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Abstract 

Myopia is a complex disease.  People with high degrees of myopia have a greater chance of 

developing irreversible visual impairment.  Myopia becomes epidemic in East Asia with no 

exception in Hong Kong. The financial burden is increased for the health care system in 

these regions.  The development of high myopia must be controlled in order to solve the 

problem.  The aim of this project was to identify susceptibility genes for high myopia by 

case-control association studies in a Chinese population. 

 

Eleven genes with possible ocular functions and/or within the chromosomal locations of 

MYP loci were selected.  Common representative single nucleotide polymorphisms (SNPs) 

of the candidate genes were genotyped for a discovery sample set and, if significant 

association was demonstrated, a replication sample set.  Three genes – VIPR2, ARHGEF12 

and SEPT4 – were identified as novel susceptibility genes for high myopia.  Association 

signals were revealed for the ZNF275, but the association signals were in opposite directions.  

Seven other genes (EGR1, JUN, FOS, VIP, APOE, COX11 and DHX40) were unlikely to be 

important in the genetic susceptibility to high myopia because significant association was 

not demonstrated. 
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A pilot genome-wide association study (GWAS) (100 cases and 100 controls) was 

conducted.  Follow-up study was conducted using the above-mentioned two sample sets for 

20 top-ranking SNPs that are predicted to have functional effects or are located within MYP 

loci.  Significant association was established for a SNP (rs11079899) and its haplotypes 

located on chromosome 17, a region flanked by two genes – COL1A1 and SUMO2P7.  This 

is the first GWAS to report the involvement of chromosome 17 in high myopia. 

 

An in-depth study of the HGF gene, a reported myopia susceptibility gene, was also 

undertaken to systematically refine the causal region.  Three main findings were discovered.  

First, the involvement of HGF in high myopia was replicated.  Second, the causal region 

was refined.  In addition, our results were also consistent with published data. 

 

In conclusion, the hypothesis-driven approach successfully identified three novel myopia 

susceptibility genes while the hypothesis-free approach established an associated region on 

chromosome 17.  In-depth study of HGF enabled the causal region to be refined.   
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Chapter 1 

Literature review and background of studyy  

  

This project focuses on the identification of susceptibility genes for high myopia.  Both 

hypothesis-driven and hypothesis-free approaches of association study were applied to map 

the susceptibility genes for high myopia.  In the initial phase of the project, a candidate-gene 

approach was used to test the associations between eleven genes and high myopia.  Five 

genes were found to be associated with high myopia, and three of them were successfully 

replicated using an independent sample set.  Three genes – vasoactive intestinal peptide 

receptor 2 (VIPR2), Rho guanine nucleotide exchange factor (GEF) 12 (ARHGEF12) and 

septin 4 (SEPT4) – are reported as novel susceptibility genes for high myopia.  In the 

intermediate phase of the project, a hypothesis-free approach was utilized.  Genome-wide 

association study (GWAS) was performed to discover more novel variants that might 

influence susceptibility to high myopia.  With a multi-stage design, a region on chromosome 

17 was identified to harbor a susceptibility locus for high myopia.  Although several novel 

genes and variants were identified as susceptibility genes for high myopia, the causal 

variants of the susceptibility genes remain unclear.  Therefore, the susceptibility region of 

the hepatocyte growth factor (HGF) gene was refined in the final phase of the project.  The 

results suggested that the causal variants of HGF were very likely located within a 7kb-

region.  Findings from this project would enhance the understanding of high myopia 

development. 

  

1.1 Introduction 

Myopia is also known as near-sightedness or short-sightedness, which is a refractive defect 

with the image of a distant object being formed in front of the retina.  Myopia can be 
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classified as physiological myopia, night myopia, pseudomyopia, pathological myopia and 

induced myopia from a clinical perspective (Amos, 1987).  Pathological myopia is the most 

worrying type because of its association with pathological or degenerative changes in the 

posterior segment of the eye (Grosvenor and Goss, 1999).  Pathological myopia is also 

called high myopia; according to Hine’s classification, it is defined as equal to or less than -

6.00 diopters (D) (May et al., 1968).
  
Previous studies indicate that people with high degrees 

of myopia have a greater chance of developing irreversible visual impairment such as retinal 

detachment, glaucoma, and cataract and, in severe case, blindness (Galassi et al., 1998; Lim 

et al., 1999; Banker and Freeman, 2001).
   

A trend is observed that myopia becomes 

epidemic in East Asia with a prevalence of over 80% in Taiwan (Lin et al., 2004) and 

Singapore (Quek et al., 2004),
 
 and around 50% in Japan (Shimizu et al., 2003).

  
 Hong Kong 

reported an overall prevalence of over 70% (Edwards and Lam, 2004).
  

 As myopia is 

approaching epidemic proportions in Hong Kong, financial burden of Government is 

increased with the demand of professional health care system. Thus, the development of 

myopia must be controlled in order to solve the health care issue. 

 

Human growth is a process of development from a simpler form to a more complex one.  

The process is well coordinated to reach the state of maturation.  Emmetropization is the 

process coordinating ocular growth, by which the ocular axial length matches to the optical 

power of the cornea and the lens to produce emmetropia (Wildsoet, 1997).  Refractive errors 

are produced when there is imbalance between the ocular axial length and the optical power.  

Therefore, emmetropization is the key element in the control of myopia development. 

 

Human eyes are hyperopic during neonatal period and develop toward emmetropia during 

the first year of the life through emmetropization (Gwiazda et al., 1993).  However, certain 

factors can disrupt emmetropization and result in the development of refractive errors.  In 

animal models, placing positive lens, negative lens or diffusers over the eyes can disrupt 

emmetropization.  Ocular growth can be slowed down or speeded up artificially in chicks, 
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mice or monkeys, depending on the types of lenses used (Fischer et al., 1999; Tkatchenko et 

al., 2006; McGlinn et al., 2007).  The changes in ocular growth accompany changes in the 

expression of genes.  Apart from wearing lens, gene knockout is another technique applied 

to animal models to study emmetropization.  Genetically engineered animals carry a mutant 

gene, and hence allow comparison between the knockout animals and the normal animals.  It 

is reported that, with genetic defects in certain genes, the animals are more susceptible to 

developing myopia or have an abnormal eye development (Hill et al., 1991; Schippert et al., 

2007).  Based on the information obtained from animal models, both environmental and 

genetic factors contribute to the development of high myopia.   Although myopia can be 

induced by both environmental and genetic factors, the role of genetic factors outweighs that 

of environmental factors in the onset and progression of myopia.  If the genes predisposing 

humans to high myopia are identified, susceptible individuals can be screened.  Further 

education and regular monitoring can be used to control the progression of myopia. 

 

To identify myopia susceptibility genes, several approaches were adopted in this project.    

The approaches can be divided into hypothesis-based candidate-gene approach and 

hypothesis-free genome-wide scan.  Association study was used to determine the statistical 

correlation between one of a few common variants (disease susceptibility alleles) and the 

disease phenotype (high myopia).  Several methods were used to determine the genotypes of 

the subjects, and the principles and procedures of these methods are described in Chapter 2.  

