtrAl and cancers 

Human HTRAl gene {L56) was originally identified as a missing gene in the SV40 

oncogenic virus-transformed human fibroblasts (Zumbrunn J and Tmeb B, 1996). 

Subsequently, downregulation of HTRAl (PRSSJI) gene was found in malignant melanoma 

and autologous lymph node metastasis (LM)-derived cell lines (Baldi A et al，2002). 

Coherently, expression of HtrAl was shown to be downregulated in ovarian tumors, brain 

tumors, endometrial cancer, lung cancer, choriocarcinoma, mesothelioma, ovarian cancer 

cell lines, breast cancer cell lines, liver cancer cell lines and cervical cancer cell lines (Baldi 

A et al, 2008; Bowden MA et al, 2006; Chien J et al, 2004; Esposito V et al, 2006; Marzioni 

D et al, 2009; Narkiewicz J et al, 2009). The downregulation of HtrAl expression is related 

with increasing grades of cancers and cancer progression (Baldi A et al, 2002; Bowden MA 

et al, 2006; Esposito V et al，2006; Narkiewicz J et al, 2008; Narkiewicz J et al, 2009). 

The reduced HtrAl expression in ovarian cancer could be caused by loss of 

heterozygosity (LOH) on chromosome 10q25-26 (Chien J et al, 2004), a region commonly 

deleted in cancers (Albarosa R et al, 1996). Moreover, the repressed HTRAl transcirption 

could also be mediated by DNA methylation (Chien J et al, 2004). However, no 

tumor-specific mutations were detected in ovarian tumors (Chien J et al, 2004), suggesting 

that mutation in HTRAl gene may not be a route for tumorgenesis. 

The role of HtrAl in cancers could be seen from its regulation of cell cycle and 
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growth. Overexpression of HTRAl in metastatic LM cell line reduced the proliferative 

activity and the ability to invade extracellular matrix in vitro as well as retarded growth and 

metastases in vivo in nu/nu mice (Baldi A et al, 2002). Moreover, downregulation of HTRAl 

in ovarian cell line by RNA interference promoted anchorage-independent growth while 

exogenous expression of HtrAl induced a serine protease-dependent cell apoptosis (Chien J 

et al, 2004). Furthermore, forced expression of HtrAl enhanced cisplatin and 

paclitaxel-induced apoptosis through reduction of autoproteolysis and activation of HtrAl 

(Chien J et al, 2006). HtrAl modulating the outcome of chemotherapy could also be seen 

from the treatment of piroxicam and cisplatin in a mouse model of peritoneal mesothelioma 

(Spugnini EP et al, 2006) and reflected by its predictive potential, together with MTSSl and 

CLPTMl, for the response to doxombicin-based therapy in breast cancer (Folgueira MA et 

al, 2005; Sobral RA et al, 2008). Recently, downregulation of HtrAl has been reported to 

promote cell motility while enhanced expression of HtrAl attenuated cell migration 

through its association with microtubules and tubulins (Chien J et al, 2009a; Chien J et al, 

2009b). In addition, downregulation of HtrAl reduces resistance to anoikis, whereas 

enhanced expression of HtrAl induces cell death through inhibition of EGFR/AKT 

pathway (He X et al, 2010). 

1.5.4.2 HtrAl and placentation 

The highest HtrAl expression was detected in human third-trimester placenta, 

proliferative endometrium and uterus (De Luca A et al, 2003; Nie GY et al, 2003), 

compared to other organs. However, HtrAl expression in the first-trimester placenta was 

very low while undetectable expression was reported in the secretory endometrium. 

In mouse, HTRAl expression, depending on the presence of embryo (Kashiwagi A 

et al, 2007)，begins in E7.5 implantation sites and peaks at El0.5 placentas, then the levels 
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decline dramatically in El7.5 placentas (Nie GY et al, 2005). During early stages of 

placental development (E7.5 to 8.5), HtrAl is expressed in the differentiated trophoblasts 

(terminally differentiated giant cells) in the ectoplacental cone and the uterine cells 

immediately adjacent to the trophoblast giant cells. On the contrary, by E9.5 - 10.5, more 

intensive HtrAl signal is detected in the deciduas capsularis specifically at the 

decidual-trophoblast interface where active involution occurs. In human, during menstrual 

cycle, HTRAl expression is low in the menstrual phase, but gradually increases through the 

proliferative and secretory phases, and peaks in the mid to late secretory phase (Nie GY et 

al, 2006). HtrAl protein is found in the glandular epithelium during all stages of menstrual 

cycle and in decidual cells in the stroma in late secretory phase. During early (first-trimester) 

pregnancy, the deciduas expressed higher HtrAl levels than the placenta and during 

menstrual cycle. 

Preeclampsia, initiated by shallow trophoblast invasion into endometrium and 

improper spiral artery remodeling in the decidua (Lyall F, 2006; McMaster MT et al, 2004), 

is a pregnancy-associated hypertensive disorder (Redman CW and Sargent IL, 2005). 

Elevated expression of HtrAl was detected in the villous trophoblasts from patients with 

early-onset preeclampsia compared to controls (Ajayi F et al, 2008; Nishizawa et al, 2007), 

which extravillous trophoblast cell motility, cell migration and cell invasion were attenuated 

by ectopic expression of HtrAl (Ajayi F et al, 2008). 

1.5.4.3 HtrAl and arthritis 

The involvement of HtrAl (ORF480) in arthritis was originally identified in 

osteoarthritic cartilage, which elevated HtrAl mRNA 7 fold) and protein levels were 

reported in cartilage from patients with osteoarthritis compared with nonarthritic controls 

(Hu SI et al, 1998). Subsequently, elevated synovial HtrAl levels were found in fluids from 

31 



rheumatoid ( � 3 fold) and osteoarthritis ( � 7 fold) patients (Grau S et al, 2006). Moreover, 

increase in HtrAl expression was also shown in articular cartilage tissue from donors with 

and without osteoarthritis (Wu J et al, 2007). The role of HtrAl in arthritis was confirmed 

in an experimental rheumatoid mouse model, which HtrAl in cartilage was elevated by 

about 4-fold on day 9 after arthritis induction (Tsuchiya A et al, 2005). Consistently, the 

expression of HtrAl is increased in the knee and TM joints of 2 transgenic and 2 surgically 

induced mouse osteoarthritic models (Polur I et al, 2010). 

From the experimental rheumatoid mouse model, the origin of elevated HtrAl is 

proposed to be the chondrocytes terminally differentiated to the hypertrophic stage in 

arthritic joints (Tsuchiya A et al, 2005). However, the synovial fibroblasts are also 

postulated as a major source of secreted HtrAl (Grau et al, 2006). 

Unlike the action in cancers (Chien J et al, 2004; Baldi A et al，2002), the 

expression of HtrAl does not coincide with the onset of apoptosis; rather, heavy local 

deposition of HtrAl is shown in the areas with severely damaged joint surface, suggesting 

that HtrAl may play a role in tissue damages after the initiation of apoptosis in 

chondrocytes (Tsuchiya A et al, 2005). Alternatively, HtrAl is proposed to negatively 

regulate the availability of TGFp family (Oka C et al，2004) since interference in TGFp 

signaling has shown phenotypes very similar to human osteoarthritis (Serra R et al, 1997; 

Yang X et al, 2001). Moreover, the deposition of HtrAl protein in bone matrix was 

coherent with that of TGFp (Tsuchiya A et al, 2005) and the inhibition of TGFp-induced 

matrix synthesis in chondrocyte by HtrAl (Wu J et al, 2007), indicating a close functional 

relationship between HtrAl and TGFp. Furthermore, HtrAl could degrade extracellular 

matrix components of the cartilage (Tocharus J et al, 2004; Murwantoko et al, 2004; 

Tsuchiya A et al, 2005; Grau S et al, 2006; Hadfield KD et al, 2008; Chamberland A et al, 

2009). Specifically, HtrAl might disrupt the pericellular matrix network of type VI collagen, 
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resulting in alteration of chondrocyte metabolisms and eventually leading to osteoarthritis 

(Polur I et al, 2010). In addition, the HtrAl-regulated matrix calcification and inhibited 

mineral deposition by osteoblasts may implicate a possible pathology in skeletal 

development (Canfield AE et al, 2007; Hadfield KD et al, 2008). 

1.5.5 Molecular biology of HtrAl 

On the molecular level, HtrAl modulates IGF signaling by cleaving the IGFBP-5 

(Hou J et al, 2005). It might not regulate epidermal growth factor (EGF) or fibroblast 

growth factor 2 (FGF-2) as it does not bind to these molecules (Oka C et al, 2004). 

However, FGF signaling is necessary and sufficient for HTRAl expression in chick facial 

and forelimb mesenchyme (Ferrer-Vaquer A et al, 2008). Similarly, FGF signaling is 

sufficient but not required for HtrAl transcription in Xenopus embryos (Hou S et al, 2007). 

Moreover, HtrAl inhibits mineral deposition by osteoblasts (Hadfoeld KD et al, 2008). 

Furthermore, intracellular HtrAl regulates cell migration in an ovarian cancer cell line, 

SK0V3, since HtrAl binds to the endogenous tubulins (Chien J et al，2009b). Even though 

HtrAl participates in a wide range of molecular functions, only the relationships of HtrAl 

with TGFp signaling and extracellular matrix have been well studied and elucidated. 

1.5.5.1 HtrAl and TGFp signaling 

HtrAl protein possesses a mac25-like/follistatin-like domain at the N-terminus 

region (Hu SI et al, 1998). Since follistatin has an important role in the negative regulation 

of TGFp family members (Kato MV, 2000; Krieglstein K et al, 2002), HtrAl is proposed to 

have a regulatory role in TGFp signaling. The first correlation comes from a coherent 

situation between the spatio-temporal expression patterns of HtrAl and the functioning 

sites of various Tgfp proteins in embryonic mice (Oka C et al, 2004). Moreover, HtrAl 
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binds to various Tgfp family proteins, such as Tgfpi, Tgfp2, Bmp4, GdfS and activin，and 

subsequently inhibit the Bmp4, Bmp2 and TGFpi signaling (Oka C et al, 2004). The 

binding requires the proteolytic domain, but independent of the mac25-like domain and the 

proteolytic activity. However, the proteolytic activity is necessary for the inhibition of 

TGFp signaling (Tocharus J et al, 2004). In addition, increased expression of TGFpi in the 

tunica media of patients with CARASIL further supports the negative regulation of the Tgfp 

proteins availability (Hara K et al, 2009) and, therefore, the TGFp signaling (Oka C et al, 

2004). 

Apart from the physical interaction between HtrAl and Tgfp family proteins, 

aberrant HtrAl expression could induce smaller eyecup, shorter lens diameter, thinner lens, 

retinal detachment and transition of RPE to neuroepithelium-like tissue in chick eye (Oka C 

et al, 2004), which resemble the effect of noggin, an endogenous Bmp signal inhibitor 

(Adler R and Belecky-Adams TL, 2002). Furthermore, increasing HtrAl expression 

co-exists with a progression loss of TGFp signaling during in vitro neuronal maturation and 

brain development, whereas the blockage of HtrAl proteolytic activity restores the TGFP 

signaling and leads to neuronal death (Launay S et al, 2008). These evidences indirectly 

implicate a negative correlation between HtrAl and TGFp signaling. 

1.5.5.2 HtrAl and extracellular matrix 

HtrAl possesses a signal peptide guiding for protein secretion (Hu SI et al, 1998). 

Extracellular HtrAl is proposed to degrade extracellular matrix proteins because of its 

proteolytic domain and activity，as well as their differential expression in arthritis (Hu SI et 

al, 1998; Grau S et al, 2006; Wu J et al, 2007). Apart from the proteolytic activity, the 

proximity of HtrAl to the bone matrix also suggests its correlation with extracellular matrix 

turnover (Oka C et al, 2004; Tsuchiya A et al, 2005). Recombinant HtrAl can cleave 
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extracellular matrix components, such as aggrecan, decorin, fibromodulin, soluble type II 

collagen, fibronectin, cartilage oligomeric matrix protein, biglycan and matrix Gla protein 

(Tocharus J et al, 2004; Murwantoko et al, 2004; Tsuchiya A et al, 2005; Grau S et al, 2006; 

Hadfield KD et al, 2008; Chamberland A et al, 2009). Moreover, in vivo involvement of 

HtrAl in aggrecan proteolysis was shown by the higher abundance of HtrAl-generated 

aggrecan fragments in osteoarthritic cartilage compared with healthy cartilage 

(Chamberland A et al, 2009). Increased expression of the extra domain-A region of 

fibronectin and versican in the thickened tunica intima of patients with CARASIL further 

supports the role of HtrAl in extracellular matrix degradation (Hara K et al, 2009). 

Furthermore, HtrAl-cleaved fibronectin fragments induce the expression of matrix 

metalloprotease (MMP) 1 and MMP3 in synovial fibroblasts, and this contributes to the 

destruction of extracellular matrix in an indirect mechanism (Grau S et al, 2006). In 

addition’ HtrAl also inhibit the TGFp-induced matrix synthesis by chondrocytes (Wu J et al, 

2007), further regulating the extracellular matrix composition. This evidence strongly 

suggests that HtrAl, possessing protelolytic activity, has a role in extracellular matrix 

turnover. 
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1.6 Objectives and research impacts 

The knowledge on the AMD pathogenic mechanisms is limited. Genetics is a widely used 

approach to discover the molecular players involved in the disease pathogenesis. Previously, 

chromosome lq31 {CFH) and 10q26 {HTRAl or LOC387715) were found to be associated 

with AMD. However, the disease-causing gene for AMD in these regions has yet to be 

identified. This thesis was aimed: 

1. To affirm the molecular linkage between AMD and the AMD-associated genes, CFH 

and HTRAl’ their sequences were screened for possible mutations/variants in Chinese 

exudative AMD patients and age-matched controls to delineate their role in AMD. 

2. To characterize the biological features of HtrAl variants identified in the screening 

study, together with the wildtype, to depict their association with AMD. 

3. To investigate the interaction of HtrAl with other AMD-associated proteins in human 

vitreous humor to determine its relationship with AMD pathogenesis. 

4. To determine the regulation of HtrAl and VEGF in the primary human fetal RPE cell 

culture system to reveal the possible link in actions between these two AMD-associated 

molecules and to throw light on the possible mechanisms of HtrAl in AMD development. 
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Retinal Ganglion Cell Layer 

Inner Plexiform Layer 

Inner Nuciesr Layer 

Outer Plexiform Layer 

Outer Nuclear Layer 

Outer Segment of Photoreceptors 
Retinal Pigment Epithelium 
Choroid 

Sclera 

Figure 1.1: Anatomical structure of human retina. 

Posterior part of the eye, including the sclera, choroid and retina was stained by 

haematoxylin and eosin. The retina forms a characteristic laminar structure with 8 layers, 

consisting of (from posterior to interior) retinal pigment epithelium, outer segment of 

photoreceptors, inner segment of photoreceptors (missing), outer nuclear layer, outer 

plexiform layer, inner nuclear layer, inner plexiform layer，and ganglion cell layer. 
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Figure 1.2: Structural comparisons among human HtrA proteins. 

The HtrA family proteins are characterized by the presence of HtrA domain, which is 

composed of a chymotrypsin-like domain followed by at least one PDZ domain. In contrast, 

the N-terminus of HtrA proteins is variable. For HtrAl, HtrA3 and HtrA4, they contain a 

signal peptide, a mac25-like domain and a Kazal-type inhibitor at the N-terminus. Different 

from other paralog, HtrA2 possesses a transmembrane domain at the N-terminus. 
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Figure 1.3: Gene structure and functional domains of HtrAl. 

HTRAI gene is composed of 9 exons. The first exon is coded for a signal peptide, a 

mac25-like domain and a Kazal-type inhibitor. The second to fifth exons are coded for the 

chymotrypsin-like domain while the PDZ domain is encoded by the sixth to ninth exons. 
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Figure 1.4: Multiple sequence alignment of N-terminus of human HtrAl with human 

insulin-like growth factor binding protein-3 and Mac25 protein. 

The N-terminus region of human wildtype HtrAl protein (NP—002766.1; 155 amino acids) 

is aligned with the full-length of human wildtype (A) IGFBP3 protein (NP_000589.2; 291 

amino acids) and (B) Mac25 protein (NP OO 1544.1; 277 amino acids) using online analysis 

tool (T-coffee; http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/ tcoffee_cgi/index.cgi). The 

N-terminus region of HtrAl shares a homology of 61% with IGFBP3 protein and 81% with 

Mac25 protein. 
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Chapter 2: Materials and Methods 

2.1 Variant identification in CFH and HTRAl genes 

2.1.1 Study subjects 

A total of 163 patients with exudative AMD and 390 age- and sex-matched control 

subjects were recruited. 155, 183 and 207 control subjects were used for the CFH screening, 

the first HTRAl screening and the second HTRAl screening, respectively. The 

characteristics of the study group for the first HTRAl screening were shown in Table 2.1. 

All study subjects received a detailed eye examination, including best corrected visual 

acuity test and slit lamp biomicroscopy of the fundus, and stereoscopic fundus photographs 

were recorded. For AMD diagnosis, the experienced clinicians followed an international 

classification and grading system for age-related maculopathy and age-related macular 

degeneration (Bird AC et al, 1995). Patients with exudative AMD were defined to have 

non-dmsenoid RPE detachment, CNV, serous or hemorrhagic retinal detachments, 

subretinal or sub-RPE hemorrhage, or fibrosis. The clinical phenotype of polypoidal 

choroidal vasculopathy was excluded in all exudative AMD patients by the indocyanine 

green analysis. For the control subjects, they did not have a family history of AMD, sign of 

AMD, or any other major eye diseases except senile cataract and slight floaters. Their fundi 

were normal with no drusen，no abnormal RPE change and no foveal reflex. Informed 

consent was obtained from all participants after explanation of the nature of the study. The 

study protocol was approved by the Ethics Committee on Human Research of the Chinese 

University of Hong Kong, which is in accordance to the Declaration of Helsinki. 
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2.1.2 DNA collection and extraction 

Five milliliters (ml) of peripheral venous blood was collected from each study 

subjects, and aliquots were stored in 1.5-ml EDTA tubes at -80°C before extraction. 

Genomic DNA was extracted using a commercially available extraction kit (QIAamp DNA 

Blood Mini kit; Qiagen, Hilden, Germany). Briefly, 200 micro-liters (|xl) of whole blood 

was lysed with 20 \x\ proteinase K and 200 (il Buffer AL at 56°C for 10 minutes (min). 

Genomic DNA from the lysed blood sample was then bound to the column with 200 \il 

absolute ethanoL The column-bound DNA was sequentially washed by 500 |j.l Buffer AWl 

and AW2, and eluted with 50 jxl water through gravitational force. The quantity (ng/|jl) and 

quality (Absorbance26o/Absorbance28o) of the extracted DNA would be measured by a 

spectrophotometer (Nanodrop ND-1000; Thermo Scientific, Wilmington, DE) at 

wavelengths of 260 nm and 280 nm. The extracted DNA samples were diluted to working 

concentration of 8 ng/pl 

2.1.3 Polymerase chain reaction 

All the 22 exons of CFH gene (NM OOO 186.2) and 9 exons of HTRAl gene 

(NM—002775.4) as well as their 1 kilo-base (kb) upstream promoter regions were screened 

for sequence alterations. Genomic DNA was amplified by polymerase chain reaction (PCR) 

before sequencing. In brief，the PCR mixture consisted of Ix PCR buffer (Invitrogen, 

Carlsbad, CA), MgCb (Invitrogen), 1 mM dNTP Mix (Roche, Indianapolis, IN), 1 îM 

sense primer, 1 jjM antisense primer, 1 U platinum Taq DNA polymerase (Invitrogen) and 

50 ng DNA, in a volume of 25 PCR was performed in a thermal cycler (model 9700; 

Applied Biosystems Inc.) with an initial denaturation at 95�C for 2 min，35 cycles of 95°C 

denaturation for 1 min, primer annealing for 1 min and 72 °C extension for 1 min, and a 
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final extension at 72�C for 5 min. The primer sequences and amplification conditions were 

listed in Table 2.2 for CFH gene and Table 2.3 for HTRAl gene. The PGR products were 

resolved by 2% agarose gel electrophoresis (supplemented with ethidium bromide) at 135 

V for 20 min, and the signals were visualized by gel documentation (Gel-Doc 2000; 

BioRad, Hercules, CA). For the haplotype analysis of 34delCinsTCCT with rsl 1200638 in 

the HTRAl gene, rsl 1200638 allele-specific primers were used for PGR (Table 2.4). 

2.1.4 DNA Sequencing 

The amplified PCR products (8 |4.1) were purified by 2 of exonuclease I and 

shrimp alkaline phosphatase (ExoSAP; USB Corporation, Cleveland, OH). The purified 

PCR products were then taken for dideoxy-sequencing reactions using commercially 

available reagents (BigDye Terminator Cycle Sequencing Reaction Kit, version 3.1; 

Applied Biosystems Inc., Foster City, CA). In brief, a total of 5 [i\ sequencing reaction 

mixture was consisted of 1 jjl of BigDye 3.1 reaction mix, 1 of BigDye buffer，0.5 |il of 

oligo primer and 2.5 |xl purified PCR product. The sequencing reaction mixture underwent 

an initial denaturation at 96°C for 2 min, and 30 cycles of sequencing reaction of 96°C 

denaturation for 10 sec, 52°C primer annealing for 5 sec and 60�C extension for 4 min. 