 

The current literature on the epidemiology and association studies of high myopia is 

reviewed in this chapter.  First, the background information of myopia, including the 

prevalence, etiology and types of myopia are discussed.  Second, the roles of nurture and 

nature are described.  The interactions between nurture and nature in the development of 

high myopia are highlighted.  Third, different types of genetic markers commonly used in 

the identification of susceptibility genes are elaborated.  Fourth, current methods for genetic 
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analysis of high myopia are reviewed.  Fifth, the strategies of selecting candidate genes 

investigated in this project are explained.  Sixth, replication studies are defined and the 

requirement of fine mapping is stressed.  Finally, the contents of each chapter are 

summarized.  

 

 

1.2 Myopia 

1.2.1 Prevalence of myopia 

Myopia is the most common eye disorder in the world.  Although the prevalence data vary 

from study to study, the prevalence of myopia in children and adult has increased rapidly.  In 

the United States, the prevalence of myopia has increased significantly from 1971 to 2004.  

The prevalence rose from 13.0% to 33.5% in blacks and 26.3% to 43% in whites (Vitale et 

al., 2009).  Similar patterns were observed in East Asian countries.  A trend was observed 

that myopia became epidemic in East Asia.  The prevalence of myopia in Taiwan rose from 

91.3% to 95.9% while that of high myopia increased from 23.5% to 38.4% (Wang et al., 

2009c).  The prevalence of myopia was over 80% in Singapore and over 50% in Japan 

(Hosaka, 1988; Saw et al., 2001; Seet et al., 2001).  With no exception in Hong Kong, an 

increase in the prevalence of myopia is observed.  An increase in prevalence from 72% to 

87.5% was reported (Goh and Lam, 1994).  The prevalence of myopia in children and adults 

in Hong Kong is summarized in Table 1.1.  Epidemiological studies reveal a disturbing 

pattern that myopia is more common in the younger generations than in the older 

generations.  Myopia-associated visual complications are likely to increase and the financial 

burden of the Hong Kong Government would be expected to increase with the demand of 

professional health care system. 
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1.2.2 Etiology of myopia 

Myopia is an example of complex diseases and its etiology is not fully understood.  It is 

believed that both environmental and genetic factors play important roles in the development 

of myopia (Wojciechowski, 2010; Tang et al., 2008; Young et al., 2007). Findings of cross-

sectional studies have shown that environmental factors are positively associated with 

myopia (Wong et al., 1993; Saw et al., 2002b).  On the other hand, the identification of 

myopia loci/genes in linkage and/or association studies
 
among different ethnic groups 

supports the contribution of genetic factors in myopia development (Hammond et al., 2004; 

Han et al., 2006).  The roles of environmental and genetic factors in the development of 

myopia are discussed later.  Animal studies provide insight into ocular growth regulation 

because experimental manipulation of refractive errors can easily be achieved by lid fusion, 

translucent goggles placed over the eyes or optical defocus.  Data collected from animal 

studies clearly demonstrate that visual experience alters ocular growth, and the changes 

seem to be mediated by local visual processing and signaling mechanisms.  Experiments in 

primates and chicks show that once defocus is detected, eye growth is altered to compensate 

for it (Raviola and Wiesel, 1985; Wallman et al., 1987).  Supporting evidence from chicks 

and tree shrews indicate that the retina, rather than the brain, is involved in ocular growth 

regulation because myopia can still be induced even after the retina is physically isolated 

from the brain (Troilo et al., 1987).   Stenstrom studied 1000 young patients in 1948 and 

found that there was a strong correlation between axial length and magnitude of myopia 

(Stenstrom, 1948).  Subsequently, many studies indicate that most cases of high myopia are 

due to excessive growth of the posterior vitreous chamber (Sorsby and Leary, 1969; Zadnik 

et al., 1999).  Therefore, the posterior part of our eyes is of great interest. 
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Table 1.1 Prevalence of myopia in Chinese in Hong Kong. 

Age Cut-off Prevalence (%) Source 

6-7 ≤ -0.50D
a 30 Morgan and Rose, 2005 

≤7 ≤ -0.50D 17  Fan et al., 2004 

7 ≤ -0.50D 11 Edwards, 1999 

7-10 ≤ -0.50D 39 Fan et al., 2004 

≥11 ≤ -0.50D 5 Fan et al., 2004 

13 ≤ -0.50D 53 Edwards and Lewis, 1991 

13 ≤ -0.25D 83 Lam et al., 2004 

16-17 ≤ -0.50D 70 Morgan and Rose, 2005 

19-39 < -0.50D 71 Goh and Lam, 1994 

a
 D stands for diopters. 
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1.2.3 Classification of myopia   

Myopia can be classified into different types according to the clinical entity involved, the 

age of onset, the ocular components leading to myopia or the severity of myopia (Grosvenor, 

1987).  Myopia can be grouped clinically as physiological myopia, night myopia, 

pseudomyopia, pathological myopia and induced myopia.  Pathological myopia is the most 

worrying type because of its association with pathological or degenerative changes in the 

posterior segment of the eye (Ursekar, 1983).  Myopia can also be classified as acquired or 

congenital (at birth), youth-onset (childhood to 20 years old), early adult onset (20 to 40 

years old) and late adult onset (from 40 years old afterward) myopia based on the age of 

onset of myopia (Grosvenor, 1987). 

 

There are two categories of myopia based on the ocular components involved: axial and 

refractive myopia, (Duke-Elder and Abrams, 1993).  Emmetropization is a process by which 

the ocular axial length matches to the optical power of the cornea and the lens to produce 

emmetropia.  Refractive errors are produced when there is imbalance between the ocular 

axial length and the optical power.  Axial myopia refers to an excessive elongation of the 

eyeball causing myopia (Duke-Elder and Abrams, 1993).  Refractive myopia, including 

curvature and index myopia, is attributed to variation(s) of the ocular refractive components 

(Duke-Elder and Abrams, 1993).  Myopia is measured in diopters (D). Therefore, it can also 

be grouped in accordance with the severity of myopia.  However, the cut-off of each group 

varies from report to report.  In general, mild or low myopia refers to refractive error not 

worse than -3.00 diopters (Edwards and Lewis, 1991; Morgan and Rose, 2005).  Moderate 

or medium myopia describes refractive error between -3.00 to -6.00 diopters (Edwards and 

Lewis, 1991; Morgan and Rose, 2005).  High myopia is defined by refractive error worse 

than -6.00 diopters (Edwards and Lewis, 1991; Morgan and Rose, 2005).  Previous studies 

indicate that people with high degrees of myopia have a greater chance of developing 
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irreversible visual impairment such as retinal detachment, glaucoma, and cataract and, in 

severe case, blindness (Fan et al., 1999; Banker and Freeman, 2001). 

 

 

1.3 Roles of environment and genetics in myopia 

development 

The debate about whether myopia is acquired or hereditary has continued for a few decades.   

Evidence has been found to support the contribution of both factors.  It is generally accepted 

that high myopia is a complex disease with both environmental and genetic factors 

contributing to the defect. 

 

1.3.1 Nurture 

Over the last few decades, the prevalence of myopia has dramatically increased in East Asia.  

The difference in the prevalence of myopia between East Asia and Europe suggests the 

impact of environmental factors on the development of myopia.  Near work may contribute 

to the progression of myopia. It can be expressed in terms of advanced education and living 

environment. 