The sequence reaction product was cleaned by ammonium acetate precipitation and 70% 

ethanol washing, before the electrophoresis on a capillary DNA sequencing machine 

(model 3130XL; Applied Biosystems Inc.). The output sequences were analyzed a DNA 

sequence analyzer (Chromas, version 2; Technelysium Pty Ltd.). 

2.1.5 Statistical analysis 

Hardy-Weinberg equilibrium (HWE) for each polymorphism was calculated by 受 

test. Allelic and genotypic distribution of polymorphisms between patients and control 
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subjects were compared by 受 analysis or the Fisher exact test. The risk analysis was 

estimated by odds ratios (OR). Conservative Bonferroni correction was applied for multiple 

testing comparisons. All statistical analyses were performed by commercially available 

software (SPSS, version 16.0; SPSS Inc., Chicago, IL). 

2.2 Characterization of HtrAl wildtype and variant protein 

2.2.1 Cloning of recombinant human HTRAl construct 

HtrAl open reading frame (ORF; 1440 base-pair in length) was generated by PGR 

using TaKaRa LA™ Taq DNA polymerase (TaKaRa Bio Inc, Japan) and specific 

amplification primers (Table 2.5) designed for the pcDNA6/—c-His© A (Invitrogen) 

mammalian expression vector (Figure 2.1). The reaction mixture consisted of: Ix GC 

Buffer I, 50 ng cDNA template, Ix dNTP mixture (Roche), 1 pM sense primer, 1 jjM 

antisense primer, 1 U TaKaRa LA™ Taq DNA polymerase, and the final volume was made 

up to 25 |il by distilled water. The reaction mixture was incubated in a thermal cycler as 

follow: initial denaturation at 94�C for 1 min, 40 cycles composed of denaturation at 94°C 

for 30 sec, annealing at 60°C for 30 sec and extension at 72°C for 2 min, and final extension 

at 72�C for 5 min. PGR products were resolved in 1% agarose gel electrophoresis at 135 V 

for 30 min and visualized by UV light (ChemiDoc, BioRad). Specific DNA band was cut 

from the gel, extracted and purified by Qiaquick gel extraction kit (Qiagen) following the 

manufacturer's protocol. 

Purified PCR product containing HtrAl ORF and mammalian expression vector 

pcDNA6//w少c-His© A (Invitrogen) were digested with restriction enzymes BamHi (New 

England Biolabs, Ipswich, MA) and Not\ (New England Biolabs). Both digestions were 

performed at 37°C for 1 hour. The products were purified by Qiaquick PCR purification kit 

(Qiagen) following the manufacturer's protocol. The quantity (ng/|xl) and quality 
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(Absorbance26o/Absorbance28o) of the HtrAl ORF insert and vector DNA were monitored 

by a spectrophotometer (Nanodrop ND-1000). 

One |ig of purified restriction enzyme-cut vector DNA was dephosphorylated by 1 

U rAPid alkaline phosphatase (Rapid DNA Dephos & Ligation kit, Roche) for 10 min at 

37°C to prevent self-ligation. 50 ng of vector DNA was ligated with 150 ng of HtrAl ORF 

insert DNA in a reaction mixture of Ix T4 ligation buffer and 5 U T4 ligase (Rapid DNA 

Dephos & Ligation kit, Roche) at room temperature for 10 min. 

One [il of ligation product was mixed with 25 \i\ Escherichia coli competent cells 

丁 "nif 

(DH5a , Invitrogen) and incubated on ice for 30 min. The DNA-bacterial cell mixture 

was heat shocked at 42°C for 45 sec, and immediately transferred to ice for another 2 min. 

SOC medium (Invitrogen) was added and incubated at 37�C for 30 min with vigorous 

shaking at 250 rpm. The bacterial suspension was plated on LB Agar plates (Invitrogen) 

supplemented with ampicillin (100 fxg/ml; Invitrogen) and incubated at 37°C for overnight. 

Twenty-four bacterial clones were separately picked and resuspended in 4 ml LB 

broth (Invitrogen) supplemented with ampicillin, and incubated at 37°C for 6-8 hours with 

shaking. From 1 ml bacterial suspension，DNA was extracted by a modified protocol of 

Plasmid Midi Kit (Qiagen). Bacteria cells were pelleted at 6000 rpm centrifugation for 10 

min at 4°C (Heraeus Labofuge 400R, Thermo Scientific). Pellet was resuspended in 300 |xl 

of chilled Buffer PI supplemented with RNase A (100 ug/ml, Plasmid Midi kit, Qiagen) on 

ice. The mixture was mixed with 300 从 1 of Buffer P2，and incubated at room temperature 

for 5 min. Next, the mixture was mixed with 300 jxl of pre-chilled Buffer P3, and incubated 

on ice for 10 min. The supernatant, which was collected after a 13000 rpm centrifugation at 

4°C for 20 min, was mixed with 500 fil isopropanol in a new tube to precipitate plasmid 

DNA, and centrifiiged at 13000 rpm at 4°C for 30 minutes. The DNA pellet was 

subsequently washed with 70% alcohol to remove the remaining isopropanol. Finally, the 
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resulted DNA pellet was briefly air-dried for 5 min and then resuspended in 20 \i\ distilled 

water. 

The sequences of all plasmid DNA were verified by direct sequencing using 

BigDye Terminator Cycle Sequencing Reaction Kit (version 3.1; Applied Biosystems Inc.) 

on a capillary DNA sequencer (model 3130XL; Applied Biosystems Inc.) as described 

(section2.1.4). 

Bacterial clone containing the construct with correct sequence and orientation were 

expanded in 100 ml of LB broth (Invitrogen) supplemented with ampicillin and incubated 

at 37°C for 12 - 16 hours with shaking. Bacterial pellet was collected by a 6000 g 

centrifugation at 4°C for 15 min. Pellet was resuspended in 4 ml of chilled Buffer PI 

supplemented with RNase A and incubated on ice. The suspension was then mixed gently 

with 4 ml of Buffer P2 for alkali lysis at room temperature for 5 min, followed by a gentle 

mixing with 4 ml of pre-chilled Buffer P3 for neutralization. The mixture was subsequently 

poured into the barrel of QIAfilter Cartridge (Qiagen) and incubated at room temperature 

for 10 min. Pressure was applied to filter out the precipitated protein and chromosomal 

DNA from the plasmid DNA solution. The plasmid DNA was bound in a pre-equilibrated 

QIAGEN-tip and washed twice with 10 ml of Buffer QC. Plasmid DNA was eluted by 5 ml 

of Buffer QF, precipitated and pelleted by 3.5 ml of isopropanol with a 13000 rpm 

centrifugation at 4�C for 30 min. After washing with 70% ethanol to remove the remaining 

isopropanol, the DNA pellet was briefly air-dried and then resuspended in 200 jol of 

distilled water. The quantity (ng/pi) and quality (Absorbance26o/ Absorbance28o) of the 

plasmid DNA solution was measured by a spectrophotometer (Nanodrop ND-1000; Thermo 

Scientific) at wavelengths of 260 nm and 280 nm. The plasmid DNA was stored at -20°C 

until use. 
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2.2.2 Site-directed mutagenesis 

An expression construct (pHis/myc-HtrA 1 -12insSer) for HtrAl variant 

(34delCinsTCCT) was synthesized by site-directed mutagenesis using a commercially 

available mutagenesis kit (QuikChange Lightning Multi Site-Directed Mutagenesis Kit; 

Strategene, La Jolla, CA) based on the original HtrAl construct (pHis/myc-HtrAl ； section 

2.2.1). In brief, a reaction mixture (25 ul in volume) was consisted of 2.5 \x\ of lOx 

QuikChange Lightning Multi reaction buffer, 0.75 jxl of QuikSolution, 100 ng of 

pHis/myc-HtrAl template, 100 ng of mutagenic sense primer, 100 ng of mutagenic 

anti sense primer, 1 jil of dNTP mix (Roche) and 1 of QuikChange Lightning Multi 

enzyme blend, and distilled water. The reaction mixture was incubated in a thermal cycler 

as follow: initial denaturation at 95°C for 2 min, 30 cycles of denaturation at 95°C for 20 

sec, annealing at 55°C for 30 sec and extension at 65°C for 8 min, and final extension 65 

°C for 5 min. The mixture was then incubated with 1 pi of Dpn I restriction enzyme at 37 

°C for 5 min. 1 |il of the mixture was transformed into 25 Escherichia coli competent 

cells (XLBlue™，Invitrogen) and incubated at 37�C for overnight as described (section 

2.2,1). The procedures of clonal selection, sequencing confirmation and clonal expansion 

were the same as described (section 2.2.1). The detail of the mutagenic primers was listed 

in Table 2.6. 

2,2,3 Retinal pigment epithelial cell culture 

Human retinal pigment epithelial cell line, ARPE-19 (CRL-2302, American Type 

Culture Collection) was maintained in Dulbecco's modified Eagle's medium and F-12 

nutrient mixture (Gibco BRL, Rockville, MD) supplemented with 10% heat-inactivated 
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fetal bovine serum (Gibco BRL) and Ix penicillin/streptomycin (Gibco BRL) at 37°C in a 

humidified incubator containing 5% CO2 balanced with air. 

2.2.4 Transfection 

ARPE-19 cells were seeded at a density of 2 x 10̂  cells/ml in a culture dish (60 

mm in diameter; Coming Life Sciences, Lowell, MA). Cell transfection was performed on 

the second day. In brief, 4 jig of HtrAl expression constructs was mixed with 10 |xl 

transfection reagent (Lipofectamine-2000; Invitrogen) in 500 |xl Opti-MEM I Reduced 

Serum medium (Gibco BRL) and incubated at room temperature for 20 min. The cells were 

washed with phosphate buffer saline (PBS; Gibco BRL) for 3 times and 0.5 ml Opti-MEM 

I Reduced Serum medium was then added to the dish. The DNA-lipofectamine conjugate 

was added to cells and incubated for 6 hours. 1 - 2 ml of culture medium (with or without 

serum) was finally applied to the dish and the HtrAl-transfected cells were further 

incubated for 12 - 48 hours before protein or medium collection for subsequent analysis. 

The cells transfected with empty vector (pcDNA6/m^c-His© A; Invitrogen) were used as 

control. 

2.2.5 Protein collection 

The transfected cells at each time point were lysed by radioimmunoprecipitation 

(RIPA) lysis buffer supplemented with 1 mM phenylmethylsulfonylfluoride (PMSF) 

(Sigma-Aldrich, St. Louis, MO) and protease inhibitor cocktail tablet (Roche), and the 

whole cell lysate was collected and incubated on ice for 20 min. The lysate was then 

centrifuged at 13000 rpm at 4°C for 20 min. Supernatant containing the soluble protein was 

collected with the addition of sodium dodecyl sulphate (SDS) sample buffer to a final 

concentration of 50 mM Tris base (pH 6.8), 2% SDS, 50 mM DTT and 10% glycerol. The 
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mixture was denatured at 95�C for 5 min, cooled on ice for 2 min, and stored at -20°C 

before immunoblotting analysis. 

2.2.6 Immunoprecipitation 

Serum-free medium for the post-incubation of HtrA1 -transfected or empty 

vector-transfected ARPE-19 cells was collected at different time-point after transfection (0, 

6, 12 and 18 hours). The collected medium was centrifuged at 1300 rpm for 5 min at 4°C to 

remove the cell debris before harvesting the secreted-HtrAl by immunoprecipitation (IP). 

In brief, the cell-free medium (1.5 ml) was incubated with 5 jxg of mouse monoclonal 

antibody against polyhistidine tag (clone 4D11，05-53; Upstate Biotechnoloy Inc., Lake 

Placid, NY) in 40 |j,l of buffer mixture (1% BSA (bovine serum albumin; Sigma-Aldrich), 

protease inhibitor cocktail tablet (Roche), ImM PMSF (Sigma-Aldrich) and 0.1 mM 

AEBSF (4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride; Sigma-Aldrich)) at 4°C 

for overnight. 10 |j1 of Protein A beads (Invitrogen) was suspended in Ix PBS and washed 

at 4°C for 1 hour. After removing the washing PBS by centrifiigation at full speed for 5 min 

at 4°C, the washed beads were then incubated with 1% BSA (Sigma-Aldrich) in PBS at 4°C 

for 1 hour. After twice PBS wash, the beads were incubated with the antibody-treated 

medium at 4°C for overnight. After PBS washes, the bound-HtrAl was dissociated from the 

beads by 40 p.1 of 2x SDS loading buffer supplemented with 3% P-mercaptoethanol, 

denatured at 95 °C for 5 min and analyzed by immunoblotting. 

2.2.7 Proteolytic activity analysis 

Serum-free medium for the post-incubation of Htr A1 -transfected or empty 

vector-transfected ARPE-19 cells was collected at 48 hours after transfection. The collected 
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medium was centrifuged at 1300 rpm for 5 min at 4°C to remove the cell debris. The 

recombinant human HtrAl protein in the cell-free condition medium was purified and 

concentrated by a commercially available centrifugal filter (Amicon Ultra-0.5, Ultracel-10 

Membrane, 10 kDa; Millipore, Billerica, MA). Total protein of the concentrated condition 

medium was measured by Protein assay (BioRad). Equal amount of total protein (10 jig) in 

the condition medium from ARPE-19 cells transfected with transfected with 

pHis/myc-HtrAl, pHis/myc-HtrA1 -12insSer and pcDNA6/w>^c-His© A was applied. The 

proteolytic activity analysis was performed by incubating 10 |j,g of protein in the condition 

medium with 5 |xg of p-casein (Sigma Aldrich) in a buffer of 50 mM Tris/HCl (pH 7.5; 

Sigma Aldrich) and 150mM NaCl (Sigma Aldrich) at 37°C, added up to a volume of 30 |4l 

by distilled water. At different time-points (0，10，20，30，40 and 50 min), 7.5 [il of SDS 

buffer will be added to the reaction mixture, which would then be denatured at 95 for 5 min 

to terminate the reaction. The denatured protein samples were resolved by 15% SDS-PAGE 

and visualized by Coomassie Blue staining. In brief, the resolved gel was fixed in a solution 

containing 10% acetic acid and 50% ethanol at room temperature for overnight. The fixed 

gel would then be stained with 0.025% Coomassie dye (Sigma Aldrich) in 10% acetic acid 

at room temperature for 15 min. The stained gel was destained in a solution of 5% acetic 

acid and 50% methanol at room temperature for several times until the blue bands were 

clearly visualized. The protein band pattern of the stained gel was captured and recorded by 

Quantity One® Image Analysis software (BioRad). The sample containing only P-casein 

and buffer was used as a negative control. 

2.2.8 Immunoblotting 

PROTEAN III SDS-polyacrylamide gel electrophoresis system (BioRad) was 

first applied to resolve the denatured protein. In brief, a resolving gel was made up of 
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12.5% acrylamide: 0.3% bis-acrylamide, 0.375 M Tris.HCl (pH 8.8), 0.1% SDS, 0.05% 

ammonium persulfate and 0.02% TEMED, and the gel mixture was set for polymerization 

at room temperature for 30 min. A stacking gel with a final concentration of 4% acrylamide: 

0.15% bis-acrylamide, 0.125 M Tris.HCl (pH 6.8), 0.1% SDS, 0.05% ammonium persulfate 

and 0.02% TEMED was allowed to polymerize on top of the resolving gel for another 30 

min. 50 |xg of denatured total protein was applied to each sample well and mobilized 

through the gel encompassed in a Tris/glycine/SDS running buffer at 70 V for 30 min and 

then 150 V for 65 min. 

After electrophoresis, the gel was equilibrated in chilled transfer buffer, which 

was consisted of 25 mM Tris，192 mM glycine and 10% methanol, for 5 min before the 

electro-transfer of the mass-separated protein to a pre-wet nitrocellulose membrane 

(Amersham Pharmacia, Cleveland, OH) at a constant voltage of 100 V for 1 hour on ice. 

The membrane containing immobilized protein was rinsed with distilled water to 

remove the residual methanol. After blocking with 5% non-fat milk powder (Santa Cruz 

Biotechnology) in TEST buffer (Tris buffered saline with 0.05% Tween-20; Sigma-Aldrich) 

at room temperature for 1 hour, the membrane was probed with primary mouse-monoclonal 

antibody against HtrAl (a generous gift from Prof. Zhenglin Yang, Center for Human 

Molecular Biology and Genetics, Sichuan Academy of Medical Sciences and Sichuan 

Provincial People's Hospital) at 4°C for 6 hour to overnight and secondary antibody 

conjugated with horse-radish peroxidase (HRP) against mouse (Jackson Immuno. Res, West 

Grove, PA) at room temperature for 1 hour at the specified concentration in TBST. The 

membrane was washed with TBST after incubation. The signals were detected by enhanced 

chemiluminescence (ECL) system (Amersham Pharmacia) and captured by ChemiDoc 

(BioRad). p-actin, detected by HRP conjugated mouse monoclonal antibody against (3-actin 

(clone AC 15, A3854; Sigma-Aldrich), was selected as housekeeping protein. 
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2.2.9 Immunocytochemistry 

Transfected cells were fixed in freshly prepared 3% paraformaldehyde buffer (pH 

二 7; Sigma-Aldrich) at 37°C for 10 min，and then in pre-wanned neutral buffered 0.5% 

paraformaldehyde for another 30 min at ambient temperature. After washing with PBS, free 

aldehyde was quenched by freshly prepared 50 mM ammonium chloride (Sigma-Aldrich) 

in PBS on ice for 10 min. After washing, the cells were permeabilized and blocked in 0.1% 

BSA (Sigma-Aldrich) with 0.15% saponin (Sigma-Aldrich) for 15 min. Diluted primary 

antibody was applied and incubated for 2 hours at room temperature, followed by 5 times 

of PBS rinses. Secondary IgG antibody conjugated with a fluorescence probe (Invitrogen) 

was applied together with nuclear staining 4',6-diamidino-2-phenylindole (DAPI; 

Sigma-Aldrich), and incubated for 1 hour. If double-immunofluorescence was performed, 

the probing of primary and secondary antibodies was repeated for another protein epitope. 

The samples were washed and mounted with Fluoromount (Southern Biotech). The 

fluorescence signal was examined under a fluorescence microscope (DMRB; Leica, 

Wetzlar, Germany). The primary and secondary antibodies used in immunocytochemistry 

were listed in Table 2.7. 

2.2.10 Quantitative analysis of ER-Iocated HtrAl protein 

The number of transfected cells, in which the immunofluorescent signal of HtrAl 

was partially overlapped with that of Golgi marker (giantin) or ER marker (Bip), was 

counted. The ER retention rate was calculated as the percentage of transfected cells with a 

partially overlapped signal of HtrAl and giantin or Bip. 
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2.2.11 Apoptosis analysis 

The number of transfected cells with normal and fragmented nuclei (representing 

end-staged apoptosis) was counted, respectively. The apoptosis rate was calculated as the 

percentage of transfected cells with fragmented nuclei. 

2.2.12 Cell viability assay 

ARPE-19 cells (2 x 10̂  cells/ml) were seeded on 24-well plates (Coming Life 

Sciences) one day before transfection, and the seeded cells were transfected with empty 

vectors or HtrAl expression constructs (section 2.2.4)‘ At 24 hours after transfection, 5 

mg/ml MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (Invitrogen) 

was applied to each well and incubated for 4 hours. The cells were washed with PBS and 

the purple crystals were resolved by 300 |il isopropanol. The absorbance at wavelength 570 

nm with reference 650 nm was measured by a plate reader (Powerwave XS, Bio-Tek 

Instruments). The percentage of cell viability was calculated as: O D 5 7 0 sample / O D 5 7 0 

control X 100%. The cells transfected with empty vector (pcDNA6/m少c-His© A; Invitrogen) 

were used as control. 

2.2.13 Bioinformatics analysis 

The characteristics of the signal peptides of wildtype HtrAl and HtrAl 

were analyzed by open-accessible programs (SOSUIsignal (Gomi M et al, 

http://bp.nuap.nagoya-u.ac.jp/sosui/sosuisignal/) and (Phobius (Kail L et al, 

http://phobius.binf.ku.dk/index.html). 
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2.3 Association between HtrAl and VEGF in human vitreous humors 

2.3.1 Study subjects 

Fifty-five unrelated Han Chinese patients underwent ocular surgery were recruited 

at the Prince of Wales Hospital in Hong Kong and the Joint Shantou International Eye 

Center of Shantou University and The Chinese University of Hong Kong (JSIEC). They 

were given complete ophthalmoscopic examinations. A standard three-port pars plana 

vitrectomy was performed in all subjects as a part of the regular surgical procedures. The 

clinical diagnosis, gender and age of 55 patients are summarized in Table 2.8. None of the 

subjects received treatment with anti-VEGF agents. The study protocol was approved by 

the Ethics Committee for Human Research at the Chinese University of Hong Kong and 

JSIEC，and was in accordance with the tenets of the Declaration of Helsinki. Informed 

consent was obtained from the study subjects after explanation of the nature and possible 

consequences of the study. 

2.3.2 Sample collection 

Undiluted vitreous humor samples (0.5 - 1 ml) from all study subjects were 

collected into sterile tubes at the time of surgery and aliquots were rapidly frozen at -80°C 

until assay. Venous blood samples (3 ml) from 51 subjects were collected simultaneously 

and stored at -80�C prior to DNA extraction. 