 

Studies in animals provide evidence for the fundamental role of near work in myopia 

development.  It is hypothesized that excessive accommodation is involved in the 

mechanism.  Changes in the lens shape during accommodation can be a load to the ocular 

system.  This load can be compensated by ocular growth and thus can lead to myopia 

(Guggenheim and McBrien, 1996; Wang et al., 1996).  This proposes that accommodation is 

involved in ocular growth.  This theory is substantiated by the finding that a drug known to 

block the accommodation process in humans could reduce ocular growth and progression of 

myopia in animal studies (Stone et al., 1991; Cottriall and McBrien, 1996). 
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Advanced education is considered a risk factor of myopia development throughout the world 

(Goss, 2000; Saw et al., 2002a).  The higher the educational level is within a country, the 

higher the prevalence of myopia is.  Statistics show that microscopists and students studying 

medicine and law are the group with the highest risk (Adams and McBrien, 1992; Loman et 

al., 2002; Ting et al., 2004).  Near work can be quantified as the time spent on study and the 

intensity of study.  A cross-sectional study in Singapore shows that academic achievement is 

positively correlated with myopia (Saw et al., 2001).  The relationship between educational 

level and prevalence of myopia/high myopia in military conscripts in Singapore is shown in 

Table 1.2.  It is obvious that educational level is positively correlated with the severity of 

myopia. 

 

In addition to educational level, there is also substantial support of the link between urban 

area and the prevalence of myopia.  Studies show that the prevalence of myopia in 

populations with similar genetic background varies in different residential areas.  In general, 

the prevalence of myopia is higher in urban areas than that in rural areas (Lin et al., 2001).  

The observed differences in prevalence can be explained in terms of the time spent on 

outdoor activities, light intensities and the chance of reduced accommodation.  The 

protective role of outdoor activities was reported by several studies (Jones et al., 2007; Rose 

et al., 2008; Low et al., 2010).  However, some studies failed to demonstrate the association 

between outdoor activities and the prevalence of myopia (Lu et al., 2009).  Therefore, the 

role of outdoor activities in myopia development needs to be further investigated. 
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Table 1.2 The relationship of education level and prevalence of myopia. 
a
 

 Prevalence (%) 

Educational 

Level 

Non-myopes 

 ( > -0.5D) 

Low myopes 

(-0.5D to -5.9D) 

High myopes 

 (≤ -6.0D) 

Two-sided 

P values 

Normal stream 22.400 42.100 35.500 < 0.001 

Expressed stream 8.000 36.500 55.400 

     

Up to Secondary 27.100 47.900 25.00 < 0.001 

Tertiary 9.800 36.600 53.600 

a
 In a cross sectional study carried out in Singapore within 1998 and 1999, the educational 

level was positively related to the prevalence and progression of myopia. (Normal and 

Expressed are different secondary streams, Expressed is the stream given to students with 

a better performance in examination.) 
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1.3.2 Nature  

Twin studies and family studies have provided evidence for the hereditary nature of myopia.  

Correlation in refractive error were shown to be higher in monozygotic than in dizygotic 

twins (Hammond et al., 2001).  The estimated heritability for ocular refraction by twin 

studies was reported to be as high as 50% to more than 90% (Lyhne et al., 2001; Hammond 

et al., 2001; Dirani et al., 2006; Zhu et al., 2008).  The estimated heritability for ocular 

components of refractive error reported in the literature is summarized in Table 1.3.  A 

correlation in eye size between parents and offspring in Caucasians and Chinese was 

observed (Zadnik et al., 1994; Lam et al., 2008b).  The correlation suggests that children 

with myopic parents tend to have a longer axial length and vitreous chamber depth.  Hence, 

there is a greater risk of developing myopia in children with myopic parents than in the peers 

without myopic parents before the onset of myopia.  Apart from the correlations established 

in twins and between parents and offspring, some genes were identified in various genetic 

diseases.  These hereditary defects share a characteristic with high myopia as part of the 

presenting features.  Thus, genes encoding the following proteins are potential candidate 

susceptibility genes for myopia: collagen 2A1 and 11A1 for type I and II Stickler syndrome 

(Knowlton et al., 1989; Richards et al., 1996; De Keyzer et al., 2011), collagen 18A1 for 

Knobloch syndrome (Sertie et al., 2000), fibrillin for Marfan syndrome (Dietz et al., 1991) 

and nyctalopin for congenital stationary night blindness (Pusch et al., 2000; Zhang et al., 

2007b; Leroy et al., 2009). 

 

In order to have a better understanding of myopia development, two main approaches are 

commonly used.  Linkage analyses are utilized in mapping susceptibility chromosomal 

locations while association studies are applied to mapping associated genes.  Details of 

linkage and association studies are illustrated in Section 1.5.  Linkage studies have identified 

many chromosomal regions, known as myopia loci (MYP) that harbor myopia susceptibility 

genes.  Association study is another approach for mapping susceptibility genes (Tang et al.,  
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Table 1.3 Summary of twin studies investigating the correlation of refractive error between monozygotic and dizygotic twins.
a
 

Population Sample Size Hereditary (%) Source 

Chinese 126  Twin pairs 

90 MZ and 36 DZ 

SE of 65% for the left and right eyes 

AL of 59% for the left and right eyes 

CC of 25% for the left and right eyes 

Lin and Chen, 1987 

    

Finnish 23,570  Male twin pairs 

3676 MZ
 
and 8,109 DZ 

RE of 84% for males Teikari et al., 1988 

    

Finnish 109 Twin pairs 

54 MZ and 55 DZ 

RE of 74% for males and 61% for females Teikari et al., 1991 

    

British 506 Female twin pair 

226 MZ and 280 DZ 

SE of 83% for the left eyes 

SE of 86% for the right eyes 

Hammond et al., 2001 

    

Danish 114 Twin pairs 

53 MZ and 61 DZ 

SE of 91% for the left and right eyes 

AL of 94% for the left and right eyes 

CC of 91% for the left and right eyes 

Lyhne et al., 2001 

    

Australia 612 Twin pairs 

345 MZ and 267 DZ 

SE of 88% and 75% for males and females 

AL of 94% and 92% for males and females 

Dirani et al., 2006 

    

Chinese 

(Taiwan) 

43 Twin pairs 

33 MZ and 10 DZ 

CC of 16% Yeh et al., 2007 

    

Australia 612 Twin pairs 

345 MZ and 267 DZ 

CC of 41% for females 

CC of 70% for males 

Dirani et al., 2008 

    

British 2301 Twin pairs 

1152 MZ and 1149 DZ 

SE of 74% Lopes et al., 2009 

a
 The abbreviations are listed below: 

 MZ, monozygotic twin pairs; DZ, dizygotic twin pairs; SE, spherical equivalent; AL, axial length; CC, corneal curvature; RE, refractive error. 
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2008).  By using family or population samples, several genes were mapped to be associated 

with high myopia.  Hepatocyte growth factor (HGF) (Han et al., 2006; Wang et al., 2009b; 

Yanovitch et al., 2009; Veerappan et al., 2010), paired box 6 (PAX6) (Hewitt et al., 2007; 

Han et al., 2009; Ng et al., 2009;  Jiang et al., 2011; Liang et al., 2011), insulin growth factor 

1 (IGF1) (Metlapally et al., 2010; Chen et al., 2012; Mak et al., 2012), and myocilin (MYOC) 

(Tang et al., 2007; Vatavuk et al., 2009; Zayats et al., 2009) are examples of promising 

candidates. 

 

1.3.3 Interactions between hereditary and environmental 

factors 

There are many studies supporting the role of nurture and nature in myopic development in 

both animal models and humans.  A modern theory is a combination of these two factors, 

and suggests that myopia is multi-factorial (Saw et al., 2000; Wojciechowski, 2011).  Eye 

growth is a biological process that can be affected by the surroundings.  Take weight and 

height as examples.  These biological processes can be disturbed by nutrition and exercise.  

Animal studies indicate that once defocus is detected, eye growth is triggered in order to 

compensate for it (Raviola and Wiesel, 1985 and Wallman et al., 1987).  Although myopia 

can be induced by both genetic and environmental factors, the role of genetic factor 

outweighs that of environmental factors in the onset and progression of myopia.  The 

concept of myopia as a complex disease can be interpreted as genetic variations in myopes 

increasing the susceptibility to environmental factors and causing an early onset and/or 

aggressive progression.  However, there are very few definitive data in the study of 

interactions between hereditary and environmental factors (Chen et al., 2011).  Further 

investigation is needed to have a better understanding of such interactions. 
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1.4 Genetic Markers 

The basis of the human genome is deoxyribonucleic acid (DNA).  Adenine (A), guanine (G), 

cytosine (C) and thymine (T) are the four bases of DNA. The deoxyribonucleotides of these 

four bases are joined together to form a DNA strand, two anti-parallel complementary DNA 

strands form a double helix, and the double helix then folds together to form a higher-order 

structure.  All the genetic materials are encoded by the sequence of bases along a DNA 

strand.  In other words, the sequence of DNA bases determines the phenotypes of the 

organisms.  The human genome contains six billion bases and less than one percent of the 

sequence differs between individuals.  These genetic variations among individuals explain 

the susceptibility to and pathology of diseases.  In addition, genetic variations also provide 

explanation for differences in therapeutic responses.   The variations among individuals are 

also known as polymorphisms, which exist in multiple forms.  Each form of the variations is 

known as an allele.  In genetics, genetic markers are indicators that can track the differences 

among the DNA sequences between individuals.  There are numerous genetic markers and 

each has its distinctive features.  Microsatellites, single nucleotide polymorphisms (SNPs) 

and copy number variants (CNVs) are some genetic markers commonly used in mapping 

disease genes. In the following section, details of SNPs and CNVs are listed.  Apart from the 

description of examples of genetic markers, public databases that provide information on 

genetic variations in humans are also highlighted. 

 

Microsatellites are also known as short tandem repeats or simple sequence length 

polymorphisms.  They are defined by repeated sequences, which can be di-, tri- or tetra-

nucleotide repeats.  Microsatellites are multi-allelic, generally having five to ten alleles.  The 

differences in the length of repeated sequences define the alleles of a microsatellite.  The 

length differences can be detected by polyacrylamide gel electrophoresis, direct sequencing 

or microarray with targeted probes. In fact, some high myopia loci were mapped by applying 

linkage analysis with microsatellites as markers (Naiglin et al., 2002; Lam et al., 2003b; 
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Paluru et al., 2003; Farbrother et al., 2004; Hammond et al., 2004; Stambolian et al., 2004; 

Paluru et al., 2005; Wang and Wang, 2006; Wojciechowski et al., 2006; Zhang et al., 2006).  

Although microsatellites are broadly applied to map susceptibility loci in high myopia, they 

are considered less accurate than SNPs (Ball et al., 2010).  In addition, microsatellites are 

less abundant than SNPs.  Therefore, SNPs are used in this project. 

 

1.4.1 Single nucleotide polymorphisms (SNPs) 

A SNP is a one-base variation in the DNA sequence, which is one type of the genetic 

markers used in association study.  For example, at a particular nucleotide site DNA 

molecules may have an A-T base pair, whereas other DNA molecules may have a G-C base 

pair.  This variation is known as SNP.  In this case, A and G or T and C are the alleles of the 

SNP.  Almost all SNPs are biallelic, but they can be triallelic.  Homozygotes have two 

copies of A-T or G-C in a pair of homologous chromosomes, whereas heterozygotes have 

one copy of A-T in one chromosome and another copy of G-C in the other.  The 

combination of alleles is known as the genotype of a particular individual.  Biallelic SNPs 

have three different genotypes while triallelic SNPs have six different genotypes.  On 

average, a SNP appears once every one kilobase (kb) in the genomic DNA sequence.  Being 

the most common type of variation, SNPs account for 90% of the variations in humans 

(Tabor et al., 2002).  Susceptibility genes can be simply mapped by direct comparison of 

SNPs in people who present the phenotype with people who do not.  However, testing all 

SNPs in the human genome is impossible, considering the time and cost.  Therefore, only 

representative SNPs (tag SNPs) are tested because SNPs are not independent of each other.  

The correlation between SNPs gives rise to linkage disequilibrium (LD) (Tabor et al., 2002; 

Li, 2008).  LD is a term used to describe the situation in which the combination of alleles at 

distinctive loci on a chromosome is present more frequently than expected in a population.
   

In other words, SNPs are linked together.  The linked pattern of variants is known as 

haplotypes.  There are several measures of LD, and two in common use are D’ and r
2
 (Chen 
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et al., 2006b; Scholz and Hasenclever, 2010).  The magnitude of LD is affected by the 

recombination rate and the number(s) of mutation(s) at the loci.  The deviation of the 

observed frequency of a particular haplotype from the expected is known as D’ (Lewontin, 

1964).  On the other hand, r
2 
is the correlation of alleles at two loci (Hill, 1975).  The values 

of r
2 
are inversely proportional to the sample size.  The ranges of D' and r

2
 are from 1 to 0.  If 

there are three haplotypes out of 4 possible 2-SNP haplotypes, there is complete LD and D' 

is equal to 1.  If there are two haplotypes out of 4 possible 2-SNP haplotypes, there exists 

perfect LD and r
2 
equals 1.  When several SNPs are in perfect LD, the genotypes of a tested 

tag SNP can represent those of other SNPs in perfect LD. 

 

SNPs can be either non-coding or coding. Non-coding SNPs are found outside coding 

regions (exons): intergenic regions, introns between exons, promoters, untranslated regions 

(UTRs) and other non-coding regulatory regions of genes.  SNPs in the promoter regions can 

affect the binding of transcription factors and hence affect the transcription level of a gene 

(Meade et al., 2012).  SNPs in the 3’ UTR may influence the stability of messenger RNA 

(mRNA) via the action of microRNA, and cause a difference in the expression level 

(Wynendaele et al., 2010; Li et al., 2011a).  Coding SNPs are located in exons.  

Synonymous coding SNPs do not alter the amino acid sequence of the protein.  Non-

synonymous coding SNPs cause a change in the amino acid encoded and hence the 

corresponding protein.  For example, if the coding sequence AAA is changed to CAA, the 

encoded amino acid will be changed from lysine to glutamine.  Changes in the encoded 

amino acid may affect the stability or function of the encoded protein. 