2.3.3 Immunoblotting 

The amounts of total protein in the vitreous humor samples were measured by 

Protein assay (BioRad). Equal amount (10 fig total protein) of the denatured (95�C for 5 

min) vitreous humor samples were resolved on 4% SDS-polyacrylamide stacking gel at 70 

volts (V) for 30 min and 12.5% SDS-polyacrylamide resolving gel at 150 V for 65 min. The 
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resolved protein was then electro-transferred to nitrocellulose membrane at 100 V for 75 

min. The membrane was sequentially probed with the mouse monoclonal antibodies against 

(1) VEGF (Santa Cruz Biotechnology, Santa Cruz, CA) for 6 hours, (2) HtrAl (a generous 

gift from Prof. Zhenglin Yang, Center for Human Molecular Biology and Genetics, Sichuan 

Academy of Medical Sciences and Sichuan Provincial People's Hospital) for overnight and 

(3) PEDF (Millipore) for 6 hours in the same blot, and subsequently with secondary 

antibody against mouse IgG conjugated with horseradish peroxidase (Jackson Immuno. 

Res., West Grove, PA) for 1 hour after each primary antibodies. The details of the 

antibodies used were listed in Table 2.9. The signals were detected by the enhanced 

chemiluminescence (ECL) system (Amersham Pharmacia, Cleveland, OH) and the band 

intensities were quantified by Quantity One® Image Analysis software (BioRad). 

Triplicates were performed. Detail protocol was described as before (section 2.2.7). 

2.3.4 HTRAl genotyping 

Genomic DNA was extracted from whole blood as described (section 2.1.2). The 

genotype of the SNP (rs 11200638) in the promoter region of HTRAl gene was determined 

by PCR and direct sequencing as described (section 2.1.3 and 2.1.4). 

2.3.5 Statistical analysis 

The x̂  test was used to calculate the statistical significance among categorical 

parameters. Pearson's correlation coefficient test was used to measure the linear association 

among the vitreous protein and with age while Spearman rank correlation test were used to 

measure the association in rank orders. Mann-Whitney U test and Kruskal-Wallis test were 

used to compare the vitreous levels with gender and grouped age, respectively. One-way 

Analysis of Variance (ANOVA) and the post-hoc Tukey HSD tests were used to compare 
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the vitreous levels with clinical diagnosis. With reference to analytical methods in previous 

publications (Baldi A et al，2002; De Luca A et al, 2003; Chien J et al, 2004), the measured 

band intensities were categorized into 3 groups for association analysis according to the 

distribution, which weak (+) expression was defined as the vitreous humor sample 

distributed lower than 25 quartile, moderate (++) as 25 ~ 75 quartile and strong (+++) as 

higher than 75 quartile. For the analysis of the age effect，the parameter of age was grouped 

into 3 categories (< 40, 40 — 60 and > 60 years). All the analyses were performed on 

commercially available software (SPSS, version 16.0; SPSS Inc.). Significance was defined 

asp < 0.05 

2.4 Association between HtrAl and VEGF in human fetal retinal pigment epithelial 

ceil culture 

2.4.1 Human fetal retinal pigment epithelial cell culture 

Previously established primary human fetal RPE cells (Choy KW et al, 2006) were 

cultured in Dulbecco's modified Eagle's medium and F-12 nutrient mixture (Gibco BRL) 

supplemented with 10% heat-inactivated fetal bovine serum (Gibco BRL) and Ix 

penicillin/streptomycin (Gibco BRL) at 37°C in a humidified incubator containing 5% CO2. 

The human fetal RPE cells were characterized by gene expression analysis using a whole 

human genome oligo microarray (4x44K; Agilent Technologies, Santa Clara, CA). The 

gene expression was analyzed by an attached program (Genespring, version 11.0.2; Agilent 

Technologies). Expression of the reported RPE specific markers, such as RPE65, 

Bestrophin (BEST 1-4) and MERTK, were found in these cells, suggesting that these culture 

cells belonged to the RPE cells. Passage 5 - 10 of human fetal RPE cells was used 

throughout the experiments in this study. 
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2.4.2 Transfection of HtrAl-construct 

Human fetal RPE cells were seeded at a density of 2 x 10̂  cells/ml in a culture 

dish (60 mm in diameter; Coming Life Sciences). Cell transfection was performed on the 

second day. In brief, 4 jig of HtrAl expression construct (pHis/myc-HtrAl; section2.2.1) 

was mixed with 10 |j,l transfection reagent (Lipofectamine-2000; Invitrogen) in 500 |li1 

Opti-MEM I Reduced Serum medium (Gibco BRL) and incubated at room temperature for 

20 min. The cells were washed with phosphate buffer saline (PBS; Gibco BRL) for 3 times 

and 0.5 ml Opti-MEM I Reduced Serum medium was then added to the dish. The 

DNA-lipofectamine conjugate was added to cells and incubated for 6 hours. 2 ml culture 

medium was finally applied to the dish and the HtrAl-transfected cells were further 

incubated for 24 hours before RNA collection for analysis. The cells transfected with empty 

vector (pcDNA6/»7>^c-His© A; Invitrogen) were used as control. Triple experiments were 

performed. 

2.4.3 Treatment of angiogenic factors 

Human fetal RPE cells were seeded in a culture dish (60 mm in diameter) with 

FBS-containing medium 2 days before the treatment. Cell treatment was performed when 

the cells reached 95-100% confluence (Abcouwer SF et al, 2002). In brief, the cells were 

washed with PBS for 3 times, and treated with exogenous recombinant human VEGF 

(lOng/ml; Gibco BRL), recombinant human basic fibroblast growth factor (bFGF, 10 ng/ml; 

Invitrogen) or recombinant human tumor necrosis factor-alpha (TNFa, 10 ng/ml; Gibco 

BRL) in serum-free medium (Nagineni CN et al, 2003). The untreated cells were used as 

control. The cells were then incubated for 6 or 24 hours before RNA collection for analysis. 

Triple experiments were performed. 
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2.4.4 Cellular stress treatments 

Human fetal RPE cells were seeded in a culture dish (60 mm in diameter) with 

FBS-containing medium 2 days before the treatment. Cell treatment was performed when 

the cells reached 95-100% confluence (Abcouwer SF et al，2002). In brief, the cells were 

washed with PBS for 3 times, and treated with timicamycin (0.5, 5 and 10 |a,g/ml; 

Sigma-Aldrich), dithiothreitol (DTT; 0.1, 1 and 2 mM; Sigma-Aldrich) or 

Z-Leu-Leu-Leu-H (MG132; lOj^M; Sigma-Aldrich) in serum-free medium. The cells 

treated with 0.1% dimethyl sulfoxide (DMSO; Sigma-Aldrich) were used as control. The 

cells were then incubated for 18 hours before RNA collection for analysis. To evaluate the 

cellular stress treatments on cell viability of human fetal RPE cells, MTT assay was 

performed (section 2.2.12). Triple experiments were performed. 

2.4.5 RNA collection and extraction 

At each time point, total RNA from treated human fetal RPE cells was collected by 

600 |xl Buffer RLT (RNeasy extraction kit; Qiagen) freshly supplemented with 1:100 

P—mercaptoethanol (Amresco, Solon, OH). Total RNA was extracted using a commercially 

available extraction kit (RNeasy extraction kit; Qiagen) following manufacture's protocol. 

In brief, Buffer RLT-extracted lysate was homogenized through a column with a full-speed 

centrifugation for 2 min. Total RNA from the homogenized lysate would then bind to the 

column with 600 |xl 70% ethanol. The column-bound RNA would be washed twice by 500 

|j,l Buffer RWl and RPE sequentially, and eluted with 40 \i\ RNase-free water containing 

DEPC. The quantity (ng/jxl) and quality (Absorbance26o/Absorbance28o) of the extracted 

RNA was measured by a spectrophotometer (Nanodrop ND-1000; Thermo Scientific) at 

wavelengths of 260 nm and 280 nm. 
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2.4.6 Reverse transcription 

Total RNA extracted was used to synthesize the complementary DNA (cDNA) by 

superscript III cDNA synthesis kit (Invitrogen) following the manufacturer's protocol. The 

reverse transcription reaction mixture was consisted of 1 \ig of total RNA, 1 [x\ of dNTP 

mixture (10 mM; Roche), 1 jxl random hexamer (250 ng/pi; Qiagen), and was made up to a 

volume of 13 jxl by RNase-free water. The mixture was heated to 65°C for 5 minutes and 

was incubated on ice for at least 1 minute. 4 jil 5X First-Strand Buffer (Invitrogen), 1 \xl 

DL-DTT (0.1 M), 1 RNaseOUT™ Recombinant RNase Inhibitor and 1 jil S u p e r S c r i p t T M 

III reverse transcriptase were then added to the mixture. The mixture was incubated in 

conditions as followed: 25°C for 5 minutes, 50°C for 60 minutes, 70°C for 15 minutes, and 

finally 4°C. The synthesized cDNA was stored at -20�C until assay. 

2.4.7 Gene expression analysis 

The gene expressions of HTRAI, VEGFA, PEDF, superoxide dismutase (SOD; 

stress marker), interleukin-6 (IL6; inflammation marker) and housekeeping beta-actin 

{fi-ACTIN) mRNA were analyzed using semi-quantitative PGR. The reaction mixture 

ingredients and the reaction procedures were same as described (section 2.1.3). The primer 

sequences, magnesium concentration and numbers of reaction cycles for each gene were 

listed in Table 2.10. The numbers of reaction cycles were optimized for each gene, which 

the band intensities was fallen in the exponential phase, but not in the stationery phase 

(Figure 2.2). The PGR products were resolved by 2% agarose gel at 135 V for 20 min. The 

signals were visualized by gel documentation (Gel-Doc 2000; BioRad) and the band 

intensities were semi-quantified by Quantity One® Image Analysis software (BioRad). The 

expressions of HTRAI, VEGFA and PEDF gene were normalized by the housekeeping 

p-ACTIN gene. Relative intensities, comparing the normalized band intensities of treated 
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cells with that of controls, were calculated and presented, which the normalized 

intensity of control was set as 1. 2-fold or greater changes in the relative intensities 

considered as significant change in gene expression level. 

band 

were 
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Exudative AMD patients Control subjects P OR (95% C.J.) 
Total, n � 6 3 183 

Male, n (%) 
Female, n (%) 

88 (54.0%) 
75 (46.0%) 

91 (49.7%) 
92 (50.3%) 

0.429 

Smoker, n (%) 79 (51.6%) 54 (37.8%) 
0.017 

1.76 
Non-smoker, n (%) 74 (48.4%) 89 (62.2%) 

0.017 
(1.11-2.80) 

Age (mean 土 SD) 75.5 ± 7.5 years 73.3 i 6.5 years 0.005 

OR: odds ratio; C.I.: confident interval 

Table 2.1: The characteristics of the study population of CFH and HTRAl sequencing. 
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Region Primer Sequence (5' > 3') Product size (bp) Annealing Temp (°C)MgCl2 (mM) 

Promoter 

Promoter 

Exon 1 

Exon 2 

Exon 3 

Exon 4 

Exon 5 

Exon 6 

Exon 7 

Exon 8 

Exon 9 

Rxon 10 

Exon 11 

Exon 12 

Exon 13-14 

Exon 15 

Hxon 16 

Exon 17 

Exon 18 

Exon 19 

Exon 20 

Exon 21 

Exon 22 

F AGAATCGTGGTCTCTGTGTGTGG 
R AGCAGCTGGTGATATCCTCTGG 
F TCAAATGAGAGTGAGCCAGTTGC 
R CTGTTCACAACGTCCAGTTCTCC 
F GTGGGAGTGCAGTGAGAATTGG 
R AACTCAACAA FCTCAAAAGCC 
F GATAGACCTGTGACTGTCTAGGC 
R GGCAATAGTGATATAATTCAGGC 
F ACCTCAGCCTCCCAAAGTGC 
R TGCATACTGTTTTCCCACTCTCC 
F AAGGAGGAGGAGAAGGAGGAAGG 
R C AG GCTGCATTCGTTTTTGG 
F CCACTCCCATAGAAAAGAATCAGG 
R ACTTCTTTGCACCAGTCTCTTCX： 

F GATAAATCATTTATTAAGCGG 

R GAACCTTGAACACAGAAAATGC 

F GGATGACTTTGGAGAAGAAGG 

R TATGAGTTTCGGCAACTTCG 

F TCATCTTCATTAACAAAGACC 

R AGATCTATTTTGGTCACTTTGC 

F CTTTGTTAGTAACTTTAGTTCG 

R TTATACACAGTTGAAA 八 ACC 

F GGCAACTCTGAGCTTATTTTCC 

R AGAGTAGGAAAAGCCTGAATGG 

F CATAGATTATTTTTGTACGG 

R CAAAACTCCCTTCTTTTCCC 

F ATCTGATGCCCCTCTGTATGACC 

R ATTCAGTACTCAATACATGTCC 

F CACCATTCTTGATTGTTTAGG 

R ATTGAATTATAAGCAATATGC 

F CATTTCAGCGACAGAATACAGG 

R TCACAGGGCACAGTTAATATTAGG 

F AACTGTTACACAGCTGAAAAG 

R GTGGTGATTGATTAATGTGC 

F GGTGGAGGAATATATCTTTGC 

R ATAGAATAG 八 TTCAATCATGC 

F CGATAGACAGACAGACACCAGAAGG 

R CAGCTATAATTTCCCACAGCAGTCC 

F GTGTAATCTCAATTGCTACGGCTACC 

R CAAGTAGCTGGGACTTCAGATGC 

F TAGTTTCATGTCTTTTCCTC 

R GAATTTTAAGCACCATCAGTC 

F CCAGGACTCATTTCTTTCACC 

R CTTTCTGACAGAAATATTTGG 

F TGATGTTTCTACATAGTTGGTTTGG 

R AATTGCGTCTAATTTCTTGCC 

547 

577 

431 

392 

632 

483 

572 

539 

488 

556 

772 

555 

536 

457 

57 

57 

57 

57 

Touch down 66-58 

57 

58 

57 

57 

57 

57 

57 

57 

57 

57 

57 

Touch down 57-49 

57 

57 

57 

57 

57 

57 

2.0 

1.0 

2.5 

1.5 

2.5 

2.0 

2.5 

2.5 

2.5 

1 . 5 

2.5 

2.5 

2.0 

2.0 

2.5 

Table 2.2: The primer sequences and amplification conditions for CFII sequencing. 
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Study Subjects, n 55 
Gender 

Male, n (%) 33 (60.0%) 
Female, n (%) 22 (40.0%) 

Clinical Diagnosis 
Vascular Disease, n (%) 12 (21.8%) 

Retinal Detachment, n (%) 25 (45.5%) 
Macular Hole, n (%) 8 (14.5%) 

Traumatic, n (%) 7 (12.7%) 
lOL, n (%) 2 (3.6%) 

ERM, n (%) 1 (1.8%) 
Age (mean 士 SD) 50.8 ± 17 years 

Vascular Diseases included vitreous hemorrhage, diabetic reti-
nopathy and central retinal vein occlusion. 

Retinal detachment included rhegiiiatogeiious retinal detachment 
and recurrent retinal detachment. 

Macular hole represented idiopathic macular hole. 

lOL represented intra-ocular lens re-operation. 

ERM represented epi-retinal membrane. 

Table 2.8: A summary of the clinical diagnosis, gender and age of all 55 patients 

underwent ocular surgery. 

71 



A
nt

ib
od

y 
So

ur
ce

 
W

or
ki

ng
 c

on
ce

nt
ra

tio
ns

 
M

ou
se

 m
on

oc
lo

na
l a

nt
i-H

trA
l 

an
tib

od
y 

gi
ft 

fro
m

 P
ro

f. 
Z 

Y
an

g 
1:

20
00

 fr
om

 st
oc

k 
^ 

M
ou

se
 m

on
oc

lo
na

l a
nt

i-V
EG

F 
an

tib
od

y 
(c

lo
ne

 C
1)

 
Sa

nt
a 

Cr
uz

 sc
-7

26
9 

1:
50

0 
fr

om
 st

oc
k 

M
ou

se
 m

on
oc

lo
na

l a
nt

i-P
ED

F 
an

tib
od

y 
M

ill
ip

or
e 

M
A

B1
05

9 
1:

10
00

 fr
om

 st
oc

k 
G

oa
t a

nt
i-m

ou
se

 Ig
G

-H
RP

 c
on

ju
ga

te
 

Ja
ck

so
n 

Im
m

un
oR

es
. L

ab
. 1

15
-0

35
-1

74
 

1:2
QQ

0Q
 fr

om
 st

oc
k 

Ta
bl

e 
2.

9:
 A

nt
ib

od
ie

s u
se

d 
fo

r 
im

m
un

ob
lo

tti
ng

 a
na

ly
sis

 o
f v

itr
eo

us
 h

um
or

. 



Gene Symbol Primer Sequence (5' > 3') TrnfC) Cycles 

HTRAl 

VEGFA 

PEDF 

SOD 

IL6 

P-ACTIN 

F CAAAGCCAAAGAGCTGAAGG 
R ACCATGTTCAGGGTGCTTTC 
F GAGCCTTGCCTTGCTGCTCTA 
R CACCAGGGTCTCGATTGGAT 
F CAGTGTGCAGGCTTAGAGGGACTA 
R AGGGTTCTGGCAGCTGCTGT 
F AGGGCATCATCAATTTCGAGC 
R CAAGGGAATGTTTATTGGGCG 
F CTGGTCTTTTGGAGTTTGAGGTATACC 
R CCATGCTACATTTGCCGAAGA 
F CAACGGCTCCGGATGTGC 
R CTCTTGCTCTGGGCCTCG 

60 

60 

60 

60 

60 

60 

28 

28 

31 

25 

33 

21 

Table 2.10: The primers and amplification conditions for gene expression analysis. 
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CMV promoter 

Ampicillin 
resistance 

gene 

BamH\ 

pHis/myc-HtrA1 

HTRA1 
ORF 

myc 
polyhistidine 

Blasticidin 
resistance 

gene 

Figure 2.1: Vector map of pHis/myc-HtrA1, 

HTRAl open reading frame was cloned into an empty pcDNA6/myc-His© A (Invitrogen) 

mammalian expression vector through the BamHi and Notl restriction sites. The 

transcription of HTRAl gene is driven by a constitutively active pCMV promoter. The 

pcDNA6/—c-His© A expression vector is also composed of an ampicillin resistance gene 

for bacteria selection and blasticidin resistance gene for cell culture selection. 

74 



IL6 SOD 

22 cycles 

25 cycles 

28 cycles 

33 cycles 

Figure 2.2: Polymerase chain reaction cycle optimization for gene expression analysis. 

The polymerase chain reaction cycle was optimized for each gene by 2% agarose gel 

electrophoresis at every 3 cycles of reaction. Selection of the reaction cycle for gene 

expression analysis was based on the first appearance of the reaction product without 

over-saturation. For example, SOD gene was monitored after 25 reaction cycles while IL6 

gene was monitored after 33 reaction cycles. 
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Chapter 3: Results 

3.1 Variant identification in CFH and HTRAl genes 

3.1.1 Association between CFH gene and exudative AMD 

A total of 58 sequence variations were identified in CFH gene in 163 Chinese 

patients diagnosed with exudative AMD and 155 sex- and age-matched control subjects 

(Table 3.1), all of which follow the Hardy-Weinberg equilibrium. Seven of them showed 

association with exudative AMD {p < 0.05). However, after multiple testing corrections by 

Bonferroni correction (p < 0.05/58 = 0.00086), only 2 polymorphisms (rs551397 and 

rs800292) were significantly associated with exudative AMD (p = 0.00056). Both 

polymorphisms were protective with odds ratio (OR) of 0.523 (95% CI: 0.373 — 0.735; p = 

0.00017). Moreover, a major haplotype composed of rs551397 (T) and rs800292 (G) 

conferred an increased susceptibility for exudative AMD (OR =1.91, 95% CI: 1.36 - 2.68; 

p 二 0.0001). Notably, the Caucasian-associated AMD SNP, Tyr402His (rs 1061170), was not 

associated with exudative AMD in our Hong Kong Chinese population {p = 0.195). The 

proposed risk allele C was not significantly higher in exudative AMD patients (5.8%) than 

in control subjects (2.9%) {p = 0.072). 

3.1.2 Variants in CFH gene 

Among the 58 sequence variations, 24 showed codon changes in the CFH open 

reading frame (ORF). Among them，19 were non-synonymous changes. Excluding the 

variants showing similar biochemical properties with wildtype amino acids, 11 rare variants, 

including Tyr402His, could be considered to exert structural or functional impact on Cfh 

protein (Table 3.2). Although these 11 rare variants individually were not significantly 

associated with exudative AMD, grouping all of them together showed a significant 
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association with exudative AMD {p = 0.013). Exudative AMD patients (17.8%) carried 

more rare variants than the control subjects (8.4%). Individuals carrying these variants had 

2.364-fold higher chance to develop AMD than those without. However, if Tyr402His was 

excluded, the 10 grouped rare variants were not associated with exudative AMD (p 二 

0.080). 

3.1.3 Association between HTRAl gene and exudative AMD 

Total 45 sequence variations were identified in HTRAl gene (Table 3.3)，41 of 

which obeyed the Hardy-Weinberg equilibrium. Coherent to our previous GWAS data 

(Dewan A et al, 2006), rs 11200638 was confirmed to be significantly associated with 

exudative AMD in an extended cohort (p = 1.74 x 10'̂ ^). Individuals carrying the risk allele 

A had 3.310-fold (95% CI: 2.403 - 4.559) higher chance to develop AMD than those 

carrying wildtype allele G (p = 9.24 x lO"̂ "̂ ). In addition to rs 1120063 8, 4 other 

polymorphisms (rs2672598, 34delCinsTCCT, rsl049331 and rs2293870) were also 

significantly associated with exudative AMD, even after multiple testing corrections by 

Bonferroni method (p < 0.05/41 = 0.0012). These 5 polymorphisms were located in 

promoter region and exon 1. No polymorphism beyond exon 1 was associated with 

exudative AMD. Moreover, further interactive analysis revealed significant independent 

additive effects existed with smoking (OR = 15.7) and CF//(rs900292; OR = 23.3). 