 

Although there are various methods for identifying SNPs, the most direct approach is by 

sequencing.  The International HapMap Project database (http://www.hapmap.org/; see 

Section 1.4.3 for more details) provides information on the haplotypes and LD structure of 

SNPs in the human genome in different populations (Thorisson et al., 2005).  It enables 

online search of tag SNPs with different cut-offs for r
2
 and minor allele frequency (MAF) in 

http://www.hapmap.org/
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a particular population.  With the information provided by HapMap, tag SNPs of candidate 

genes can be tested for possible association with high myopia.  Since SNPs are used as 

genetic markers for studying the association of candidate genes with high myopia, selection 

of SNPs must be careful.  SNPs in this study are selected based on the ethnic population 

(Han Chinese), r
2 
value and MAF (Chapter 3.2.2). 

 

1.4.2 Copy Number Variants (CNVs) 

CNVs, also known as structural variants, are relatively new genetic markers used to study 

genetic diseases.  It refers to the loss or gain of copies of DNA sequences ranging from one 

kb to ten kb in length (Redon et al., 2006).  The understanding of CNVs grew in 2006 with a 

project launched by The Wellcome Trust Sanger Institute (Redon et al., 2006).  When 

compared with SNPs, the total number of CNVs is less than that of SNPs in the human 

genome.  Although SNPs is the most common type of variation, only 0.4 percent genome 

was covered.  However, CNVs are much more important in terms of genomic coverage 

because approximately twelve percent of the entire genome was covered by CNVs (Stranger 

et al., 2007).  Based on the higher coverage of CNVs, it is gaining increasing more attention 

from researchers. 

 

CNVs become more interesting when they are located within known disease genes.  The 

discovery changes the classical thinking of scientists.  It seems that the widely used variation, 

SNPs, is just the tip of the iceberg.  Scientists are now aware of the implications of CNVs 

for hereditary diseases.  In fact, some known genes associated with disease resistance were 

found to carry CNVs.  One of the examples is the chemokine (C-C motif) ligand 3-like 1 

gene (CCL3L1) (Shao et al., 2007; Liu et al., 2010).   It lies on chromosome 17 and the 

encoded protein binds to the human immunodeficiency virus (HIV) co-receptor, which 

further inhibits the entry of HIV.   It was reported that people with a high copy number of 
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CCL3L1 have a higher resistance to HIV (Shao et al., 2007; Liu et al., 2010).  This 

observation suggests the importance of CNVs in mapping susceptibility genes. 

 

The detection of CNVs is mainly based on hybridization of oligonucleotides in microarrays 

(Fiegler et al., 2006).  The principle behind this is simple.  Every spot on microarrays 

consists of identical copies of a specific sequence and the amount of hybridization is 

determined by the number of copies of the tested DNA.  If an individual has an extra copy of 

the specific sequence, the amount of hybridization and hence fluorescence intensity will be 

increased.  The amount of hybridization and hence fluorescence intensity will be lowered if 

an individual loses one copy of the sequence.  By comparing the fluorescence intensity, 

CNVs can be detected.  The properties of SNPs and CNVs are compared in Table 1.4. 
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Table 1.4 Comparisons of genetic markers: microsatellites, SNPs and CNVs. 

 Microsatellites SNPs CNVs 

Definition di-, tri- or tetra-nucleotide 

repeats 

One base change in DNA sequence Missing or gaining copies of DNA pieces 

ranging from 1kb to 10kb in length 

Total Number Larger Largest Less 

Coverage of genomic region Higher Lower Much higher 

Detection    

 Commercial platforms Yes Yes Yes 

 Cost Relatively higher Relatively low Much higher 

 Methods Many,  e.g. Many, e.g. Limited, e.g. 

 Fragment analysis by sequencer Restriction fragment length polymorphism Multiplex ligation probe amplification 

 High resolution melting analysis Unlabeled probe melting curve analysis Fluorescence in situ hybridization 

 Microarray platform Microarray platform Microarray platform 

  Denatured high performance  liquid 

chromatography 

 

  Sequencing   
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1.4.3 The International HapMap Project (HapMap) 

This international project was started in late 2002.  It was initially divided into two phases 

and expected to finish in 2006.  In fact, the HapMap project is now extended to three phases 

and is still ongoing.  The objective of HapMap is to identify the haplotype map by 

genotyping several millions of SNPs for individuals from different populations.  Since the 

haplotype map is constructed based on the genetic information of limited numbers of 

individuals, only common haplotypes are identified. 

 

In the first and second phases of the HapMap project, 1.1 million and 2.1 million of SNPs 

were genotyped respectively (Frazer et al., 2007).  For the first and the second phases, a 

genome-wide haplotype map was completed.  All the data were released to the public in the 

early of 2006.  Four populations are included in these two phases:  Yoruba people of Ibadan, 

Nigeria (YRI); United States residents with northern and western European ancestry (CEU); 

Japanese in Tokyo, Japan (JPT); and Han Chinese in Beijing, China (CHB).  The blood 

samples of 30 trios each of YRI and CEU, and 45 unrelated individuals each of JPT and 

CHB were collected as DNA sources.  The release of the HapMap data to the public 

becomes a powerful tool for conducting association studies.  Because of the LD relationship 

between the SNPs, only tag SNPs are usually examined in the initial stage of an association 

study.  The HapMap Project provides a window for the public to access the human genome. 

Researchers are benefited in terms of the time and cost involved.  An associated gene can be 

discovered by comparison of the haplotypes and genotype frequencies between the controls 

and cases. 

 

After the completion of the first two phases, the consortium decided to extend the HapMap 

Project to the third phases.  In phase three, the numbers of individuals are increased from 

270 to 1301.  Six more populations are covered in the last phase: Chinese in Metropolitan 

Denver, Colorado (CHD); Gujarati Indians in Houston, Texas (GIH); Luhya in Webuye, 
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Kenya (LWK); Mexican ancestry in Los Angeles, California (MXL); Maasai in Kinyawa, 

Kenya (MKK); and Toscans in Italia (TSI).  Phase three is still in progress. 

 

1.4.4 The 1000 Genomes Project 

The 1000 Genomes Project is a multinational collaboration, which is characterized by the 

sample size involved and the coverage of the human genome (1000 Genomes Consortium, 

2010).  The project was started in early 2008, and aimed to identify genetic variations with 

frequencies of at least one percent in the human genome.  It is achieved by sequencing many 

individuals.  Although the unit cost of sequencing is reduced recently, the total cost is still 

very high.  The launch of the 1000 Genomes Project provides comprehensive information on 

both common and rare genetic variations to the public.  The Project is divided into two parts: 

the pilot and the main projects.  The sample size, strategy and the objective differs among 

the pilot and the main projects. 

 

The pilot projects were sub-divided into three pilot studies: “low coverage,” “trios” and 

“gene regions” pilots.  The coverage of the three pilots varied from 2X to 50X.  For the low 

coverage pilot, 180 individuals were involved and the DNA samples were each sequenced 

twice (2X) across the genome.  For the trios’ pilot, the coverage was increased to 20-60X.  

For the gene regions pilot, 1000 gene regions were selected and the DNA samples of 900 

individuals were each sequenced at 50X coverage.  The pilot studies aim to assess the 

strategy, coverage, methods, platforms and institutes.  The sequencing of the three pilots was 

completed in mid-2009 and the data were available to the public. 

 

 The main project is still in progress.  The objective of the main projects is to obtain the 

sequencing data of 2500 samples from 31 populations at 4X coverage.  The samples are 

divided into three sets. The first sample set includes 1167 samples from thirteen populations, 

the second sample set 633 samples from seven populations, and the third sample set 700 
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samples from seven populations.  The sequencing work of the entire project is estimated to 

be finished in mid-2012.  The total number of samples and the populations included in the 

main projects are listed in Table 1.5. 

 

The 1000 Genomes Project data can be utilized in two ways: either for imputation or as a 

database (1000 Genomes Project Consortium, 2010).  The term “imputation” is defined as 

handling missing data (Marwala, 2009).  There are many ways to handle missing data, e.g. 

deleting the missing data or estimating the missing data by appropriate algorithms.  

Therefore, the 1000 Genomes Project data can be used as a reference panel to estimate the 

genotype data of markers that are not genotyped in a genome-wide association study.  

Because imputation is done computationally without actual laboratory work, no extra cost is 

needed.  Imputation helps in increasing the power of a study and refines the region(s) with 

casual variants.  Apart from imputation, the 1000 Genomes Project data allow an online 

search for rare variants in the human genome.  Since variants with frequencies of as low as 

one percent are identified, scientists can have an idea about the total number and the form of 

variants present in their regions of interest.  Experiments focus on the “common disease rare 

variants” theory can be conducted.  On top of the above applications, the project data can be 

applied to commercial industries.  Take microarray as an example.  As more than 30 

populations are examined by the project, tailor-made microarray chips for different 

populations can be designed. 
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Table 1.5 The number of samples and the populations included in the main project of the 1000 Genomes Project. 

Ancestry European
a Samples 

East 

Asian
b Samples 

West 

African
c Samples American

d Samples 
South 

Asian
e Samples 

Population CEU 100 CHB 100 YRI 100 ASW 62 GIH 100 

 TSI 100 JPT 100 LWK 100 ACB 79 PJL 100 

 GBR 100 CHS 100 GWD 100 AJM 79 BEB 100 

 FIN 100 CDX 100 MAB 100 MXL 70 STU 100 

 IBS 100 KHV 100 MSL/ESN 100 PUR 70 ITU 100 

       CLM 70   

       PEL 70   

Total  500  500  500  500  500 

a
 The European populations include CEU (United States residents with northern and western European ancestry), TST (Toscani in Italia), GBR ( British 

from England and Scotland), FIN ( Finnish from Finland) and IBS (Iberian population in Spain). 

b
 The East Asian populations include CHB (Han Chinese in Beijing, China), JPT (Japanese in Tokyo, Japan), CHS (Han Chinese South), CDX (Chinese Dai 

in Xishaungbanna), KHV (Kinh in Ho Chi Minh City, Vietnam) and CHD (Chinese in Denver, Colorado). 

c
 The Western African populations include YRI (Yoruba people of Ibadan, Nigeria), LWK (Luhya in Webuye, Kenya), GWD (Gambian in Western 

Division, The Gambia), MAB (Malawian in Blanre, Malawi) and  MSL/ESN (Mende in Sierra Leono or Esan in Nigeria). 

d
 The American populations include ASW (African Ancestry in Southwest US), ACB (African Caribbean in Barbados), AJM (African American in 

Jackson), MXL (Mexican Ancestry in Los Andeles, California), PUR (Puerto Rican in Puerto Rico), CLM (Colombian in Medellin, Colombia) and PEL 

(Peruvian in Lima, Peru). 

e
 The South Asian populations include GIH (Gujarati Indian in Houston, Texas), PJL (Punjabi in Lahore, Pakistan), BEB (Bengali in Bangladesh), STU (Sri 

Lankan Tamil in the United Kingdom) and ITU (Indian Telegu in the United Kingdom). 
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1.5 Genetic Analysis for discovery of high myopia 

susceptibility genes 

Similar to genetic markers, different approaches can be used in mapping genetic studies. 

Two classical approaches have been adopted in searching susceptibility regions or genes:  

linkage analysis and association study (Figure 1.1).  Linkage and association studies differ in 

the type of subjects being examined, assumptions, power and data analysis.  Each study 

design has its advantages and limitations.  With a decrease in the price of microarray chips, 

scientists tend to perform genome-wide association study (GWAS) nowadays.  GWAS is a 

comparatively new approach in mapping disease genes.  It differs from the classical 

approaches in terms of assumptions.  GWAS is hypothesis-free while the classical ones are 

hypothesis-driven.  The principles and properties of linkage analysis, association study and 

GWAS are outlined below. 

 

1.5.1 Linkage study 

Linkage analysis is a method used to map the chromosomal location of a disease locus 

(Dawn Teare and Barrett, 2005).  It is parametric or model-based if it requires the 

assumption of mode of inheritance (Figure 1.1). It is non-parametric or model-free if it does 

not have to assume any mode of inheritance (Figure 1.1).  Human chromosomes are in pairs, 

one maternal and one parental in origin.  Both maternal and parental chromosomes contain 

the same genes in the same order, but the alleles can be different.  If the marker locus is 

physically far away from a particular locus, genetic information can be exchanged randomly 

during meiosis, i.e. crossing-over.  In this case, the marker locus and the particular locus are 

said to be unlinked and transmit to gametes according to Mendel’s second law (independent 

assortment).  Therefore, the observed recombinant frequency should be around the expected 

recombination rate (Ө) of 50 percent (Sanal et al., 1991).  However, if the marker locus is 

physically close to the particular locus, then crossing over may not occur between the two 
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loci concerned. The two loci will then pass on from generation to generation and are said to 

be linked. In this case, the recombination rate becomes less than the 50 percent predicted by 

Mendel’s second law. Thus, genetic linkage is defined as a recombination rate of less than 

50 percent (Sanal et al., 1991; Tang et al., 2008). Based on the properties of meiosis 

mentioned above, chromosomal location of the disease locus can be mapped roughly by 

comparing the recombination rate between linked and unlinked loci.  The linkage between 

the disease locus and marker locus is expressed as “logarithm of the odds” (LOD) (Tang et 

al., 2008).  Linkage is generally established with a LOD score of three or above.  Both 

parametric and non-parametric linkage studies make use of family samples with affected 

individuals.  Parametric linkage study requires comparatively larger pedigrees with more 

affected individuals while non-parametric linkage study can analyze many small-sized 

nuclear families (March, 1999; Tang et al., 2008). 

 

Linkage analysis helps in identifying a candidate position of the disease locus of a genetic 

disease. In fact, there are several successful examples of mapping the physical loci for high 

myopia.  There are 21 loci successfully identified as myopia susceptibility regions.  The 

details of high myopia loci mapped in family samples are summarized in Table 1.6.  

Although physical loci are mapped by linkage studies, it is considered as less powerful.  

Numerous genes are usually found within the identified chromosomal region.  In order to 

zoom in to a specific disease gene, association study is used. 
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Figure 1.1 Summary of different approaches in genetic study. 
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1.5.2 Association study 

The information obtained from linkage analysis is considered as preliminary.  High-

resolution analysis is carried out to search for the associated genes or alleles in the target 

regions.  Association study is a widely adopted approach and is regarded as a more powerful 

approach.  Candidate genes are selected to test for possible association based on the findings 

from linkage studies and animal models. 

 

The popular “common disease common variants” (CDCV) hypothesis holds that the genetic 

risk for complex diseases is caused by a few common variants (disease-causing alleles) with 

the variants present at a high population frequency (Lander, 1996; Reich and Lander, 2001).  