3.1.4 Variants in HTRAl gene 

Among the 45 sequence variations, 11 showed codon changes in the HTRAl ORF 

(Figure 3.1). Among them, 7 were non-synonymous changes. Excluding the variants 

showing similar biochemical properties with wildtype amino acids, only 3 rare variants 

(34delCinsTCCT, 77G>C and 176G>C), all of which were located in exon 1, could be 
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considered to exert structural or functional impact on HtrAl protein (Table 3.4). Unlike 

those rare variants in CFH gene, 34delCinsTCCT in HTRAl gene individually showed 

significant association with exudative AMD {p = 0.001) and exerted a protective effect with 

an odds ratio of 0.130 (95% CI: 0.029 - 0.575). Grouping together with the two 

insignificant rare variants, 77G>C and 176G>C, the protective effect was reduced with an 

odds ratio of 0.246 (95% CI: 0.081 - 0.746) although it remained significant {p = 0.008). 

In order to validate the genotypic frequencies of these rare variants, especially 

34delCinsTCCT, the study cohort of control subjects was extended to 390. Analogously, the 

protective rare variant, 34delCinsTCCT, was more prevalent in control subjects (7.9%) than 

in exudative AMD patients (1.2%) with an odds ratio of 0,144 (95% CI: 0.034 - 0.606; p = 

0.002) (Table 3.5). Combining with 77G>C and 176G>C, the control subjects (9.0%) had 

more rare variants than the exudative AMD patients (2.5%) {p = 0.006), indicating these 

rare variants could protect the control subjects to develop AMD (odds ratio = 0.255, 95% 

CI: 0.089-0.730). 

In order to validate the genetically protective effect of 34delCmsTCCT, the 

haplotypes of the 34delCinsTCCT variant with the rs 1120063 8 polymorphism was 

determined. With the application of rs 1120063 8 allele-specific primers (Table 2.4), the 

variant delCinsTCCT allele of 34delCmsTCCT was linked with the wildtype G allele of 

rs 11200638 while the wildtype C allele of 34delCinsTCCT was linked with the risk A allele 

of rs11200638 (Figure 3.2), indicating that the variant delCinsTCCT allele was located in 

the protective haplotype, but not in the risk haplotype. Therefore, the protective effect of 

34delCinsTCCT was confirmed in term of genetics. 
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3.2 Characterization of HtrAl wildtype and variant protein 

3.2.1 Bioinformatics analysis of HtrAl variant 

The codon containing wildtype C allele of 34delCinsTCCT coded for a leucine 

amino acid (CUG) at position 12 while the rare variant, 34delCinsTCCT, inserted a serine 

amino acid (UCC) at position 12 without affecting the leucine residue (UUG) at position 13. 

Insertion of a serine residue into HtrAl protein was predicted to reduce the average 

hydrophobicity of whole protein from -0.1215 to -0.1229 by SOSUIsignal (Gomi M et al, 

2004). As the first 22 amino acids at the N-terminus represented the signal peptide of HtrAl 

protein (Zumbrunn J and Trueb B，1996), the effect of serine insertion at position 12 on the 

signal peptide was analyzed. By SOSUIsignal (Gomi M et al, 2004)，insertion of serine did 

not abolish the recognition of signal peptide in the HtrAl variant, but reduced the average 

hydrophobicity of the signal peptide from 1.5455 to 1.4435. Moreover, from Phobius 

prediction (Kail L et al, 2004)，insertion of serine at position 12 extended the N-region of 

the signal peptide from the first 5 residues (Met-Gln-Ile-Pro-Arg) in wildtype protein to 

first 6 residues (Met-Gln-Ile-Pro-Arg-Ala) in variant, and shifted the H-region (next 12 

residues) from (Ala-Ala-Leu-Leu-Pro-Leu-Leu-Leu-Leu-Leu-Leu-Ala) in wildtype protein 

to (Ala-Leu-Leu-Pro-Leu-Ser-Leu-Leu-Leu-Leu-Leu-Ala) in variant without changing the 

C-region (Ala-Pro-Ala-Ser-Ala; last 5 residues) of the signal peptide (Figure 3.3). These 

predictions indicated that insertion of serine at position 12 in the HtrAl variant might 

influence, but not abolish，the function of the signal peptide of HtrAl protein. 

3.2.2 Confirmation and verification of HtrAl constructs and protein 

Full-length human wildtype HtrAl ORF (1440 bp) encompassed by a 27 bp 

BamHl forward primer and a 29 bp Notl reverse primer was inserted to the BamHl/Notl site 

of pcDNA6/myc-His© A vector to establish the HtrAl expression construct, 
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pHis/myc-HtrAl (section 2.2.1). The correct insertion of full-length human HtrAl ORF 

was examined by agarose gel electrophoresis of the HtrAl construct with appropriate 

restriction enzymes cut. HtrAl-containg construct was made of an approximate 1500 bp of 

HtrAl fragment and an approximate 5000 bp of pcDNA6/m少c-His© A vector fragment 

while the empty pcDNA6/m>'c-His© A vector only contained an approximate 5000 bp 

fragment (Figure 3.4). The correctly inserted sequence of HtrAl-containg construct was 

verified by direct sequencing and the full sequence of inserted HtrAl with the restriction 

sites was shown in Figure 3.5. 

The construct (pHis/myc-HtrAl-12insSer) for the HtrAl variant, 34delCinsTCCT, 

was synthesized by site-directed mutagenesis on pHis/myc-HtrAl construct with the 

application of specific mutagenesis primers (section 2.2.2). The correctly synthesized 

HtrAl variant construct was verified by direct sequencing and the wildtype and the mutated 

sequences were shown in Figure 3.6. 

Next, to validate the HtrAl expression by the HtrAl-inserted constructs with 

correct sequences, pHis/myc-HtrAl and pHis/myc-HtrA1-12insSer, HtrAl mRNA and 

protein were examined by gene expression and immunoblotting analyses, respectively, 

through separate transfection to ARPE-19 cells. Gene expression analysis was performed 

by RT-PCR using specific expression primers for HTRAl (Table 2.10). An obviously strong 

single band (204 bp) of HTRAl was observed in HtrAl-transfected ARPE-19 cells (Figure 

3.7). Empty vector-transfected cells also had HTRAl expression, but the band intensity was 

much weaker than the transfected ones, illustrating that endogenous HTRAl was present in 

ARPE-19 cells. The strong HTRAl signals demonstrated successful transfection of HtrAl 

expression constructs and a steady state expression of HTRAl transcripts. 

HtrAl protein expression was examined by immuoblotting with the use of mouse 

monoclonal antibody against HtrAl (section 2.2.8). In HtrAl -transfected ARPE-19 cells, a 
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specific band with molecular weight of � 5 3 kDa representing recombinant HtrAl protein 

with myc epitope and polyhistidine (His6) tag was observed in the RIPA soluble samples 

(Figure 3.8). The observed molecular weight was similar to the predicted size (51 kDa; Hu 

SI et al, 1998). On the other hand, minimal expression of HtrAl was observed in the RIPA 

soluble sample of empty vector-transfected cells, indicating that the detection of 

endogenous HtrAl protein in ARPE-19 cells by immunoblotting analysis was below limit. 

The immunoblotting results supported the cloning of right HtrAl expression constructs, 

successful transfection of HtrAl expression constructs and validated the expression of 

recombinant human HtrAl protein. 

As HtrAl was suggested to function as a serine protease (Hu SI et al, 1998), the 

proteolytic activity of the recombinant human HtrAl protein and variant was validated by 

the p-casein digestion. Recombinant human HtrAl protein was collected from the 

serum-free condition medium of HtrA1 -transfected ARPE-19 cells, purified and 

concentrated using a molecular size-restricted filter (Figure 3.9A). The concentrated 

condition medium containing the recombinant human HtrAl was incubated with P-casein, 

which had a molecular weight of � 2 7 kDa (Figure 3.9B). The cleaved product of p-casein, 

which had a molecular weight of about 18 kDa, was only observed in the samples 

containing the recombinant human HtrAl, but not in the condition medium from empty 

vector-transfected ARPE-19 cells or without any condition medium (Figure 3.9B). In the 

sample containing the condition medium from the empty vector-transfected ARPE-19 cells, 

no cleaved product of p-casein was observed (Figure 3.9B), indicating that there was no 

protein other than HtrAl cleaving p-casein in the medium from ARPE-19 cells. The cleaved 

product accumulated over time; however, the rate of cleaved product accumulation for the 

wildtype HtrAl protein could not be differentiated from that for the HtrAl variant protein 

(Figure 3.9C), indicating that the proteolytic domain of HtrAl was not affected by the 
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insertion of serine residue in the signal peptide. These results confirmed that the 

recombinant HtrAl protein and variant were proteolytically functional and suitable for 

further analysis. 

3.2.3 Subcellular localization of recombinant human HtrAl protein 

ARPE-19 cells were transfected with pHis/myc-HtrAl and cultured for 48 hours 

followed by collection for immunocytochemistry with mouse monoclonal antibody against 

HtrAl. A strong signal representing HtrAl was observed in the juxtanuclear position of 

transfected cells (Figure 3.10A). Similar result was observed in RF/6A cells transfected 

with pHis/myc-HtrAl (Figure 3.10B). This illustrated that the localization pattern of HtrAl 

was not cell type specific. 

The juxtanuclear localization pattern of recombinant human HtrAl suggested a 

Golgi-related position. In order to verify this hypothesis, double immunofluorescence 

labelling of HtrAl protein and the known markers for the Golgi apparatus, giantin or 

TGN38 (Linstedt AD and Hauri HP, 1993; Stankewich MC et al., 1998)，was performed on 

ARPE-19 cells transfected with pHis/myc-HtrAl. Red fluorescence signal represented the 

recombinant human HtrAl protein (Figure 3.11) while green fluorescence signal 

represented giantin (Figure 3.11 A), which is a Golgi membrane protein. The multilamellar 

and tubular staining in the juxtanuclear position of Golgi apparatus was well demonstrated 

by giantin labeling and this was typical for Golgi apparatus staining. A substantial yellow 

overlay color was observed with merging of images of the same field, indicating that HtrAl 

and giantin were co-localized (Figure 3.11 A). Coherently, co-localization of HtrAl and 

trans-Golgi network protein TGN38 was also observed when HtrAl-transfected ARPE-19 

cells were double stained with HtrAl antibody (red fluorescence signal) and TGN38 

antibody (green fluorescence signal) (Figure 3.11B). 
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As the biosynthesis of secretory protein starts from the endoplasmic reticulum 

(ER), to Golgi apparatus and then secretory vesicles, the Golgi location might be an 

intermediate stage and might not be specific. In order to validate the specificity of Golgi 

location, double immunofluorescence labelling of HtrAl protein with markers for the ER, 

Bip and ER exit site, Sec23 (Stankewich MC et al，1998; Espenshade PJ et al，2002), was 

examined on ARPE-19 cells transfected with pHis/myc-HtrAl. Red fluorescence signal 

represented the recombinant human HtrAl protein (Figure 3.11) while green fluorescence 

signal represented Bip or Sec23 (Figure 3.11C and Figure 3.11D). The perinuclear gradient 

staining was demonstrated by Bip and Sec23 and this was typical for ER staining. Minimal 

yellow overlay color was observed (Figure 3.11C and Figure 3.11D), indicating that HtrAl 

was not co-localized with these ER markers. 

Human HtrAl paralog, HtrA2, was shown to be localized in the mitochondria 

(Park HJ et al, 2006). To determine whether HtrAl was also localized in mitochondria, 

double immunofluorescence labeling of HtrAl protein with the mitochondrial marker, 

cytochrome C (Chance B et al, 1970)，was performed on ARPE-19 cells transfected with 

pHis/myc-HtrAl. Red fluorescence signal represented the recombinant human HtrAl 

protein (Figure 3.11) while green fluorescence signal represented cytochrome C (Figure 

3.11E). The cytoplasmic punctate staining is typical for mitochondria. Minimal yellow 

overlay color was observed (Figure 3.11E), indicating that HtrAl was not localized in 

mitochondria. 

Recently, HtrAl was suggested to be intracellularly associated with tubulin in the 

ovarian cancer cell lines (Chien J et al, 2009b). In order to verify this observation, double 

immunofluorescence labeling of HtrAl protein with P-tubulin was performed on ARPE-19 

cells transfected with pHis/myc-HtrAl. Red fluorescence signal represented the 

recombinant human HtrAl protein (Figure 3.11) while green fluorescence signal 

83 



represented P-tubulin (Figure 3.11F). The cytoplasmic filamentous staining was typical for 

the intermediate filament containing p-tubulin. Exclusive red and green colors were 

observed (Figure 3.11F)，indicating that recombinant HtrAl protein was not associated 

with p-tubulin in ARPE-19 cells. 

3.2.4 Quantitative analysis of ER-located HtrAl protein 

Although the immunocytochemistry profile of HtrAl variant was similar to that of 

wildtype HtrAl protein, a difference was also noticed. In the ARPE-19 cells transfected 

with HtrAl variant, a prominent number of cells with HtrAl localization in both the Golgi 

apparatus and ER was observed, which the fluorescence signal of HtrAl variant was 

partially overlapped with that of Golgi marker and partially overlapped with that of ER 

marker (Figure 3.12A). This might be due to the HtrAl variant located in the ER. 

Therefore, the ER localization efficiency of transfected HtrAl (wildtype and variant) in 

ARPE-19 cells was determined by counting the number of transfected cells with HtrAl 

signal overlapped with Golgi or ER markers (section 2.2.10). It was 2.7% for HtrAl 

wildtype protein and 8.8% for HtrAl variant protein (Figure 3.12B). This indicated that 

HtrAl variant was most likely (3.2-fold) to be located in the ER but not for the wildtype 

protein. 

3.2.5 Secretion of recombinant human HtrAl protein 

The difference of the ER localization between the wildtype protein and the variant 

protein might influence the trafficking and secretion of the protein. To verify this, 

serum-free media for post-incubation of the HtrAl-transfected ARPE-19 cells were 

collected at different time-points (12, 18, 24 and 36 hours). Secreted HtrAl in media was 

detected by combined immunoprecipitation and immunoblotting (section 2.2.8). For both 
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transfections, HtrAl in media was not detected within 12 hours post-transfection (data not 

shown). Weak band of secreted HtrAl was only observed at 12-hour post-transfection in 

ARPE-19 cells transfected with pHis/myc-HtrA 1, but not in that transfected with 

pHis/myc-HtrAl-12insSer (Figure 3.13). From 18 to 36-hour post-transfection, stronger 

signals of secreted HtrAl were detected for the cells transfected with pHis/myc-HtrAl 

compared to that transfected with pHis/myc-HtrA1-12insSer. From the whole cell lysate, 

HtrAl was detected similarly for both constructs. This indicated that the secretion of HtrAl 

variant was delayed compared to that of wildtype protein. 

3.2.6 Cell viability in HtrAl-transfected cells 

HtrAl was shown to be involved in the growth regulation of cancer cell lines 

(Baldi A et al, 2002; Chien J et al, 2004). This phenomenon might also exist in cell lines 

other than cancer，such as RPE cells. ARPE-19 cells transfected with pHis/myc-HtrAl, 

pHis/myc-HtrA1-12insSer and pcDNA6/m>^c-His© A were analyzed by MTT cell survival 

assay 24 hours after post-transfection (section 2.2.12). ARPE-19 cells expressing wildtype 

HtrAl protein had a mean of 34% reduction of MTT signal compared to that transfected 

with empty vector, while ARPE-19 cells expressing HtrAl variant protein had a mean of 

15.4% reduction of MTT signal compared to that transfected with empty vector (Figure 

3.14). This indicated that overexpression of HtrAl protein reduced cell viability of 

ARPE-19 cells, but higher viability was found in cells expressing HtrAl variant protein. 

3.2.7 Cell apoptosis in HtrAl -transfected cells 

Reduction in cell viability could be resulted from increased apoptosis or reduced 

proliferation; therefore, the apoptotic rates of ARPE-19 cells transfected with 

pHis/myc-HtrAl, pHis/myc-HtrA1 -12insSer and pcDNA6/m;;c-His© A were analyzed by 
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counting the number of transfected cells with fragmented nuclei (section 2.2.11). 25.4% of 

ARPE-19 cells expressing wildtype HtrAl protein, 15.6% of ARPE-19 cells expressing 

HtrAl variant protein and 9.4% of empty vector-transfected ARPE-19 cells possessing 

fragmented nuclei were observed (Figure 3.15). This represented a 2.70-fold increase of 

apoptotic rate in ARPE-19 cells expressing wildtype HtrAl protein and a 1,66-fold increase 

of apoptotic rate in ARPE-19 cells expressing HtrAl variant protein, indicating that ectopic 

expression of HtrAl protein would increase cell apoptosis in ARPE-19 cells and the 

ARPE-19 cell apoptotic rate was higher in cells expressing wildtype HtrAl protein than 

those expressing HtrAl variant protein. Reduction of cell viability in HtrAl -transfected 

ARPE-19 cells could be due to the increase in cell apoptotic rate by HtrAl expression. 

3.3 Association between HtrAl and VEGF in vitreous humors 

3.3.1 Association among vitreous levels of HtrAl, VEGF and PEDF 

HtrAl, VEGF and PEDF protein were constitutively expressed in human vitreous 

humor as illustrated by immunoblotting analysis (Figure 3.16). Different expression levels 

were observed in different vitreous samples. Quantification by band densitometry using 

Quantity One® Image Analysis software (BioRad), the expression levels of HtrAl, VEGF 

and PEDF in 55 of vitreous samples collected from patients underwent ocular surgeries 

showed bell-shape distribution pattern (Table 3.6). With reference to previous publications, 

the expression levels were categorized into 3 groups (weak, moderate and strong) according 

to the distribution (section 2.3.5). Weak levels were below 25% quartile, moderate levels 

were between 25 to 75% quartile and high levels were above 75% quartile. 

The vitreous levels of HtrAl, VEGF and PEDF had no clear association with 

gender (Mann-Whitney U test; p = 0.250, p 二 0.683 and p = 0.121，respectively), age 

(Pearson's correlation coefficient test; r = 0.146，p = 0.301, r = 0.140, p = 0.323 and r = 
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0.140, p = 0.322, respectively) or grouped age (Kruskal-Wallis test; p = 0.093，p = 0.108 

and p = 0.203, respectively). When analyzed with the categorized vitreous levels of HtrAl, 

VEGF and PEDF, no association was again observed with gender test; p = 0.442，p = 

0.160 and p = 0.265，respectively) or grouped age (x^ test; p 二 0.251, p = 0.056 and p = 

0.365, respectively; Spearman rank correlation test; p = 0.203, p = 0.148, p = 0.239, p = 

0.088 and p = 0.035,/? = 0.808, respectively). 

The trends of correlation for the mutual expressions of HtrAl, VEGF and PEDF 

across different vitreous humor samples were analyzed. The vitreous humor levels of HtrAl 

were significantly associated with that of VEGF (Pearson's correlation coefficient test; r = 

0.650, p = 7.91 X 10-8) (Figure 3.17A). However, no association was found between PEDF 

and VEGF or PEDF and HtrAl (Pearson's correlation coefficient test; r = 0.023, p = 0.865 

for PEDF and VEGF; r 二 0.077，p = 0.575 for PEDF and HtrAl) (Figure 3.17B and Figure 

3.17C). For the threshold analysis, significant association was observed between the 

grouped vitreous humor levels of HtrAl and VEGF test; p = 9.09 x lO'io; Spearman 
A 

rank correlation test; p = 0.668,/? = 2.55 x 10' ) (Table 3.7). On the contrary, the grouped 

vitreous levels of PEDF were consistently not associated with that of VEGF or HtrAl (x^ 

test; p = 0.765 for VEGF and p = 0.607 for HtrAl; Spearman rank correlation test; p = 

-0.145, p = 0.292 for VEGF and p = -0.110, p = 0.422 for HtrAl). When the grouped 

vitreous levels of PEDF were adjusted, the significant association between the grouped 

vitreous levels of HtrAl and VEGF was mainly contributed by the low and moderate PEDF 

level (low PEDF level: x̂  test for the association between grouped HtrAl and grouped 

VEGF levels; p = 1.42 x Spearman rank correlation test; p = 0.955, ；？二 1.07 x 10"''; 

moderate PEDF level:义 test; p = 6.12 x 10"̂ ; Spearman rank correlation test; p = 0.736,/? 

=1.19 X 10-5 肌d strong PEDF level:受 test; p = 0.043; Spearman rank correlation test; p = 

0.189,p = 0.518). 
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3.3.2 Association of vitreous levels of HtrAl and VEGF in sub-clinical diagnosis 

Vitreous humor samples were recruited from 55 subjects without AMD but 

underwent different ocular surgeries. According to similar disease phenotypes and clinical 

diagnosis, the subjects were categorized into 6 groups, vascular diseases, retinal detachment, 

idiopathic macular hole, traumatic injury, epi-retinal membrane (ERM) and intra-ocular 

lens re-operation (lOL). Vascular diseases include vitreous hemorrhage, diabetic 

retinopathy and central retinal vein occlusion, and retinal detachment includes 

rhegmatogenous retinal detachment and recurrent retinal detachment (Table 2.8). Excluding 

the group with less than 6 patients (ERM and lOL), the correlation of vitreous levels of 

HtrAl with VEGF were analyzed within different clinical diagnosis. Significant positive 

association was observed between vitreous levels of HtrAl and VEGF levels in retinal 

detachment (Pearson's correlation coefficient test; r = 0.835, p = 2.14 x 10"̂ ) (Figure 

3.18A). However, only mild association was found in vascular diseases (Pearson's 

correlation coefficient test; r = 0 .778,二 0.003) (Figure 3.18B). In contrast, no association 

was observed in macular hole and traumatic injuries (Pearson's correlation coefficient test; r 

=-0.390,;? = 0.340 and r = 0.706, p = 0.077，respectively) (Figure 3.18C and 3.18D). 