According to the CDCV hypothesis, each of the variants has an additive effect on the disease 

phenotype.  In the case of myopia, the disease phenotype can be the affection status defined 

by a certain cut-off of the refractive error (in D), the refractive error per se, or the axial 

length (in mm).  If there is an association between the genotypes and the phenotype, the 

observed frequency of a particular genotype in the affected subjects will increase or decrease 

significantly when compared with that in the controls.  This is the hypothesis behind.  As 

mentioned in Chapter 1.4.1, SNPs are one type of common sequence variations found in the 

human genome. It accounts for up to 90% of the sequence differences in different 

individuals (Tabor et al., 2002).  Therefore, SNPs are usually tested in association study.  

Because of the LD relationship between SNPs, only tags SNPs are usually tested first. 

 

Association study can be family-based or population-based.  As suggested by its name, 

family-based association study refers to the use of nuclear families.  Each trio family 

consists of an affected offspring and two parents.  The frequencies of transmitted and non-

transmitted alleles are compared by transmission disequilibrium test (Floros et al., 2001). 
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Table 1.6 Myopia loci mapped by linkage analysis. 

Myopia Locus Ethnicity of subjects Types of families 
Linkage Analysis 
(PL / NPL) Affection Status Location Max. LOD 

MYP1 Danish (Schwartz et al., 1990) 

 

Large pedigrees PL - Xq28 4.80 

MYP2 American and Chinese 
(Young et al., 1998b) 
 

Moderate to large 

families 
PL SE ≤ -6.00D 18p11.31 9.59 

 European (Italian) 
(Heath et al., 2001) 
 

Families PL ≤ -6.00D 18p11.31 P =5.00×10
-3 

 Hong Kong Chinese 
(Lam et al., 2003b) 
 

Moderate pedigrees PL ≤ -6.00D 18p11.31 2.10 

MYP3 European (German / Italian) 
(Young et al., 1998a) 
 

A large pedigree PL SE ≤ -6.00D 12q21-23 3.85 

 British (Farbrother et al., 2004) 
 

Nuclear families PL, NPL ≤ -6.00D 12q21-23 2.54 

MYP4 (Re-named 

as MYP17) 
European (French) / Algerian 
(Naiglin et al., 2002) 
 

Large to moderate  

pedigrees 
PL, NPL ≤ -6.00D 7q36 2.81 

MYP5 British / Canadian 
(Paluru et al., 2003) 
 

A large pedigree PL SE ≤ -6.00D 17q21-22 3.17 
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Table 1.6 Myopia loci mapped by linkage analysis. (Continued) 

Myopia Locus Ethnicity of subjects Types of families 
Linkage Analysis 
(PL/NPL)

a Affection Status
b Location Max. LOD

c 

MYP6 Ashkenazi Jewish 
(Stambolian et al., 2004) 
 

Large pedigrees PL, NPL ≤ -1.00D 22q12 3.54 

 Ashkenazi Jewish (Additional) 
(Stambolian et al., 2006) 
 

Pedigrees PL, NPL ≤ -1.00D 22q12 4.73 

 American (Klein et al., 2007) Families NPL MSE = 0.44D 
(8.38 to -12.12D) 

22q12 P =3.30×10
-3

 

MYP7 British (Hammond et al., 2004) 
 

Dizygotic twins NPL MSE < 0.00D 11p13 6.10 

MYP8 British (Hammond et al., 2004) 
 

Dizygotic twins NPL MSE < 0.00D 3q26 3.70 

MYP9 British (Hammond et al., 2004) 
 

Dizygotic twins NPL MSE < 0.00D 4q12 3.30 

MYP10 British (Hammond et al., 2004) 
 

Dizygotic twins NPL MSE < 0.00D 8p23 4.10 

 American (Amish) 
 (Stambolian et al., 2005) 
 

Extended families 

with affected sibs 
PL, NPL ≤ -1.00D 8p23 2.03 

MYP11 Han Chinese(Zhang et al., 2005) A large pedigree PL SE ≤ -5.00D 
(-5.00 to 20.00D) 

 

4q22-27 3.11 

MYP12 American family of northern 

European origin (Paluru et al., 2005) 
A large pedigree PL SE ≤ -6.00D 

(-7.25 to 27.00D) 
2q37.1 4.75 
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Table 1.6 Myopia loci mapped by linkage analysis. (Continued) 

Myopia Locus Ethnicity of subjects Types of families 
Linkage Analysis 
(PL/NPL)

a Affection Status
b Location Max. LOD

c 

MYP13 Han Chinese (Zhang et al., 2006) A large pedigree PL SE ≤ -6.00D 
(-6.00 to 20.00D) 

 

Xq23-25 2.75 

 Han Chinese (Zhang et al., 2007a) A large pedigree PL SE ≤ -6.00D 
(-7.00 to 16.00D) 

 

Xq23-27.2 2.79 

MYP14 Ashkenazi Jewish 
(Wojciechowski et al., 2006) 

Moderate to large 

multigenerational 

families 
 

PL ≤ -1.00D , 
MSE = -3.46D 
 

1q36 9.54 

MYP15 American (Hutterite 

(Nallasamy et al., 2007) 
Moderate to large 
multigenerational 

families 
 

PL MSE = -7.04D 
(-3.75 to -13.25D) 

10q21.2 3.22 

MYP16 Hong Kong Chinese 
(Lam et al., 2008a) 
 

Moderate pedigrees PL, NPL SE ≤ -6.00D 
AL > 26mm 

5p15 4.81 

MYP17 European (French) / Algerian 
(Paget et al., 2008) 
 

Families PL, NPL ≤ −5.00 D 
AL > 26mm 

7p15 3.74 

 African-American 
(Wojciechowski et al., 2008) 

Families PL MSE = −2.87D 7p15 5.87 

       



 

31 

 

 

 

Table 1.6 Myopia loci mapped by linkage analysis. (Continued) 

Myopia Locus Ethnicity of subjects Types of families 
Linkage Analysis 
(PL/NPL)

a Affection Status
b Location Max. LOD

c 

MYP18 Han Chinese (Yang et al., 2009) 
 

Pedigrees PL SE ≤ -6.00D 14q22.1-q24.2 2.19 

MYP19 Han Chinese (Ma et al., 2010) Families PL SE ≤ -6.00D 
AL > 26mm 
Age of Onset 12 

 

5p15.1-p13.3 3.71 

MYP20 Han Chinese (Shi et al., 2011b) Individuals PL SE ≤ -6.00D 
AL > 26mm 
 

13q12.12 P =1.96×10-16 

MYP21 Han Chinese (Shi et al., 2011a) Family PL SE ≤ -6.00D 
AL > 26mm 
 

1p22.2 

(ZNF644) 
P =2.28×10

-6
 

a
 PL stands for parametric linkage analyses whereas NPL stands for non- parametric linkage analyses. 

b
 SE represents spherical equivalent in diopters (D) whereas MSE represents mean spherical equivalent in diopters (D). 

c
 Max. LOD stands for the maximum “logarithm of the odds” score. 
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Figure 1.2 Transmission disequilibrium test.  The genotypes of the heterozygous parents are 

AB; either allele A or B can be transmitted to the affected child.  In three out of four families, 

allele A from the heterozygous parent is transmitted to the affected child.  For the bottom 

right trio family, allele B from the heterozygous parent is transmitted to the affected child. 
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In Figure 1.2, for example, each of the four trio families has a heterozygous parent and an 

affected child.  The genotypes of the heterozygous parents are AB; either A or B allele can 

be transmitted to the affected child.  Here, allele A is transmitted from the heterozygous 

parent to the affected child in three out of four families.  The B allele of these three 

heterozygous parents is not transmitted and serves as the controls.  For the top left trio 

family, allele A from the heterozygous parent is transmitted to affected child and, hence, 

allele B acts as the control.  Apparently, allele B is transmitted to the affected children less 

frequently.  By comparing frequencies of alleles transmitted and not transmitted to affected 

offspring in trio families, the disease allele is identified.  Since the heterozygous parents 

provide a “case” (transmitted allele) and a “control” (non-transmitted allele), population 

stratification is not a problem in family-based association study (Floros et al., 2001).  