3.3.3 Association among vitreous levels of HtrAl and rsll200638 genotype 

The mRNA and protein expressions of HtrAl were reported to elevate in the 

individuals carrying the risk A allele of rs 11200638 (Dewan A et al, 2006; Yang Z et al, 

2006; Tuo J et al, 2008). The association between the vitreous HtrAl levels and rs 11200638 

genotype was investigated. The rs 11200638 genotype was not associated with vitreous 

HtrAl levels (Kruskal-Wallis test; p = 0.668). Association remained not significant between 

the grouped vitreous levels of HtrAl and the rsl 1200638 (5^ test; p = 0.529; Spearman rank 

correlation test; p = 0.129,/? = 0.368) (Table 3.8), even after age-adjustment. 
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3.4 Association between HtrAl and VEGF in human fetal retinal pigment epithelial 

cell culture 

3.4.1 Association ofHTRAl and VEGFA under cell stress response 

As vitreous humor analysis showed a positive association between vitreous levels 

of HtrAl and VEGF in retinal detachment (Figure 3.18B), their association in human fetal 

RPE cell culture under cell stress response was also speculated because retinal detachment 

is related to the inflammatory and stress responses (Zacks DN et al, 2006; Hollbom M et al, 

2008). In addition, HtrAl and VEGF could be associated with the cellular stress response as 

human HtrAl paralog, HtrA2, is involved in cellular stress response (Gray CW et al, 2000; 

Han C et al, 2008), and VEGF is a stress-responsive gene (Abcouwer SF et al, 2002; 

Roybal CN et al, 2004; Li J et al, 2009). Cell stress response, which was assessed by gene 

expression analysis of SOD and IL6, was induced by treating human fetal RPE cells with 

tunicamycin, DTT and MG132. All of the chemical were able to induce cell stress response, 

as indicated by the upregulation of SOD (Figure 3.19). Moreover, inflammatory response 

{IL6 upregulation) has also been induced in tunicamycin and DTT-treated cells (Figure 

3.19). 

First, tunicamycin, which induces cellular stress by the blockage of N-linked 

glycosylation in the ER (Elbein AD, 1984), simultaneously upregulated HTRAl and VEGFA 

expressions as compared to DMSO-treated control (Figure 3.20B). The elevated 

expressions of both HTRAl and VEGFA were dose-dependent, which the expression levels 

of HTRAl and VEGFA under 10 îg/ml tunicamycin treatment (3.53-fold and 3.14-fold, 

respectively) were higher than that with 5 |xg/ml tunicamycin (2.16-fold and 2.19-fold, 

respectively). Nonetheless, PEDF was not altered under different tunicamycin 

concentrations. 

To confirm the effect of cell stress response, human fetal RPE cells were treated 
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with DTT, which induces cellular stress by reducing the disulphide bond formation between 

cysteine residues (Jamsa E et al, 1994). Similar to tunicamycin treatment, both HTRAl and 

VEGFA were upregulated as compared to DMSO-treated control (Figure 3.20C). The 

change of HTRAl and VEGFA expression was dose-dependent, which the expression levels 

Q>i HTRAl and VEGFA under 2 mM DTT treatment (4.51-fold and 3.89-fold, respectively) 

were higher than that with 1 mM DTT treatment (2.71-fold and 1.90-fold, respectively). 

Nevertheless, the expression of PEDF was not altered at any time-points or under different 

DTT concentrations. 

To validate the effect of cell stress response, MG132, which is a reversible 

inhibitor of ubiquitin proteasome pathway (UPP) to induce ER stress (Lee AH et al, 2003), 

was applied. In contrast to tunicamycin and DTT, a substantial downregulation of HTRAl 

and VEGFA (by 2.4-fold and 2.2-fold, respectively) was observed upon treatment with 

10|iM MG132 (Figure 3.20D). Consistently, the expression of PEDF was unchanged. 

These results implicated that specific properties of MG132 might override the effect of 

cellular stress. 

3.4.2 VEGFA expression in response to HtrAl 

Since the association of HtrAl and VEGF was validated in stress and 

inflammatory conditions, their mutual regulation was next investigated. Firstly, elevated 

HtrAl expression was achieved by transfection of HtrAl expression construct (section 

2.2.1) into the human fetal RPE cells. Endogenous HTRAl mRNA expression was detected, 

indicating human fetal RPE cells were expressing HTRAL The HTRAl expression was 

7.2-fold higher in the Htr AI -transfected cells than in the empty vector-transfected cells 

(Figure 3.21), suggesting that overexpression of HtrAl was done by transfection. In HtrAl 

overexpressing cells, the VEGFA expression was unaltered (0.96-fold) as that in the empty 
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vector-transfected cells at 24 hours (Figure 3.21). This unchanged VEGFA expression was 

obtained in both shorter ( 6 — 1 2 hours) and longer (48 hours) collection time after 

transfection. In addition, similar PEDF levels were found in HtrA1 -transfected and empty 

vector-transfected cells (0.81-fold). These results indicated that overexpression of HtrAl 

did not upregulate or downregulate the expression of VEGFA in human fetal RPE cells. 

3.4.3 HTRAl expression in response to vascular endothelial growth factor 

VEGF-enriched environment was achieved by exogenous addition of recombinant 

human VEGF protein (10 ng/ml). 24 hours after treatment, HTRAl (0.94-fold), VEGFA 

(1.03-fold) and PEDF (1.12-fold) expressions in VEGF-treated cells were not different 

from that in the untreated cells (Figure 3.22). Shorter (10 min 一 12 hours) or longer (48 

hours) treatment time did not alter the expression of HTRAL In addition, higher or lower 

dose of recombinant human VEGF also did not affect the HTRAl expression. These 

suggested that exogenous application of recombinant human VEGF did not change the 

expression of HTRAl and PEDF in human fetal RPE cells. 

3.4.4 HTRAl and VEGFA expression in response to angiogenic factors 

Although HtrAl and VEGF were not transcriptionally regulated with each other, 

their expressions could be indirectly related. This experiment was to investigate the effect 

of angiogenic factors, such as bFGF and TNFa, on the expression of HTRAl and VEGFA. 

Firstly, application of recombinant human bFGF (10 ng/ml) for 24 hours did not alter the 

expression levels of HTRAl (0.93-fold) and VEGFA (0.64-fold) compared with untreated 

control (Figure 3.23). Rather, the PEDF expression level was reduced by 3 folds in the 

bFGF-treated cells compared with the untreated control. This indicates HtrAl and VEGF 

were not associated under the treatment of bFGF on human fetal RPE cells. 
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Secondly, HTRAl (1.78-fold and 1.54-fold, respectively) and VEGFA (1.54-fold 

and 1.18-fold, respectively) remain unchanged although PEDF expressions showed a 

time-dependent decrease (0.70-fold to 0.19-fold) with 10 ng/ml TNFa treatment from 6 to 

24 hours (Figure 3.24). The results were the same even with higher (50 ng/ml) or lower (1 

ng/ml) concentration of TNFa. This suggested that HTRAl and VEGFA were not regulated 

by TNFa. Since MG132, apart from the UPP inhibition, also attenuates nuclear 

factor-kappa B ( N F K B ) activation by TNFa (Wang X et al, 1999)，this result might suggest 

these 2 genes might not be regulated by the N F K B pathway. 

3.4.5 Cell viability in response to cellular stress 

Overexpression of human recombinant HtrAl protein reduced cell viability and 

induced cell apoptosis in ARPE-19 cell line (Figure 3.14 and Figure 3.15). Since HTRAl 

expression was upregulated in tunicamycin and DTT-treated human fetal RPE cells (Figure 

3.20), it would be questioned whether the upregulation of HTRAl would be linked to the 

influence in cell viability. Therefore, the cell survival of human fetal RPE cells in response 

to cellular stress was analyzed by MTT cell survival assay after 18 hours of treatment 

(section 2.4.4). Human fetal RPE cells treated with 5 and 10 jxg/ml of tunicamycin had a 

mean of 22.6% and 49.7% reduction of MTT signal, respectively, compared to the 

untreated cells, while human fetal RPE cells treated with 1 and 2 mM of DTT had a mean 

of 19.8% and 42.9% reduction of MTT signal，respectively, compared to the untreated cells 

(Figure 3.25). In contrast, the cell viability of human fetal RPE cells was not affected by 

the treatment of MG132, which reduced the HTRAl expression (Figure 3.20). These 

indicated that tunicamycin and DTT treatments would reduce cell viability of human fetal 

RPE cells and the upregulation of HTRAl expression in tunicamycin and DTT-treated 

human fetal RPE cells could be related to the reduction of cell viability. 
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Location dbSNPID Sequence Change Codon 
Change 

Exudative AMD 
{Homo/Hetero/WT) 

Control Subjccis 
{Homo/I Ictero/WT) P 

Promoter Novel -6740G - 0/0/163 0/1/154 NS 
Promoter Novel -650A>G - 0/3/160 0/8/147 NS 
Promoter Novel -4S20A - 0/0/163 0/!/l54 NS 
Promoter rs3753394 -33IT>C - 22/58/83 32/69/54 0.013 
Promoter Novel -26 IOC 0/0/163 0/4/151 NS 
Promolcr rs35836460 -]95T>C - 0/3/160 0/12/143 0.013 
Intron 1 Novel IVS1+95T>C - 0/1/162 0/0/155 NS 
Intron 1 rs551397 IVSU360T - 13/55/95 22/76/57 0.00056 
intron 1 Novel 1VSI-340T - 0/1/162 0/0/155 NS 
Exon 2 rs800292 1840A Val62lle 13/55/95 22/76/57 (J.00056 
Intron 3 Novel !VS3+9T>C - 0/4/J59 0/I/I 54 NS 
Intron 3 Novel IVS3+88T>C - 0/3/160 0/6/149 NS 
Intron 3 Novel JVS3+1750A - 0/1/162 0/3/152 NS 
Inlron 3 Novel IVS3-125 -I31de!7 - 0/1/162 0/1/154 NS 
Intron 3 Novel 1VS3-63T>A - 0/0/163 0/1/154 NS 
Intron 3 Novel •VS3-6 丨 O A - 0/1/162 0/0/155 NS 
Intron 4 Novel IVS4+57insT - 0/3/160 0/8/147 NS 
Intron 4 Novel IVS4+108delT - 0/4/159 0/3/152 NS 
Intron 4 rs3766403 IVS4-44A>T - 0/1/162 0/0/155 NS 
Exon 5 Novel 476 G>C Serl59Thr 0/0/163 0/1/154 NS 
Intron 5 Novel IVS5+I950T - 0/2/161 0/8/147 NS 
Exon 6 Novel 647T>C Ile2l6Thr 0/2/i61 0/1/154 NS 
Exon 7 Novel 907C>T Arg303Trp 0/1/162 0/0/155 NS 
Exoti 7 rs1061l47 92】OA Ala307Ala 1/17/145 0/9/146 NS 
Intron 7 Novel IVS7+250T - 0/2/i6l 0/3/152 NS 
Intron 7 Novel IVS7+540T - 0/0/163 0/1/154 NS 
Intron 7 rs482934 IVS7-53T>G - i/17/145 0/9/146 NS 
Exon 9 rs 1061170 f204T>C Tyr402His l/f7/l45 0/9/146 NS 
Exon 9 Novel ！ 3IOOA Ser437Tyr 0/1/162 0/0/155 NS 
Exon 9 Novel 13300T Arg444Cys 0/1/162 0/0/155 NS 
Inlron 9 Novel IVS9+10C>A - 0/1/162 0/0/155 NS 
Intron 9 Novel IVS9-46G>T - 0/1/362 0/0/155 NS 
Exon 10 rs2274700 1419 O A Ala473Ala 16/57/90 27/66/62 0.015 
Exon 10 Novel 1456 G>C Gly486Arg 0/1/162 0/0/155 NS 
Inlron 10 Novel IVSI0+40TX： - 0/0/! 63 0/1/154 NS 
Intron 10 Novel IVSI<HI68A>G - 0/2/161 0/8/147 NS 
Intron 10 rs203674 IVS10-98T>G - 1/17/145 0/9/146 NS 
Exon 11 rs35453854 1652T>C Ile551Thr 0/1/162 0/1/154 NS 
Exon 12 Novel 17350A Va}579lle 0/2/161 0/0/155 NS 
Exon 12 Novei I736T>C Val579Ala 0/1/162 0/1/154 NS 
Exon 13 Novel 1935 G>T Thr645Thr 0/2/161 0/8/147 NS 
Rxon 13 rs3753396 2016 O A Gln672Gln 21/66/76 34/69/52 0.024 
Exon 14 Novel 20890T Leu697Phe 0/1/162 0/0/155 NS 
Exon 14 Novel 2 H 4 0 T Ser705Phe 0/0/163 0/1/154 NS 
Intron 14 Novel IVSI4-52T>C - 0/0/163 0/2/(53 NS 
Intron 15 Novel IVSI5+20T>G - 0/0/163 0/1/154 NS 
Intron 15 Novel IVS15-32A>T - 0/l/!62 0/0/155 NS 
Intron 15 rs375046 IVS15-28A>C - 4/14/145 0/12/143 NS 
Exon 16 Novei 2509G>A Val837lle 0/2/161 0/8/147 NS 
Exon 17 Novel 2637A>0 Gly879G!y 0/2/161 0/8/147 NS 
Exon 17 Novel 2669G>C Ser890Thr 0/0/163 0/1/154 NS 
Exon 18 rs 1065489 2808T>G Asp936Glu 23/67/73 34/69/52 NS 
Exon 18 Novel 29440T Pro982 Ser 0/1/162 0/0/155 NS 
Intron 18 reI6840522 IVS18-89T>C - 0/4/159 0/12/143 0.031 
intron 19 Novel 1VS!9+8G>T - 0/6/157 0/5/150 NS 
Exon 20 Novel 3I72T>C Tyrl058His 0/2/161 0/1/154 NS 
Exon 20 rs410232 3I78G>C VallOftOUu 0/2/161 0/1/154 NS 
Exon 22 Novel 3696+9')G>A - 0/2/161 0/1/J 54 NS 

Labeling of CFH gene was refeired to GenBank database (NM_000186.2). 
Homo: Homozygous change to the reference 
Hetero: Heterozygous change to the reference 
WT: Wildlype to the reference 
NS: Not significant 

Table 3.1: CF/T variants identified in exudative AMD patients and control subjects. 
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Location dbSNP ID Sequence 
Change 

Codon 
ChariKC 

Exudative A M D Control Subjects 
(1 lomo/H etcro/WT) (！化nio/Hetero/WT) P Odds Ratio (95% CI) 

Exon 6 Novel 647T>C lle216Thr 0/2/161 0/1/154 NS -

Exon7 Novel W O T Arg303Trp 0/1/162 0/0/155 NS -

Exon 9 r s l 0 6 " 7 0 I204T>C Tyr402His 【/17/I45 0/9/146 NS -

Exon 9 Novel 1 3 1 0 0 A Ser437Tyr 0/1/162 0/0/155 NS -

Exon 9 Novel 13300T Arg444Cys 0/1/162 0/0/155 NS -

Exon 10 Novel 1456 G>C Gly486Arg 0/1/162 0/0/155 NS -

Exon 11 rs35453854 1652T>C Me551Thr 0/1/162 0/1/154 NS -

Exon 14 Novel 2 0 8 9 0 T Leu697Phe 0/1/162 0/0/155 NS -

Exon 14 Novel 21 M O T Ser705Phe 0/0/163 0/1/154 NS -

Exon 18 Novel 2 9 4 4 0 T Pro982 Ser 0/1/162 0/0/155 NS -

Lxon 20 Novel 3172T>C Tyrl058His 0/2/161 0/1/154 NS -

Number ol variants with property 
change (including Tyr402His): 

Number of variants with property 
change (excluding Tyr402His): 

29(17.8%) 

1 ！ (6.7%) 

13(8.4%) 

4 (2.6%) 

0.0! 3 

0.080 

2.364(1.179-4.739) 

Labeling of CFH gene was referred to GenBank database {NM_000186,2). 
Homo: Homozygous change to the reference 
Hetero: Heterozygous change to the reference 
WT: Wildlype to the reference 
NS: Not significant 
CI: Confident interval 

Table 3.2: Variants in CFH gene. 
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dbSNP ID Sequence Change Change 
Exudative AMD 

(Homo/Hctero/WT) 
Control Subjects 

(Homo/Hctcro/WT) 
Promoter rs 11200638 -625&>A - 94/51/18 38/90/55 1 74x10 
Promoter Novel -502C> 丁 - 0/10/153 0/20/163 NS 
Promoter Novel -497C>T - 0/4/159 0/8/175 NS 
Promoter rs2672598 -487T>C - 138/24/1 97/68/18 3 03 x10 
Exon \ Novel 34de!CinsTCCT Lcul2insSer 0/2/161 0/J6/167 0 001 

Exon 1 Novel 5 9 0 T Ala20Val 3/36/124 2/56/125 NS 
hxon 1 Novel 77G>C Arg26Pro 0/1/162 0/0/180 NS 
Exon 1 rs 1049331 1 0 2 0 丁 Ala34Ala 18/52/93 55/90/38 3 73x10 
Exon 1 rs2293870 】08G:>T Gly36Gly 18/52/93 55/90/38 3 73x10 
Exon 1 Novel 176G>C Arg59Pro 0/1/162 0/1/182 NS 

Intron 1 rs]2267142 IVS1-1760G - 0/16/147 0/25/158 NS 
IntTon 2 Novel IVS2+34G>A - 0/1/162 0/0/183 NS 

Intron 2 Novel iVS2+8IC>T - 0/0/163 0/1/182 NS 

Intron 2 Novel ISV2+99T>C - 0/1/162 0/0/183 NS 
Intron 2 Novel 1VS2+1000T - 0/3/160 0/8/175 NS 
Intron 2 Novel lVS2+172_179del8 - 0/1/162 0/0/183 NS 
Imron 2 Novel 1VS2+216A>G - 0/0/i63 0/1/182 NS 

Intron 2 Novel IVS2+3I7C>T - 0/2/! 61 0/1/182 NS 

Exon 3 Novel 663G>A Val22IVal 0/0/163 0/1/182 NS 

Intron 3 rs2239586 IVS3f93C>T - 15/77/71 22/92/69 NS 
Intron 3 rs2239587 1VS3+167G>A - 15/77/71 22/92/69 NS 
Exon 4 Novel 834C>T Phe278Phe 0/0/163 0/1/182 NS 
Intron 4 rs2672582 IVS4+990T - 46/90/27 67/86/30 NS 

Intron 4 Novel 1VS4-340A - 0/0/163 0/1/182 NS 

Exon 5 Novel 996A>G Leu332Leu 0/0/163 0/1/182 NS 
Intron 5 Novel IVS5+21delG - 0/0/163 0/1/182 NS 
Intron 5 Novel IVS5+510C - 0/0/163 0/1/182 NS 
Intron 5 Novel lVS5+76_79del4 - 0/59/104 0/48/135 NS 

Intron 5 Novel 1VS5^"168C>T - 0/0/163 0/1/182 NS 

Intron 5 rs2672583 1VS5+1690A - 42/90/31 68/87/28 NS 
Intron 5 Novel IVS5-1330A - 0/1/162 0/0/183 NS 
Intron 6 Novel IVS6+90G>T - 0/0/163 0/1/182 NS 
Intron 6 Novel IVS6+inG>A - 4/32/127 1/57/125 NS 
Intron 6 rs2672585 1VS6+ I I50G - 45/92/26 67/88/28 NS 

Irrtron 7 Novel IVS7+17C>A - 0/1/162 0/0/183 NS 
Intron 7 Novel IVS7+1300T - 0/0/163 0/1/182 NS 
Intron 7 Novel IVS7+149C>G - 4/33/126 1/57/125 NS 
Intron 7 Novel IVS7-1230C - 0/1/162 0/0/183 NS 

Exon 8 rsl 1538140 12210T Asp407Asp 0/3/160 0/5/178 NS 

Exon 8 Novel 1249G>A Val417lle 0/0/163 0/1/182 NS 
Intron 8 rs2272599 1VS8+140A - 43/92/28 67/85/31 NS 
Intron 8 Novel 】VS8+61A>G - 0/0/163 0/1/182 NS 

Inuon8 rs229387l IVS8-360T - 62/77/24 57/102/24 NS 

Exon 9 Novel 14870T - 0/0/163 0/1/182 NS 

Exon 9 Novel 15370C 0/0/163 0/1/182 NS 

Labeling of HTRAI gwe was referrred to GenSank database (NM_002775 3) 
Homo Homozygous change to the reference 
Hetero Heterozygous change to the reference 
WT Wildttypetotheref 
NS Not Significant 

Table 3.3: HTRAl variants identified in exudative AMD patients and control subjects. 
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Location dbSNP ID Sequence 
Change 

Codon 
Chanee 

Exuddli\e AMD Control Subjects 
(Homo/Hetero/WT fHonio/Hetero/WT P Odds Ratio (95% CI) 

Exon 1 Novel 34deiCmsTCCl Leul2insSer 0/2/161 0/16/167 0 001 0 130(0 029-0 575) 
E\on 1 Nove! 77G>C Arg26Pro 0/1/162 0/0/180 NS -

Exon 1 Novel 176G>C Aig59Pro 0/1/162 0/1/182 NS 

Number of vanjnts with property changc 4 (2 5%) 17(9 3%) 0 008 0 246 (0 081 0 746) 

Labeling of HTRA1 gene was referred to GenBank database (NM_002775 3) 
Homo Homozygous change to the reference 
Hetero Heterozygous change to the reference 
WT Wildtype to the reference 
NS Not significant 
CI Confident interval 

Table 3.4: HTRAl variants in 163 patients and 183 controls. 

96 



Location dbSNP ID Sequence 
Chdnae 

Codon 
Chaimc (1 

bxudative AMC 
lomo/Helero/W 

> Control Subjects 
T) (Hamo/Hcicro/WT) P Odds Ratio (95% CI) 

pKon 1 No\el 34delCinsTCCT I eul2insSer 0'2/16i 1/30/159 0 002 0 144(0 0^4-0 606) 
Exon 1 Novel 77a>C Arg26Pro 0/1/162 0/2/388 NS -

Exon 1 No\el 176G>C Arg59Pro 0/1/162 0/2/388 NS 

Number of varianth w itli property change 4 (2 5%) 35 (9 0%) 0 006 0 255 (0 089-0 730) 

Labeling of HTRA1 gene was referred to GenBank database (MM一002775 3) 

Homo Homozygous change to the reference 
Hetero Heterozygous change to the reference 
WT Wildtype to the reference 
NS Not significant 
CI Confident interval 

Table 3.5: HTRAl variants in 163 patients and 390 controls. 
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HtrAI Intensity VEGF Intensity PEDF Intensity 
Study Subjects, n 55 55 55 

Mean 8477.47 7663.08 8175.42 
Standard deviation 4949.31 4292.13 4692.91 

Median 7994.37 7176.17 7858.36 
25% quartile 4605.86 4316.77 5098.33 
75% quartile 11706.48 11076.71 11087.24 

Maximum 21713.16 18944.29 20978.64 
Minimum 586.35 748.64 64.29 

Table 3.6: Quantification of vitreous levels of HtrAI, VEGF and PEDF. 
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Grouped HtrAl Grouped VEGF Level 
Level + ++ +++ 

+ 9 
(16.4%) 

3 
(5.50/0) 

1 
(1.8%) 

++ 4 23 1 ++ 
(7,3%) (41.8%) (1.8%) 

+++ 1 
(1.8%) 

2 
(3.6%) 

11 
(20.0%) 

Weak expression 
Moderate expression 
Strong expression 

Table 3.7: Correlation of grouped vitreous levels of HtrAl with grouped vitreous levels 

of VEGF. 
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Grouped HtrAl rsl 1200638 Genotype 
Level GG GA AA 

+ 4 8 1 + 
(7.8%) (15.7%) (2.0%) 

+ + 

J1__L 

4 14 8 
+ + 

J1__L 
(7.8%) 

3 
(27.5%) 

6 
(15.7%) 

3 
1 1 1 (5.9%) (11.8%) (5.9%) 

+’ : Weak expression 
++, : Moderate expression 
+++,: Strong expression 

Table 3.8: Correlation of grouped vitreous levels of HtrAl with rsll200638 genotype. 



Sig+n:丨 Mac25 
peptide 

Kazal-type 
inhibitor 

PDZ 

HtrA1 protein 

HTRA1 gene 

Leu12insSer 
Ala20Ala 

Arg28Pro 
Ala34Ala 

Gly36Gly 
Arg59Pro 

Val417lle 

Figure 3.1: The eleven variants discovered in HTRAl open reading frame. 

Total eleven variants were found in the HTRAl ORE Among them, 7 were 

non-synonymous changes (Ala20Ala, Ala34Ala, Gly36Gly, Val221Val, Phe278Phe, 

Leu332Leu and Asp407Asp). Excluding the variants showing similar biochemical 

properties with wildtype amino acids (Val417Ile), only 3 variants (Leul2insSer, Arg26Pro 

and Arg59Pro), all of which were located in exon 1, could be considered to exert structural 

or functional impact on HtrAl protein. 
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A A-ailele specific primer 

GCTGCC TTCGTC C£GC CGCAG AG GC C C CGCGGK C k G G GT CCCCG CG TG CGGGGTACC GGGGGG 

34C 

CAG&TCCCGCGCGC CGCTCTT CTCCCGCTGCTGCTGCTGCTGCTGGCGGCGCCCGCCTCGGCGCA 

B G-allele specific primer 

KRMSSYTGC C Y T C GT CCGG CCGCAGAGGCCCCGCGGTCA GGGTCCCGCGTGCGGGGTACC GGGGG 

34delCinsTCCT 
丄 

lAGATCCCGCGCGCCGCTCTTCTCC CGCTGT CCTTGC^GCTGCTGCTGGCGGCGCCCGCCTCGGCGCA 

Figure 3.2: Haplotype analysis ofrsll200638 and 34delCmsTCCT. 

DNA from individual with a genotype of heterozygous 34delCinsTCCT and rs 11200638 

was amplified by PGR using allele-specific primers controlling the rs 11200638, followed 

by direct sequencing. (A) The risk A allele of rs11200638 formed a haplotype with wildtype 

C allele of 34delCinsTCCT. (B) The wildtype G allele of rsl 1200638 formed a haplotype 

with variant delCinsTCCT allele of 34delCinsTCCT. The variant allele of 34delCinsTCCT 

is not located on the same haplotype with the risk allele of rsl 1200638, indicating a 

potential protective effect. 
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N-region H-region C-region 

Wildtype Met-Gln-lle-Pro-Arg Ala-Ala-Leu-Leu-Pro-Leu-Leu-Leu-Leu-Leu-Leu-Ala 

Variant Met-Gln-lle-Pro-Arg-Ala Ala-Leu-Leu-Pro-Leu-Ser-Leu-Leu-Leu-Leu-Leu-Ala 

Figure 3.3: Signal peptide structure of wildtype and variant HtrAl protein. 

From Phobius prediction (Kail L et al, 2004)，insertion of serine at position 12 extended the 

N-region of the signal peptide from the first 5 residues (Met-Gln-Ile-Pro-Arg) in wildtype 

protein to first 6 residues (Met-Gln-Ile-Pro-Arg-Ala) in variant, and shifted the H-region 

(next 12 residues) from (Ala-Ala-Leu-Leu-Pro-Leu-Leu-Leu-Leu-Leu-Leu-Ala) in wildtype 

protein to (Ala-Leu-Leu-Pro-Leu-Ser-Leu-Leu-Leu-Leu-Leu-Ala) in variant without 

changing the C-region (Ala-Pro-Ala-Ser-Ala; last 5 residues) of the signal peptide. 
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5000 bp 

1500 bp 

1000 bp 

750 bp 

500 bp 

250 bp 

HTRA1 ORF 

Figure 3.4: Confirmation of full-length HTRAl open reading frame insertion into 

pcDNA6//ii少c-His© A expression vector by restriction enzyme analysis. 

Insertion of full-length human HTRAl ORF was confirmed by 1% agarose gel 

electrophoresis after restriction enzyme digestion using BamHl and Notl. The sizes of 

full-length HTRAl ORF (about 1.5 kb) and the pcDNA6/myc-His© A expression vector 

(about 5.1 kb) are correctly indicated. 
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Bcmtffl site Met Gin J]e Ala Aia Leu Lea Pro Leu ten Leu Leu Leu Leu Ala Ala Pro Ala Ser Ala Gin Leu Se 

二 GGAT C C CCATGC A GAT CCCGCĜ TGCCGCTCTTCTCCCGCTGCTGCTGCTGCTGCTGGCGGCGCCCGCCTCGGCGCAGCTGTC 

5 26 27 2S 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 4S 49 50 51 5 
r Arg Ala Gly Arg Ser Ala ？lo Leu Ala Ala Oly Cys Pro Asp Arg Cys Glu Pro Ab Arg Cys Pro Pro Gin Pro Glu H 

CCCGGGCCGGCCGCTCGGCGCCTTTGGCCGCCGGGTGCCCAGACCGCTGCGAGCCGGCGCGCTGCCCGCCGCAGCCGGAGC 

IfWMtihVtf^^hMMMyyMm 
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IS C ” Glu Gly Gly Arg Ala Ai^ Asp Ala Cys Gly Cys Cys Glu Val Cys Gly Ala Pro Ghi Oly Ala Ala Cys Gly Leu G 
actgcgagggcggccgggcccgggacgcstgcggctgctgcgaggtgtgtggcgcgcccgagggcgccgcgtgcggcctgc 

iMiJlMkUmimjmmAM^M^ 
9 80 81 82 83 84 85 S6 87 88 89 90 91 92 93 94 95 96 97 98 99 丨00 】0丨】02 丨03 104 105 
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Figure 3.5: Full sequence of cloned HTRAl open reading frame inserted in 

pcDNA6//wjc-His© A expression vector. 

Recombinant human HTRAl ORP was inserted into the pcDNA6/myc-His© A expression 

vector. The sequence was labeled with the codon translation according to the start codon 

(ATG) oi HTRAl. HTRAl ORF was inserted into the pcDNA6/myc-His© A expression 

vector using the BamHl and Notl restriction sites. All the amino acids labeled in HTRAl 

ORF by the codon translation were the same as the reference protein sequence 

(NP_002766.1). The stop codon of HTRAl ORF was removed so that the in-frame 

translation continued, and the myc epitope and polyhistidine tag were produced. The final 

synthesized recombinant protein is predicted to be a 510 amino acid protein consisting of a 

480 amino acid full-length human HtrAl protein with a 10 amino acid myc epitope and a 6 

amino acid polyhistidine tag. 
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A 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 

Met Gin He Pro Arg Ala Ala Leu Leii Pro Leu Leu Leu Leu Leu Leu Ah Ala Pro Ala Ser Ala 
；A T G C A G A T C C C G C G C G C C G C T C T T C T C C C G C T G C T G C T G C T G C T G C T G G C G G C G C C C G C C T C G G C G 

mfiiMim/MMdk 
B 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 
Met Gin lie Pro Arg Ala Ala Leu Leu Pro Leu Ser Leu Leu l«u Leu Leu Ala Ala Pro Ala Ser Ala 

SATGCAGATCCCGCGCGCCGCTCTTCTCCCGCTGTCCTTGCTGCTGCTGCTGGCGGCGCCCGCCTCGGCG 

Figure 3.6: Sequences of signal peptide of human wildtype HtrAl and HtrAl variant. 

The chromatograms of (A) first 66 nucleotides for HTRAl wildtype transcript and (B) first 

69 nucleotides for HTRAl variant transcript, starting from the start codon (ATG)，are 

presented with codon translation. The first 22 amino acids at the N-tenninus of wildtype 

HtrAl protein and first 23 amino acids of HtrAl variant protein were predicted to be the 

signal peptide. The variation of HtrAl variant protein is indicated with an insertion of 

serine residue at position 12. 
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Figure 3.7: Gene expression analysis of ARPE-19 cells transfected with wildtype or 

variant HtrAl expression construct. 

Total RNA from transfected ARPE19 cells was analyzed for human HtrAl expression by 

RT-PCR using specific primers for HTRAl and p-ACTIN. A strong single band 

(approximately 200 bp in size) representing HTRAl transcript was observed in samples 

transfected with pHis/myc-HtrAl and pHis/myc-HtrA 1 -12insSer. Empty vector-transfected 

cells showed HTRAl expression, but the specific band intensity was much weaker than the 

transfected ones, illustrating that the endogenous HTRAl was present in ARPE-19 cells. 

Constant processing of template and loading of PGR samples was verified by the even 

expression levels of housekeeping P-ACTIN, 
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Figure 3.8: Protein expression analysis of ARPE-19 cells transfected with wildtype or 

variant HtrAl expression construct. 

Total RIPA soluble protein from ARPE-19 cells transfected with pHis/myc-HtrA1 and 

pHis/myc-HtrA1 -12insSer was analyzed by western blotting for recombinant human 

wildtype and variant HtrAl protein expression with mouse monoclonal antibody against 

human HtrAl protein. Specific single band in the position of � 5 3 kDa was observed in 

HtrAl-transfected cells compared to empty vector-transfected cells. p-Actin expression was 

used as the housekeeping controls. Non-specific bands were noted，which might be due to 

the background of antibody staining. 
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Figure 3.9: Proteolytic activity analysis of the recombinant human wildtype and 

variant HtrAl protein. 

HtrA1 -transfected or empty vector-transfected ARPE-19 cells were incubated in serum-free 

medium which was collected at 48 hours after transfection. Recombinant human HtrAl 

protein in the cell-free conditioned medium was purified and concentrated by 10-kDa 

centrifugal filter. Equal amount of total protein (10 |ig) in the conditioned medium from 

ARPE-19 cells transfected with pHis/myc-HtrAl, pHis/myc-Htr A1 -12insSer or 

pcDNA6/myc-His© A was applied. Proteolytic activity analysis was performed by 

incubating 10 |xg protein in the conditioned medium with 5 ug of p-casein in a buffer of 50 

mM Tris/HCl (pH 7.5) and 150mM NaCl at 37°C, added up to a volume of 30 by 

distilled water. At different time-points (0 — 50 min at 10 min-interval), 7.5 |j,l of SDS buffer 

was added to the reaction mixture, which was then denatured at 95�C for 5 min to terminate 

the reaction. The denatured protein samples were resolved by 15% SDS-PAGE and 

visualized by Coomassie blue staining. The sample containing only P-casein and buffer was 

used as a negative control. (A) The quantity of HtrAl protein in the conditioned medium 

with same amount of total protein was validated by immunoblotting analysis using mouse 

monoclonal antibody against HtrAl. (B) p-casein had a molecular weight of about 27 kDa 

while the cleaved product of P-casein had a molecular weight of about 18 kDa. The cleaved 

product was only observed in the samples containing recombinant human HtrAl, but not in 

the conditioned medium from empty vector-transfected ARPE-19 cells or without any 

conditioned medium. (C) The band intensities of the cleaved product were measured and 

compared with p-casein from the sample without conditioned medium. The rate of cleaved 

product accumulation for wildtype HtrAl was similar to that for HtrAl variant. Mean 士 SD 

was presented. 
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Figure 3.10: Immunocytochemical analysis of recombinant human HtrAl protein in 

ARPE-19 and RF/6A cells. 

(A) ARPE-19 and (B) RF/6A cells transfected with pHis/myc-HtrAl were fixed 

and immimostained for HtrAl (in red fluorescence), followed by contrast staining of nuclei 

with DAPI (in blue fluorescence). A specific HtrAl staining located in the juxtanuclear 

position was observed in both cell types. Scale bar: 10 }im. 
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Figure 3.11: Subcellular localization analysis of recombinant human HtrAl protein in 

ARPE-19 cells. 

ARPE-19 cells transfected with pHis/myc-HtrAl were fixed, double immunolabeled for 

HtrAl protein (in red fluorescence) and different localization markers (in green 

fluorescence), including (A) giantin (a marker for Golgi apparatus), (B) TGN38 (a marker 

for Golgi and trans-Golgi network), (C) BiP (a marker for the ER), (D) Sec23 (a marker for 

transition ER / ER exit site), (E) cytochrome C (a marker for mitochondria) and (F) 

P-tubulin, and contrast-stained the nuclei with DAPI (in blue). Specific HtrAl staining was 

found to be co-localized with giantin and TGN38 (in yellow overlay fluorescence), but not 

with other markers. Scale bars: 10 fxm. 
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Figure 3.12: Quantitative analysis of ER-located HtrAl protein in ARPE-19 cells 

transfected with pHis/myc-HtrAl or pHis/inyc-HtrAl-12insSer. 

ARPE-19 cells transfected with pHis/myc-HtrAl were fixed, double immunolabeled for 

HtrAl protein (in red fluorescence) and (A) gaintin (a marker for Golgi apparatus) or (B) 

BiP (a marker for the ER) (in green fluorescence), and contrast-stained the nuclei with 

DAPI (in blue). Specific HtrAl staining was partially co-localized with giantin and BiP (in 

yellow overlay fluorescence). Scale bars: 10 |ini. (C) The ER localization was examined as 

the number of cells showing HtrAl staining partially overlapped with giantin or BiP / the 

number of cells showing HtrAl staining completely overlapped with giantin or exclusively 

with BiP. About 2.7% of ARPE-19 cells transfected with pHis/myc-HtrAl showed partial 

co-localization compared to 8.8% of ARPE-19 cells transfected with 

pHis/myc-HtrA1-12insSer. Mean 士 SD was presented. 
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Figure 3.13: Secretion of recombinant HtrAl protein in ARPE-19 ceils transfected 

with pHis/myc-HtrAl or pHis/myc-HtrAl-12msSer. 

Supernatant of ARPE-19 cells transfected with pHis/myc-HtrAl and 

pHis/myc-HtrA1-12insSer incubated in serum-free medium was collected at different 

time-point after transfection (12, 18, 24 and 36 hours). Secreted HtrAl was identified by 

immunoprecipitation using anti-Hise antibody on the collected supernatant. The 

immunoprecipitates were then quantified by immunoblotting using mouse monoclonal 

antibody against HtrAl. Secreted HtrAl was not detected before 12 hours post-transfection 

(data not shown). Weak band of secreted HtrAl was only observed at 12-hour 

post-transfection in ARPE-19 cells transfected with pHis/myc-HtrAl, but not in that 

transfected with pHis/myc-HtrA 1-12insSer. From 18 to 36-hour post-transfection, stronger 

signals of secreted HtrAl were detected for the cells transfected with pHis/myc-HtrA 1 

compared to that transfected with pHis/myc-HtrA1 -12insSer. From the whole cell lysate, 

the expression of HtrAl protein was similar for both constructs, suggesting a similar HtrAl 

synthesis. 
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Figure 3.14: Cell survival analysis of ARPE-19 cells transfected with pHis/myc-HtrAl 

or pHis/myc-HtrAl-12insSer. 

MTT assay was performed on ARPE-19 cells transfected with pHis/myc-HtrAl, 

pHis/myc-HtrA1 -12insSer or pcDNA6/myc-His© A vector. An excitation wavelength of 

570 nm with reference 650 nm was measured by a spectrophotometer. The percentage of 

cell viability was expressed as OD570 of ARPE-19 cells transfected with pHis/myc-HtrAl 

or pHis/myc-HtrA1-12insSer / OD570 of ARPE-19 cells transfected with empty vector. 

ARPE-19 cells transfected with pHis/myc-HtrAl had a mean of 34% reduction of MTT 

signal while ARPE-19 cells transfected with pHis/myc-HtrA1 -12insSer had a mean of 

15.4% reduction of MTT signal, compared to that transfected with empty vector. Mean 士 

SD was presented. 
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Figure 3.15: Cell apoptosis analysis of ARPE-19 cells transfected with 

pHis/myc-HtrAl or pHis/myc-HtrAl-12insSer. 

Cells undergoing terminal apoptosis were presented with fragmented nuclei. The apoptosis 

rates were compared among ARPE-19 cells transfected with pHis/myc-HtrAl, 

pHis/myc-HtrA1 -12insSer or pcDNA6/myc-His© A vector. (A) Immunocytochemical 

analysis was used to label the transfected HtrAI protein (in red fluorescence) and 

DAPI-stained nuclei (in blue), and to count the number of cells with fragmented nuclei. 

Scale bars: 10 jim. (B) The apoptosis rate was calculated as the number of transfected 

HtrAI-positive cells showing fragmented nuclei / the number of transfected HtrAI-positive 

cells. There was 25.4% of ARPE-19 cells transfected with pHis/myc-HtrAl and 15.6% of 

ARPE-19 cells transfected with pHis/myc-HtrAl- 12insSer undergoing terminal apoptosis, 

compared to 9.4% of ARPE-19 cells transfected with pcDNA6/myc-His© A vector. Mean 士 

SD was presented. 
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Figure 3.16: Immunoblotting analysis of vitreous levels of HtrAl, VEGF and PEDF. 

Equal amount (10 jxg total protein) of the denatured vitreous humor samples were resolved 

on 12.5% SDS-polyacrylamide gel and electro-transferred to nitrocellulose membranes for 

probing sequentially with monoclonal antibodies against VEGF, HtrAl and PEDF in the 

same blotting experiment. The signals were detected by the enhanced chemiluminescence. 

HtrAl, VEGF and PEDF were constitutively expressed in vitreous humors, but with 

different intensities. Fifteen of 55 vitreous humor samples were presented (grouped HtrAl 

level, grouped VEGF level, and grouped PEDF level for same individual). '+': weak 

expression;'++': moderate expression; ‘+++’： strong expression. 
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Figure 3.17: Correlation of vitreous levels of HtrAl，VEGF and PEDF. 

The intensities of HtrAl, VEGF and PEDF for each sample in the same blotting experiment 

were quantified by Quantity One® Image Analysis software (BioRad) and correlated by 

Pearson's correlation coefficient test. (A) The vitreous level of HtrAl was significantly 
Q 

associated with that of VEGF (r = 0.650, p = 7.91 x 10 ). There was no association for 

PEDF with VEGF (B) or HtrAl (C) in human vitreous humor samples (r = 0.023, p = 0.865 

and r = 0 . 0 7 7 , = 0.575, respectively). 

123 



10000 15000 20000 
HtrAI Intensity (Count/mm') 

Figure 3.18: Correlation of vitreous levels of HtrAI and VEGF in sub-clinical 

diagnosis. 

The clinical diagnosis was categorized into 6 groups, including vascular diseases, retinal 

detachment, idiopathic macular hole, traumatic injury, ERM and lOL. The group with less 

than 6 patients (others: ERM and lOL) was excluded from the analysis. Vitreous HtrAI 

levels were positively associated with vitreous VEGF levels in (A) retinal detachment 

(Pearson's correlation coefficient test; r 二 0.835, p = 2.14 x 10"̂ ) and mildly in (B) vascular 

diseases (Pearson's correlation coefficient test; r = 0.778, p = 0.003). However, no 

association was observed in (C) macular hole and (D) traumatic injuries (Pearson's 

correlation coefficient test; r = -0.390, p = 0.340 and r = 0.706，= 0.077, respectively). 
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Figure 3.19: SOD and IL6 expression analysis of human fetal RPE cells under cell 

stress response. 

Confluent human fetal RPE cells were treated with tunicamycin (0.5，5 and 10 |ig/ml), DTT 

(0.1, 1 and 2 mM) and MG132 (10 îM) for 18 hours. Total RNA was collected and 

reverse-transcribed. (A) The gene expression levels of SOD, IL6 and P-ACTIN were 

analyzed by semi-quantitative PGR. The intensities of gene expressions for the treated 

groups relative to that of control were presented. All 3 chemicals induced stress reponse as 

shown by upregulation of SOD (B-D), whereas inflammation response could only be 

induced in tunicamycin and DTT treatments as shown by upregulation of IL6 (B, C). (B, C) 

Solid line: relative intensities of SOD expression; Dotted line: relative intensities of IL6 

expression. (D) White bar: relative intensities of gene expressions in control; Black bar: 

relative intensities of gene expressions in MG132 treatment. 
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Figure 3.20: HTRAl, VEGFA and PEDF expression analysis of human fetal RPE cells 

under cell stress response. 

(A) The gene expression levels of HTRAl, VEGFA, PEDF and pACTIN were analyzed by 

semi-quantitative PGR. The intensities of gene expressions for the treated groups relative to 

that of control were presented. The HTRAl and VEGFA expressions also showed a 

dose-dependent increase from 0.5 to 10 fxg/ml tunicamycin and 0.1 to 2 mM DTT 

treatments (B and C). For 10 jjM MG132 treatment, HTRAl expression showed a 

time-dependent decrease and reached more than 2-fold reduction at 18 hours (D). (B, C) 

Solid line: relative HTRAl expression intensities; dotted line: relative VEGFA expression 

intensities. (D) White bars: relative gene expressions in control; black bars: relative gene 

expressions in MG132 treatment. Mean 士 SD was presented. 
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Figure 3.21: Gene expression analysis of human fetal RPE cells transfected with 

pHis/myc-HtrAl construct. 

Human fetal RPE cells were transfected with pHis/myc-HtrA1 and incubated for 24 hours 

before gene expression analysis. Total RNA was collected and reverse-transcribed. The 

gene expression levels of HTRAl, VEGFA, PEDF and P-ACTIN were analyzed by 

semi-quantitative PCR. Agarose gel-resolved PGR products were shown in (A) and the 

band intensities were shown in (B). The HtrA1 -transfected cells showed 7.2-folcl elevated 

HTRAl expression compared to the empty vector control, suggesting HtrAl overexpression. 

VEGFA (0.96-fold) and PEDF (0.81-fold) expressions in the HtrAl-transfected cells were 

not altered compared with that in the empty vector-transfected cells at 24 hours. (B) White 

bars: relative gene expression intensities for empty vector control; black bars: relative gene 

expression intensities for HtrAl -transfected cells. Mean 士 SD was presented. 
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Figure 3.22: Gene expression analysis of vascular endothelial growth factor-treated 

human fetal RPE cells. 

Human fetal RPE cells were treated with 10 ng/ml recombinant human VEGF for 24 hours 

before gene expression analysis. Total RNA was collected and reverse-transcribed. The 

gene expression levels of HTRAl, VEGFA’ PEDF and P-ACTIN were analyzed by 

semi-quantitative PGR. Agarose gel-resolved PGR products were shown in (A) and the 

band intensities were shown in (B). The expressions of HTRAl (0.94-fold), VEGFA 

(1.03-fold) and PEDF (1.12-fold) in VEGF-treated cells were not different from that in 

untreated control. (B) White bars: relative gene expression intensities for untreated control; 

black bars: relative gene expression intensities for VEGF-treated cells. Mean 士 SD was 

presented. 
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Figure 3.23: Gene expression analysis of basic fibroblast growth factor-treated human 

fetal RPE cells. 

Human fetal RPE cells were treated with 10 ng/ml recombinant human bFGF for 24 hours 

before gene expression analysis. Total RNA was collected and reverse-transcribed. The 

gene expression levels of HTRAJ, VEGFA^ PEDF and p-ACTIN were analyzed by 

semi-quantitative PGR. Agarose gel-resolved PGR products were shown in (A) and the 

band intensities were shown in (B). The expressions of HTRAl (0.93-fold) and VEGFA 

(0.64-fold) in bFGF-treated cells were not altered compared to that in untreated control. 

Rather, the PEDF expression level was reduced by 3 folds in the bFGF-treated cells 

compared with the untreated control. (B) White bars: relative gene expression intensities for 

untreated control; black bars: relative gene expression intensities for bFGF-treated cells. 

Mean 士 SD was presented. 
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Figure 3.24: Gene expression analysis of tumor necrosis factor a-treated human fetal 

RPE cells. 

Confluent human fetal RPE cells were treated with 10 ng/ml recombinant human TNFa for 

6 or 24 hours. Total RNA was collected and reverse-transcribed. The gene expression levels 

of HTRAl, VEGFA, PEDF and PACTIN 憶q analyzed by semi-quantitative PGR. Agarose 

gel-resolved PCR products were shown in (A) and the intensities of gene expressions for 

the treated groups relative to that of control were presented (B). PEDF expression showed a 

time-dependent decrease and reached more than 5-fold reduction at 18 hours (A and B). 

The changes of HTRAl and VEGF expressions were not different in TNFa-treated cells 

compared to untreated control at 6 or 24 hours (A and B). (B) White bars: relative gene 

expression intensities in 8-hour treatment; black bars: relative gene expression intensities in 

18-hour treatment. Mean 士 SD was presented. 
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Figure 3.25: Cell survival analysis of human fetal RPE cells treated with cellular stress 

inducers. 

MTT assay was performed on human fetal RPE cells treated with cellular stress inducers, 

tunicamycin, DTT and MG132. An excitation wavelength of 570 nm with reference 650 nm 

was measured by spectrophotometery. The percentage of cell viability was expressed as 

OD570 of treated-human fetal RPE cells / OD570 of untreated human fetal RPE cells. Human 

fetal RPE cells treated with 5 and 10 jig/ml of tunicamycin had a mean of 22.6% and 49.7% 

reduction of MTT signal，respectively, while human fetal RPE cells treated with 1 and 2 

mM of DTT had a mean of 19.8% and 42.9% reduction of MTT signal, respectively, 

compared to the untreated control. In contrast, human fetal RPE cells treated with 10 and 20 

|iM of MG132 had only a mean of 6.5% and 3.4% reduction of MTT signal, respectively. 

Mean 士 SD was presented. 
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Chapter 4: Discussion 

4.1 CFH and age-related macular degeneration 

Complement factor H (CFH), located on chromosome lq31, is the first 

AMD-associated gene identified by GWAS (Klein RJ et al, 2005; Edwards AO et al, 2005; 

Haines JL et al, 2005). In this study, a different distribution pattern of CFH polymorphisms 

was found in Chinese when compared to other populations. The initial variant changing 

tyrosine 402 to histidine (Tyr402His; rs 1061170, T>C) in CFH was suggested to be a 

possible risk factor in Caucasian populations. However, no association between Tyr402His 

and exudative AMD was observed in Hong Kong Chinese population. The discrepancy 

could be due to the differences in the minor allele frequency (C allele) in control subjects, 

which was about 38% in Caucasian (Table 1.1), but was 2.9% in Chinese (Table 3.1). 

Despite the lack of association of AMD with Tyr402His in Asian populations (Table 1.1), 

the contribution of Tyr402His to AMD pathogenesis could still be possible since Tyr402His 

change decreased the binding affinity for C-reactive protein (Yu J et al, 2007), which 

affected the negative control of CFH on the alternative complement pathway for innate 

immunity and inflammation (Donoso LA et al, 2006). In this study, a clear contribution of 

Tyr402His for the association with AMD could be observed if Tyr402His was considered 

together with other variants (Table 3.2). When Tyr402His was removed from the analysis, 

the percentage of CFH variant in exudative AMD patients would not be significantly 

different from that in control subjects (Table 3.2). This further supports a role of Tyr402His 

in AMD genetics, not only in Caucasian, but also in Chinese. Realistically, a balanced view 

could be portayed when the genotyping could be extended into a larger cohort, together 

with a deeper understanding of the role of CF//on AMD development. 
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Apart from Tyr402His, 2 completely linked SNPs (rs551397 and rs800292), 

located in intron 1 and exon 2 of CFH, were significantly associated with exudative AMD 

{p = 0.00056; Table 3.1). Coherent result could be found in a fine-scale LD mapping of 

AMD in the CFH gene region, which indicated a point location for a causal variant between 

exons 1 and 2 of the CFH gene (Ennis S et al, 2007). This provided strong evidence that 

CFH is an AMD-associated gene in Chinese population. 

4.2 HTRAl and age-related macular degeneration 

Chromosome 10q26 region is the second locus identified to be associated with 

exudative AMD by GWAS in the Hong Kong Chinese population (Dewan A et al, 2006). 

There are 3 genes located within this region, including pleckstrin homology domain 

containing family A (phosphoinositide binding specific) member 1 gene (PLEKHAl), 

LOC387715 and HTRAl. The AMD-associated SNPs were the rsl0490924 in LOC387715 

and rsl 1200638 in HTRAl, which are in complete LD. Therefore, LOC387715 and HTRAl 

were suggested to be a potential disease-causing gene in this 10q26 region. However, there 

are debates arguing which gene would be the potential causative gene. 

LOC387715 was initially suggested to be the disease-causing gene as rsl0490924 

(AIa69Ser) in LOC387715 was demonstrated to be the most significantly associated SNP 

from a genetic study in a Caucasian population (Kanda A et al, 2007). Moreover, the 

LOC387715 protein with Ala69Ser substitution shows more association with the 

cytoskeleton as compared to the wildtype protein in C0S7 cells (Wang G et al, 2009). 

Furthermore, a deletion-insertion (indel) polymorphism in LOC387715 gene 

(c.372_815del443ins54) removes the polyadenylation signal of LOC387715 transcript, 

which leads to rapid mRNA turnover (Fritsche LG et al, 2008). This variant is analogous to 

the loss of function of LOC387715 gene, a potent contribution to the disease mechanism. 
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However, this indel polymorphism has no correlation with LOC387715 mRNA levels in 

human retina and blood samples in independent studies (Wang G et al, 2010). In addition, 

haplotype analysis shows that the indel (c.372_815del443ins54) in LOC387715 gene lies in 

the same strand of chromatid with the risk A allele of rs 11200638 (Yang Z et al, 2010), 

indicating this indel is located on the risk haplotype. Furthermore, a nonsense mutation 

(Arg38X) in LOC387715 was identified in the opposite strand of the indel (protective 

haplotype). This leads to loss of LOC3877J5 mRNA as well (Yang Z et al, 2010). Since the 

variants in both risk and protective haplotypes results in the same effect of mRNA reduction, 

the LOC387715 gene might not be the causative gene in this 10q26 region. Rather, the indel 

(C.372—815del443ins54) in LOC387715 enhances the expression of HTM 1 (Yang Z et al, 

2010). 

In this study, the association between rs 11200638 and exudative AMD was studied 

with a larger cohort than the initial GWAS study (Table 3.3) with more exudative AMD 

patients (n 二 163) and control subjects (n = 183). This risky SNP of HTRAl (rs 11200638) 

appears to interact additively with rs800292 of CFH to increase the risk of exudative AMD 

by 23.3 folds, suggesting a high impart of the additive contributions of HTRAl and CFH in 

the development of exudative AMD. Moreover, rs 11200638 of HTRAl also interacted 

additively with smoking (OR 二 15.7)，further suggesting the important role of the 

environmental risk factor in the multi-factorial AMD. 

Three HTRAl variants, located in exon 1, were discovered (Figure 3.1). When all 

three variants were grouped, they are present more in control subjects than the exudative 

AMD patients (Table 3.4), indicating, in term of genetics, a protective effect. Among these 

3 variants in HTRAl，34delCinsTCCT alone was significantly associated with exudative 

AMD. To validate the importance of this variant, a total of 390 control subjects, twice as 

that of exudative AMD patients, were genotyped for 34delCinsTCCT. Eight percent of 
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control subjects was found to carry at least 1 allele of 34delCinsTCCT, which was much 

higher than 1.2% observed in exudative AMD patients (Table 3.5). Although the frequency 

of this variant suggested a protective effect, the haplotype of 34delCinsTCCT with 

rs 11200638 has to be confirmed. Using allele-specific primer, the variant allele 

(delCinsTCCT) of 34delCinsTCCT was shown to share the same haplotype with the 

wildtype G allele of rs 1120063 8 while the wildtype C allele of 34delCinsTCCT was in the 

same haplotype with the risk A allele of rs 11200638 (Figure 3.2). This indicated that the 

variant allele was resided in the protective haplotype, but not in the risk haplotype with A 

allele of rsl 1200638. This further confirmed the protective effect of 34delCinsTCCT in 

control subjects. Therefore, it could be postulated that HTRAl gene can be a potential 

disease-causing gene in this AMD-associated 10q26 region. 

Although the 34delCinsTCCT in HTRAl gene were validated to be protective 

genetically, there were 2 exudative AMD patients carrying this variant. One patient carried 

one allele of CFH Tyr402His variant and was a smoker, while the other patient carried one 

allele of CF//-associated Ile62Val SNR This suggested that they carried the risk factor in 

CFf/gene. Also this further indicated that AMD is a complex，polygenic and multi-factorial 

disease, and even carrying a protective factor, like 34delCinsTCCT in HTRAl, might not 

reduce the risk of AMD development. 

4.3 The choice of retinal pigment epithelial cells 

In AMD pathology, the occurrence of AMD involves RPE cells, endothelial cells 

in choroid, macrophages and acellular Bruch's membrane. RPE cells are damaged by the 

presence of excess drusen while vessels from the choroid penetrate through the Bruch's 

membrane and grow into the fovea (reviewed in de Jong PT, 2006). There are a few 

important observations on the HtrAl associated with AMD. Firstly, HtrAl mRNA and 
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protein were elevated in cells with AMD-associated risk A allele of rs 11200638 than that 

with the wildtype G allele (Dewan A et al, 2006; Yang Z et al, 2006). Secondly, enhanced 

expression of HtrAl attenuated ovarian cancer cell mobility and inhibited cell migration 

(Chein J et al, 2009b), while ectopic expression of HtrAl attenuated trophoblast cell 

migration and invasion (Ajayi F et al, 2008), Furthermore, blood vessels started to invade 

into the cartilaginous condensations and ossification when HtrAl expression was 

significantly upregulated (Tochams J et al, 2004). All these results indicate that cells with 

high levels of HtrAl will not participate in direct invasion or migration, suggesting that 

invading endothelial cells and macrophages do not express high levels of HtrAl. In 

addition, the cells expressing high levels of HtrAl attract blood vessel invasion; therefore, 

RPE cells could be the one responsible for the elevated expression of HtrAl in AMD. This 

hypothesis could be tested by the observation of elevated HtrAl proteins in RPE cells from 

patients with AMD (Chan CC et al, 2007; Tuo J et al, 2008). Furthermore, endogenous 

HTRAl mRNA expression was detected in both ARPE-19 and primary human fetal RPE 

cells (Figure 3.7 and Figure 3.21), indicating the presence of HtrAl in the RPE, although 

HtrAl protein in RPE cells was not detectable by immunoblotting (Figure 3.8). Therefore, 

RPE cells were chosen for the HtrAl functional analysis in this study. 

Recommended by American Type Culture Collection (Manassas, VA)，ARPE-19 

cells should be applied as a transfection host (Dunn KC et al, 1996). Therefore, HTRAl 

transfection studies were performed in ARPE-19 cells. For treatment purpose, it would be 

more suitable to use a primary RPE cell culture rather than ARPE-19 cell line (Geisen P et 

al, 2006). Therefore, previously established primary human fetal RPE cells (Choy KW et al, 

2006) were selected as a platform to analyze the cell stress effect and angiogenic factor 

treatments on HTRAl and VEGFA expressions. 
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4.4 Localization of recombinant human HtrAl protein 

HtrAl was initially suggested to be a secreted protein because of the presence of 

the signal peptide and extracellular protein (Hu SI et al, 1998). In this study, the secretory 

nature of HtrAl protein was verified since the recombinant human HtrAl protein tagged 

with myc and polyhistidine was detected in the medium from the HtrA1 -transfected 

ARPE-19 cells by immunoprecipitation coupled with immunoblotting (Figure 3.13). 

Nevertheless, immimocytochemistry showed a haze of fluorescence signal outside the 

transfected cells (Figure 3.10), indicating a pattern of extracellular protein (Gilicze A et al, 

2007; Ajayi Fetal , 2008). 

In addition to the extracellular HtrAl protein, intracellular localization of HtrAl 

was also reported (De Luca A et al, 2004a; Clawson GA et al, 2008; Chien J et al, 2009b). 

Coherently, in this study, a strong intracellular immunofluorescence signal was observed 

within the Htr A1 -transfected ARPE-19 cells (Figure 3.10). The juxtanuclear localization 

pattern of recombinant HtrAl in ARPE-19 cells was similar to the reported perinuclear 

staining for HtrAl in a human cervical cancer CaSki cell line (Clawson GA et al, 2008). 

The prominent juxtanuclear fluorescence signal of HtrAl suggested a Golgi-related 

localization. Dual immunofluorescence studies showed that the HtrAl protein is associated 

with the Golgi apparatus since it co-localizes with the Golgi markers, giantin or TGN38 

(Figure 3.11A and Figure 3.11B). As the trajectory of secretory proteins starts from 

ribosome, ER, Golgi apparatus to secretory vesicles, the co-localization of HtrAl with 

Golgi should represent an intermediate stage. This result suggests that HtrAl may be tightly 

associated with Golgi for its maturation and assembly, or its specific role in Golgi function. 

This may involve the PDZ domain of HtrAl, which was shown to bind GM130, a cz5-Golgi 

matrix golgin subfamily protein (Murwantoko et al, 2004). Thus, HtrAl may have dual 

functions as an extracellular protein (Figure 3.13) and Golgi-associated protein. 
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Recently, the proteolytic domain of HtrAl was reported to bind to tubulin family 

of proteins (Chien J et al, 2009a) as HtrAl was shown to co-localize with tubulins in 

ovarian cell lines (Chien J et al, 2009b). Surprisingly, in this study, the recombinant human 

HtrAl does not co-localize with p-tubulin in transfected ARPE19 cells (Figure 3.11F). This 

difference could be due to different cell types used in the analysis. Apart from the 

microtubule-like localization, perinuclear and nuclear staining of endogenous HtrAl was 

shown in human cervical cancer CaSki cells，embryonic kidney 293-T cells and hepatocyte 

cells (Clawson GA et al, 2008). Furthermore, HtrAl was shown to localize in the cytosol of 

placental cells (De Luca A et al, 2004a). These reports further support HtrAl in different 

cell types may have different subcellular localizations. 

Unlike HtrA2, HtrAl does not possess a mitochondrial localization signal. As 

expected, the HtrAl protein does not co-localize with the mitochondrial marker, 

cytochrome C (Figure 3.11E). 

4.5 HtrAl variant protein 

From sequencing analysis in this study, HTRAl gene was postulated to be a 

potential disease-causing gene in the AMD-associated 10q26 region because a protective 

variant (34delCmsTCCT) in HTRAl gene was discovered to be more prevalent in control 

subjects. This genetic observation requires further proteomic and functional analyses to 

confirm its relevance to AMD. 

The HTRAl variant (34delCinsTCCT) results in an insertion of a serine residue at 

position 12th encoded HtrAl protein (Figure 3.6) without altering the open reading 

frame and the critical arrangement of the leucine residues (shifted from position 12^ to 13^). 

Immunoblotting analysis shows that the recombinant human HtrAl variant protein obtained 

from transfection in ARPE-19 cells shares a similar molecular weight of about 53 kDa with 
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the wildtype HtrAl protein (predicted size of 51 kDa; Hu SI et al，1998). The 

immuno-detection of recombinant HtrAl variant protein by commercial certified 

anti-HtrAl antibody indicated that it has correct transcription and translation. Since the first 

22 amino acids were suggested to be the signal peptide for secretion (Hu SI et al, 1998), the 

insertion of serine at position might exert effect on the signal peptide. Bioinformatics 

analysis suggests that insertion of a serine residue in the leucine-rich signal peptide could 

reduce the overall hydrophobicity. This may alter the conformation and assembly of signal 

peptide (Figure 3.3). 

This study shows that the HtrAl variant exhibits differences in subcellular 

localization and secretion as compared to the wildtype protein. The wildtype and variant 

recombinant proteins were shown to share 90% similarity in subcellular localization. Both 

proteins had a predominant Golgi localization (Figure 3.11A and Figure 3.11B). However， 

more cells expressing HtrAl variant protein 8%) showed a partial co-localization with 

Golgi and ER as compared to the wildtype HtrAl-expressing cells 2%) (Figure 3.12), 

Furthermore, the variant protein shows more significant co-localization with the ER marker, 

Bip, than the wildtype protein, suggesting that the serine insertion in the signal peptides 

enhances ER retention. 

Could the differences between ER and Golgi association alter the secretory 

properties of the wildtype and variant proteins? Using anti-polyhistidine antibody, secreted 

His-tagged HtrAl protein was immunoprecipitated from the culture medium of transfected 

ARPE-19 cells. Figure 3.13 shows that the amount of secreted HtrAl variant was much 

less than that of wildtype protein at 18 hours post-transfection, indicating the insertion of 

the serine residue may affect the secretion of recombinant HtrAl variant (Figure 3.13). 

This may due to its retention in ER. 
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As proteins are modular in nature and function by independent domain, the 

changes in the signal peptide domain should not have influence on the proteolytic domain 

of HtrAl protein. To validate this hypothesis, the ability of recombinant HtrAl protein to 

digest P-casein was assessed (Grau S et al, 2006). Both recombinant wildtype and variant of 

HtrAl were shown to digest P-casein (Figure 3.9B), suggesting that both proteins maintain 

their serine protease activities. In addition, the proteolytic rate, indicated by the rate of 

accumulated cleaved products, was similar between wildtype and variant (Figure 3.9C). 

This result suggests that the inserted serine in the signal peptide will not affect the activity 

of the proteolytic domain. However, whether the prolong ER retention and slower secretion 

rate with unaltered protease activity for the variant protein will affect the survival of the 

RPE cells is unknown. 

Overexpression of HTRAl reduced the proliferative activity of metastatic LM cells 

and also their ability to invade extracellular matrix in vitro as well as retarded growth and 

metastases in vivo in nu/nu mice (Baldi A et al, 2002). Moreover, downregulation of HTRAl 

in SK0V3 ovarian cell line by RNA interference promoted the anchorage-independent 

growth while exogenous expression of HtrAl in OV202 ovarian cell line induced a serine 

protease-dependent cell apoptosis (Chien J et al, 2004). These reports suggested that HtrAl 

has a role in the regulation of cell growth in cancers, which depends on the active site of 

serine 328 residue in the catalytic triads (Chien J et al, 2004). In this study, overexpression 

of recombinant human wildtype HtrAl in ARPE-19 cells reduced the cell viability by more 

than 30% compared to the empty vector (Figure 3.14). Furthermore, these cells had a 

2.7-fold higher apoptotic rate than vector-only cells (Figure 3.15). These provided 

evidences that HtrAl has a general effect on regulating cell growth in normal and tumor 

cells. Higher expression of HtrAl could also trigger RPE cell death (Figure 3.25), which is 

a pathological observation in AMD (reviewed in de Jong PT, 2006). However, in this study, 

140 



ARPE-19 cells overexpressing recombinant HtrAl variant had about 2-fold higher cell 

viability (Figure 3.14) and a lower apoptotic rate (Figure 3.15) than cells expressing 

wildtype protein. Thus，the variant has a protective role in RPE cell survival. Furthermore, 

while the variant protein is retained in the ER, the wildtype HtrAl was more localized in 

the Golgi (Figure 3.12 and Figure 3.13). It will be interesting to determinie whether the 

reduced viability and increased apoptosis is associated with Golgi-mediated cell death 

process (Walker A et al, 2004) and/or the extracellular role of secreted HtrAl protein. 

4.6 Vitreous levels of HtrAl and VEGF 

By the immunoblotting analysis using specific antibodies, HtrAl, VEGF and 

PEDF protein in human vitreous humor were detected (Figure 3.16). The intensity of 

HtrAl, VEGF and PEDF immunoreactive signal was measured by image analysis software 

and compared with each other in one experiment (same protein electrophoresis and 

blotting). Since the comparison between HtrAl, VEGF and PEDF was performed within 

individual vitreous samples, normalization with housekeeping protein was not required 

since equal amount of total protein of each sample was applied for immimoblot. 

A significantly positive co-relationship between HtrAl and VEGF expression in 

human vitreous humor was observed (Figure 3.17A and Table 3.7). This is similar to the 

observations in arthritis (HtrAl-associated disease; Hu SI et al, 1998; Grau S et al, 2006), 

rheumatoid and osteoarthritis where elevated synovial fluid levels of HtrAl were found 

(Grau S et al, 2006). Interestingly, synovial fluid containing significant levels of VEGF 

were detected in patients with rheumatoid arthritis (Lee SS et al, 2001). Thus, both HtrAl 

and VEGF are probably upregulated in rheumatoid arthritis condition. It will be interstingto 

discover whether similar trend of HtrAl and VEGF expressions can be found in 

Alzheimer's disease. Nevertheless, HtrAl, which colocalizes with p-amyloid deposits in 
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human brain samples, was upregulated in patients with Alzheimer's disease (Grau S et al, 

2005). And, VEGF behaves similarly (Tarkowski E et al, 2002; Yang SP et al, 2004). This 

observation suggests the association of HtrAl and VEGF is not only unique in human 

vitreous humors, but also occurring in other system. 

4.7 Vitreous levels of HtrAl and rsll200638 genotype 

Individuals carrying AA genotype of rs 11200638 had higher HtrAl expression in 

both mRNA and protein level in the eyes and leukocytes compared to that with GG 

genotype (Yang Z et al, 2006; Tuo J et al, 2008). However, no association between vitreous 

HtrAl level and rs 11200638 genotype was found (Table 3.8). One possible explanation was 

that the effect of vascular and inflammatory disease conditions regulating HtrAl expression 

might counteract with the effect of rs 11200638 genotype on HtrAl expression. Since the 

recruited patients possessed different clinical situations, the calculation of the association 

between vitreous HtrAl levels and rs 11200638 genotype was not adjusted by the clinical 

diagnosis. Even if the clinical diagnosis was adjusted, there would not be enough power to 

detect the association (type II error) or the results could be false negative (type I error) as 

the number of patients was low. Therefore, the comparison of vitreous HtrAl levels among 

different rs 11200638 genotypes based on same clinical diagnosis was not feasible，and only 

a general trend of association could be obtained. 

4.8 Cell stress, inflammation and age-related macular degeneration 

Over the lifetime, RPE is exposed to high levels of oxidative and photo-oxidative 

damage due to intense light exposure, high metabolic activity and oxygen consumption 

(Beatty S et al, 2000). Moreover, the age-related thickening of Bmch's membrane and 

accumulation of drusen impair the choroidal-RPE hemodynamics and lead to potential 
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hypoxic conditions (Ambati J et al，2003). Furthermore, age-related accumulation of RPE 

lipofuscin in lysosomes prevents healthy autophagy of old mitochondria, leading to an 

increased oxidative stress because of mitochondrial production of hydrogen peroxide 

(Terman A et al, 2007). In addition, the primary components of RPE lipofuscin, the 

autofluorescent pigment N-retinylidene-N- retinylethanolamine (A2E), could create 

light-induced oxidative stress and bleach the cell membrane (Delori FC et al，2001; 

Sparrow JR and Boulton M, 2005). Collectively, oxidative stress could inactivate 

chaperones, promote aberrant disulphide bond formation, promote stabilization of 

undesirable intermediates and inhibit degradation of misfolded proteins, which together 

impair the unfolded protein response and induce the ER stress (Marciniak SJ and Ron D, 

2006; Banhegyi G et al, 2007). Misfolded protein-induced ER stress in the RPE and/or 

choroid could be a primary pathogenic mechanism leading to chronic oxidative stress, 

complement deregulation and AMD (Sauer T et al, 2008; Libby RT and Gould DB, 2010). 

AMD has long been suggested to be associated with inflammation as higher serum 

C-reaction protein levels was found in patients with advanced AMD than those without 

AMD (Seddon JM et al, 2004), and mouse knockout model of inflammatory chemokine 

Ccl-2 develops the phenotypes of AMD (Ambati J et al, 2003). In this study, the association 

of inflammation with AMD was further supported by the association of CFH gene with 

exudative AMD in Hong Kong Chinese cohort (Table 3.1). Moreover, a positive 

association between vitreous HtrAl and VEGF levels was found in retinal detachment 

(Figure 3.18), which is related to the inflammatory and stress responses (Zacks DN et al, 

2006; Hollbom M et al, 2008). Complement factors, C3a and C5a, upregulate VEGF in 

RPE cells (Nozaki M et al, 2006). Furthermore, VEGF immunoreactivity is greater in 

inflammatory active CNV than inactive one (Grossniklaus HE et al, 2002). In addition, 

HTRAl is genetically associated with geographic atrophy (Cameron DJ et al, 2007) and 
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HtrAl protein is detectable in the drusen (Yang Z et al，2006; Tuo J et al, 2008). These 

further suggest HtrAl and VEGF could be associated with inflammation, a pathogenic 

condition in AMD. 

In this study, tunicamycin, DTT and MG132 were applied to induce cell stress. 

Tunicamycin is a glucosamine-containing nucleoside antibiotic generated by Streptomyces, 

and is an inhibitor of N-linked glycosylation by the formation of A^-glycosidic 

protein-carbohydrate linkages (Mahoney WC and Duksin D, 1979). Tunicamycin 

specifically inhibits dolichol pyrophosphate-mediated glycosylation of asparaginyl residues 

of glycoproteins (Olden K et al, 1979)，leading to the presence of the unfolded protein and 

the induction of the ER stress (Lee AS, 2001; Patil C and Walter P, 2001). DTT is a 

reducing agent (Cleland WW, 1964), which prevents intramolecular and intermolecular 

disulfide bonds formation between cysteine residues of proteins (Ruegg UT and Rudinger J, 

1977). Similar to tunicamycin, DTT induces unfolded protein response, resulting in the ER 

stress (Lemin AJ et al, 2007). MG132 is a substrate analogue and a potent transition-state 

inhibitor primarily for the chymotrypsin-like activity of the proteasome (Rock KL et al, 

1994; Lee DH and Goldberg AL, 1996)，which is responsible for 80 一 90% protein 

breakdown occurred in most cultured mammalian cells under optimal nutritional conditions 

(Lee DH and Goldberg AL, 1998). MG132-inhibited proteasome cannot perform protein 

degradation, which leads to an accumulation of undigested protein in the ER and this 

aggravated the ER stress (Szokalska A et al, 2009). In addition, proteasomal inhibition by 

MG132 also causes oxidative stress (Goldbaum O et al, 2006). 

Expectedly, all the 3 chemicals induced cell stress, as shown by upregulation of 

SOD (Figure 3.19). Moreover, inflammatory response, indicated by IL-6 upregulation 

(Leung KW et al, 2009), was also induced by tunicamycin and DTT (Figure 3.19). Cell 

stress induction by tunicamycin and DTT in a dose-dependent manner leads to upregulated 
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HTRAl and VEGFA expressions in human fetal RPE cells (Figure 3.20). The upregulation 

of VEGF by tunicamycin or DTT treatments has been reported in ARPE-19 cell line 

(Abcouwer SF et al, 2002; Roybal CN et al, 2004; Koyama Y et al, 2008). This suggested 

that HtrAl and VEGF may be regulated in the same manner upon cell stress and 

inflammation. 

HtrA family belongs to the group of stress-related protein since DeP/HtrA in E. 

coli is required for abnormal protein removal and survival in high temperature (Strauch KL 

and Beckwith J, 1988; Lipinska B et al, 1988). Similarly, the human HtrA member, HtrA2, 

is upregulated in response to stress induced by heat shock and tunicamycin in mammalian 

cells (Gray CW et al, 2000). Moreover, Syrian hamster HtrAl mRNA and protein are 

elevated in response to estrogen-induced oxidative stress (Zurawa-Janicka D et al, 2008). 

From this study, it is confirmed that human HtrAl may be related to stress and 

inflammatory responses. 

Cell viability of human fetal RPE cells was dose-dependently reduced under 

tunicamycin and DTT treatments (Figure 3.25). Analogous to the reduction in cell viability 

and increases in cell apoptosis in HtrA 1 -overexpressed ARPE-19 cells (Figure 3.14 and 

Figure 3.15)，the elevated HTRAl expression in the treatment of tunicamycin or DTT could 

be related to the decreased cell viability in human fetal RPE cells (Figure 3.25). It could be 

possible that stress-induced HtrAl upregulation would trigger RPE cell death, a pathogenic 

mechanism in AMD (de Jong PT, 2006). This HtrAl-induced RPE cell death might be a 

disease-causing mechanism for AMD pathogenesis since damage to the RPE and a chronic 

aberrant inflammatory response may lead to geographic atrophy and/or the expression of 

VEGF (reviewed in D'Amico DJ, 1994; de Jong PT, 2006; Jager RD et al, 2008). 
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4.9 MG132 and HtrAl 

Unexpectedly, downregulation of HTRAl and VEGFA expressions was observed in 

human fetal RPE cells under the treatment of MG132 (Figure 3.20D). It has been shown 

that MG132 could downregulate the expression of VEGF in cancers (Shibata A et al，2002; 

Matsuo Y et al, 2010). Nevertheless, the downregulation might not be entirely due to the 

cellular stress response mediated regulation of HtrAl and/or VEGF expression. 

Proteasome, cathepsins and calpains are the direct targets of MG132 (Rock KL et 

al, 1994; Lee DH and Goldberg AL, 1996; Lee DH and Goldberg AL, 1998). Although 

there is no reported on the correlation of HtrAl with cathepsins and calpains, cathepsins are 

potential candidate for AMD (Rakoczy PE et al, 2002; Im E and Kazlauskas A, 2007). 

Activation of zinc chelator-induced calpain has been shown to damage human RPE cells 

(Tamada Y et al, 2007). However, further analyses are needed to investigate whether HtrAl 

has a role in AMD mediated by cathepsins and calpains. Proteasome has a vital role in 

controlling protein turnover, which is crucial in regulating growth and metabolism. The 

proteasome inhibitor MG132 might inhibit the degradation of these proteins, hence, 

affecting the related signaling pathways. Proteins degraded by proteasome include NFKB 

(pi05)，IKB, YYl, activating transcription factor 2，hypoxia-inducible factor 1, inducible 

cAMP early repressor, cyclins, cyclin-dependent kinase inhibitors, c-jun, c-fos, c-mos, E2A 

protein, p53, receptor-associated protein kinases, DNA topoisomerase and ornithine 

decarboxylase (reviewed in Lee D H and Goldberg AL, 1998). Among these proteins, NFKB 

may be important as the NFicB-dependent signaling pathway could regulate HtrAl since the 

human papillomavirus type 16 E7 protein, which enhances NFKB activity (Eichten A et al, 

2004)，upregulates HTRAl (Clawson GA et al, 2008). There are few postulated roles of 

NFKB in AMD. Firstly, advanced glycation end products, which accumulate in RPE cells of 

A M D (Ishibashi T et al，1998), activate NFKB and alter the gene expression involved in 
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cellular stress，resulting in apoptosis (Basta G et al, 2002; Howes KA et al, 2004). Secondly， 

intake of omega-3 long-chain polyunsaturated fatty acids, which alters prostaglandin 

synthesis, inhibits NFKB signaling (Komatsu W et al, 2003; Kaamiranta K and Salminen A, 

2009). This results in protection against the prevalent advanced AMD (Klein R et al, 1991; 

Klein R et al, 1992; Cho E et al, 2001; Seddon JM et al, 2001). Therefore, HtrAl could be 

biologically associated with AMD through NFKB-related mechanism. 

However, HTRAl expression in human fetal RPE cells were not influenced by 

addition of TNFa (Figure 3.24), which trigger NFKB activation by causing phosphorylation 

of IKB (Li X et al, 1999). This agrees with the absence of NFKB binding site in the HTRAl 

promoter (Transcription Element Search System (TESS); http://www.cbiLupenn.edu/ 

cgi-bin/tess/tess). Despite the absence of direct regulation by NFKB, HtrAl could be 

indirectly correlated with NFKB because NFKB regulates the expression of many genes 

involved in immune and inflammatory responses (Kopp EB and Ghosh S, 1995). They 

include pro-inflammatory cytokines, chemokines, enzymes that generate mediators of 

inflammation, immune receptors, and adhesion molecules that play a key part in the initial 

recruitment of leukocytes to sites of inflammation (reviewed in Barnes PJ and Karin M, 

1997). Moreover, NFKB frequently functions together with other transcription factors that 

are also involved in the regulation of inflammatory and immune genes (Stein B and 

Baldwin AS, 1993; Stein B et al，1993). Therefore, HtrAl could be indirectly related to 

NFKB through other inflammatory pathways as HTRAl is an inflammation-associated gene 

(Cameron DJ et al, 2007). 

Beside NFKB, the downregulation of HTRAl by M G 1 3 2 could also be mediated by 

other candidates, one of which could be the serum response factor (SRF). HTRAl promoter 

has SRF transcription factor binding sites (Dewan A et al, 2006) for transcription activation 

(Chai J and Tamawski AS，2002). MG132 inhibits the DNA binding activity of SRF 
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(Sandbo N et al, 2005). Repression of SRF activity might have a negative effect on HTRAl 

expression. However, downregulation of HTRAl by MG132 could be a complex situation 

modulated by several mechanisms. 

4.10 Mutual interaction of HtrAl and VEGF 

Until now, there is no report indicating the relationship of HtrAl and VEGF. In 

this study, an association between HtrAl and VEGF was observed in vitreous humors 

(Figure 3.17A) and human fetal RPE cells (Figure 3.20). However, neither overexpression 

of recombinant human HtrAl nor exogenous addition of recombinant human VEGF altered 

the expression of VEGFA or HTRAl, respectively, in human fetal RPE cells (Figure 3.21 

and Figure 3.22). This suggests that they might not be mutually regulating each other. Their 

interaction could be indirectly related, which might be relevant to HtrAl-related molecules, 

such as Tgfp, bFGF and IGF-I. 

Firstly, HtrAl binds to various Tgfp family proteins, such as Tgfpi, Tgfp2, Bmp4, 

Gdf5 and activin, through its proteolytic domain, and subsequently inhibit Binp4, Bmp2 

and Tgfpi signaling (Oka C et al，2004; Tocharus J et al, 2004). In RPE of maculae with 

AMD, expression of both VEGF and Tgfp were significantly enhanced (Kliffen M et al, 

1997). Moreover, Tgfp2 stimulated the expression and secretion of VEGF in human RPE 

cells (Bian ZM et al, 2007). These reports suggested that HtrAl might negatively regulate 

Tgfp proteins, but Tgfp positively regulates VEGF. Thus, HtrAl may not interact with 

VEGF through TGFP signaling. 

Secondly, FGF signaling is necessary and sufficient for HTRAl expression in chick 

facial and forelimb mesenchyme (Ferrer-Vaquer A et al, 2008) although HtrAl does not 

bind to FGF-2 (Oka C et al, 2004). Similarly, FGF signaling is sufficient but not required 

for HtrAl transcription mXenopus embryos (Hou S et al, 2007). In photocoagulated human 
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RPE cells, expression of both VEGF and bFGF were increased (Ogata N et al, 2001). 

Moreover, bFGF increased the L-type calcium channel activity of RPE cells, resulting in an 

increase of VEGFA secretion from RPE cells (Rosenthal R et al, 2005). This implies that 

FGF signaling might positively regulate both HtrAl and VEGF. However, in this study, 

both HTRAl and VEGFA expression was not altered in response to exogenous addition of 

recombinant human bFGF in human fetal RPE cells (Figure 3.23). 

Thirdly, HtrAl modulates IGF signaling by cleaving the IGFBP-5 (Hou J et al, 

2005). Inhibition of HtrAl proteolytic activity inhibited IGFBP-5 proteolysis, allowing 

IGF-1-stimulated DNA and protein synthesis (Hou J et al, 2005). Normal RPE cells 

produce IGFBP-2, 3, 4, 5，6 (Mukherjee S et al, 2009). Moreover, IGF-1 induced VEGF 

expression and secretion in human RPE cells (Punglia RS et al, 1997; Slomiany MG and 

Rosenzweig SA, 2004), It could be possible that HtrAl could possibly regulate VEGF in a 

positive manner through the cleavage of IGFBP-5 and subsequent induction by IGF-1. 
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Chapter 5: Conclusion and future prospects 

This research study identified several AMD-associated variants in the CFH and 

HTRAl genes. AHTRAl variant (34delCinsTCCT) showed a protective effect according to 

results of both genetic and expression studies, suggesting that HTRAl on chromosome 

10q26 is a potential disease-causing gene for exudative AMD. This study provided an 

excellent example in disease-causing gene identification through variant hunting and 

characterization. Further variant screening could be extended to a larger cohort, such as 

hundreds and thousands of patients, so that more variants might be discovered to 

substantiate the effect of disease-causing genes. Moreover, CFH variants, which were not 

studied in this thesis, could be investigated in the prospective experiments to understand 

their biological association with AMD involving the complement pathway. 

The latter part of this thesis reported a positive association of HtrAl and VEGF in 

human vitreous humor, especially in patients with retinal detachment. This association was 

consistently found in primary human fetal RPE cell culture undergoing cell stress or 

inflammation. Further studies could aim to explore the in vivo and in vitro interaction of 

HtrAl with AMD-associated molecules other than VEGF. These include PEDF and 

complement factors. In addition, the signaling pathways involved in the direct regulation of 

HTRAl and VEGFA could also be a focus in the future analysis. 

The current study revealed a possible mechanism for HtrAl on AMD development 

through the induction of RPE cell death by a high expression level of HtrAl. The direct in 

vivo role of HtrAl in AMD pathogenesis should be followed. Furthermore, therapeutic 

treatments that target the HtrAl regulatory pathways could be considered as a research area 

in the future. Finally, this thesis demonstrated the fundamental and critical strategies in 

identifying the underlying mechanisms of disease-susceptible gene, and established a 

foundation for disease realization and pathogenesis. 
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