However, the main disadvantage of family-based association study is subject recruitment.  

Therefore, population-based association study is more popular because of its easier subject 

recruitment. 

 

Population-based association study is also known as case-control study.  Subjects are 

recruited from the general population.  A case is defined as an individual with the phenotype 

of interest while a control is defined as an individual without the phenotype.  The 

frequencies of the alleles and genotypes of genetic markers in cases and controls are 

compared to test for possible association.  The distributions of the allele or genotype 

frequencies are analyzed by chi-square (χ
2
) test.  Significant difference suggests a possible 

association between the genetic marker and the phenotype.  However, one must be careful in 

interpreting the results.  Positive and negative results obtained from association studies have 

different meanings.  Three possibilities can lead to a positive result in an association study 

(Lander and Schork, 1994; Altshuler et al., 2008).  The first possibility is a true positive 

result and the SNP is the disease-causing allele.  The second possibility is also a true positive 

result and the tag SNP tested is in strong LD with the disease-causing allele.  If this is the 

case, additional tests are required to find out the real disease-causing allele.  Finally, false 
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positive findings can also be obtained if the subjects are recruited from different 

subpopulations – a situation known as population stratification.  Similarly, negative results 

can also be true- or false-negatives.  True negative result means that the SNP is not 

associated with the disease. However, if the allele frequency of the disease-causing allele is 

too low, a small sample size may not be powerful enough to detect it.  Therefore, a false 

negative result will be obtained.  To solve this problem, a larger sample size has to be used. 

 

 Associated genes identified by association studies in myopia are listed in Table 1.7.  

Although there are many genes reported to be associated with high myopia, the causal 

variant(s) is still mostly unknown.  This is the current status in the field of myopia genetics.  

Related research should be performed to identify the underlying causal variant(s) in the 

development of high myopia.  Lack of replication is the first weakness of reported 

association studies.  Because of the difficulty in subject recruitment, many association 

studies did not have independent sample sets to validate their initial findings.  The observed 

signals may be false positive signals.  Therefore, replication study is required to validate the 

initial findings.  The frequencies of alleles and genotypes are compared between cases and 

controls in an association study.  The phenotype definition affects the result directly.  The 

details and caution in carrying out replication study are described in Section 1.7.  Several 

genes have been reported to play a role in the development of myopia. HGF, PAX6 and 

MYOC are some promising candidate genes in this category (Liang et al., 2011; Han et al., 

2006; Tang et al., 2007; Tsai et al., 2008; Han et al., 2009; Ng et al., 2009; Vatavuk et al., 

2009; Yanovitch et al., 2009; Zayats et al., 2009).  However, none of the genes were 

replicated appropriately.  The second weakness of reported association studies is the 

resolution of signals.  Most of the studies reported associated SNPs rather than refined 

regions of the associated genes.  As mentioned before, the genotypes of a tested SNP can 

represent those of other SNPs in perfect LD.  In other words, the observed associations may 

only mirror the association of other SNPs in strong LD with the tested SNP.  Therefore, 

systematic investigation of all SNPs in LD with the tested SNPs is required to refine the 
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susceptibility region of the associated gene.  In order to fill the gap in the current literature, 

HGF was chosen as an example for biological replication and refinement of susceptibility 

region.  The history of identifying HGF as an associated gene in high myopia is detailed in 

Section 1.7. 

 

 

1.5.3 Genome-wide association study (GWAS) 

Since the human genome is so large, it is impossible to analyze every single gene in humans.  

Therefore, a candidate-gene approach is used to study the association between candidate 

genes and high myopia.  The candidate genes can be selected based on previous animal 

studies.  Although animal studies give an insight into the probable roles of certain genes in 

myopia, animals are not identical to humans.  Genes involved in myopia development in 

animals may not be involved in that of humans.  GWAS can solve this problem because it 

provides a rough idea of the issue specific to the human genome.  GWAS or whole-genome 

association study is revolutionary.  It is a hypothesis-free approach, which allows testing a 

few thousands to a few millions of genetic markers all at once.  The exhaustive search for 

causal genes or variants influencing refraction or causing myopia began a few years ago. 

 

Since 2005, this powerful tool has been applied to identifying susceptibility genes of 

complex diseases.  GWAS has made a great impact on mapping genetic studies.  More and 

more loci for various common disorders have been discovered using GWAS.  Many of the 

identified genes are novel and do not have related literature to support their potential roles in 

the disorders or traits under study.  Some of the results were replicated and some were not.  

Age macular degeneration, type 1 and type 2 diabetes and breast cancer are some successful 

examples in the early stage of GWAS (Klein et al, 2005; Sladek et al, 2007; Easton et al, 

2007).  Similar to the classical association study, GWAS has four parts: subject selection, 

data collection, statistical analysis and validation of initial 
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Table 1.7 Susceptibility genes for ocular components identified by association studies. 

Symbol ID Full Name Chromosomal Location Population 

BMP2K 55589 Bone morphogenic protein 2 inducible 

kinase 
4q21.21 Chinese (Taiwan) (Liu, et al., 2009) 

CHRM1 1128 Cholinergic receptor, muscarinic 1 11q13 Chinese (Taiwan) (Lin, et al., 2009b) 

COL1A1 1277 Collagen, type I, alpha 1 17q21.33 Japanese (Inamori, et al., 2007) 

COL2A1  1280 Collagen, type II, alpha 1 12q13.11 

 

Caucasian (Metlapally et al., 2009) 

Caucasian (62%), East Asian (13%),  

Hispanic (8%), African-American (7%),  

Indian/Pakistani (4%), Mix of Native American, Afghan, 

Filipino and others (6%) (Mutti et al., 2007) 

CRYBA4 1413 Crystallin, beta A4 22q12.1 Chinese (Hong Kong) (Ho et al., 2012) 

CTNND2 1501 Catenin (cadherin-associated protein), delta 

2 (neural plakophilin-related arm-repeat 

protein) 

5p15.2 Chinese (Yu et al., 2012) 

HGF 3082 Hepatocyte growth factor  7q21.1 

 

Han Chinese (Han et al., 2006) 

Caucasian (Veerappan et al., 2009; Yanovitch et al., 

2009) 

IGF1  3479 Insulin-like growth factor 1 12q23.2 Caucasian (Metlapally et al., 2010) 

Chinese (Hong Kong) (Mak et al., 2012) 

LAMA1 284217 Lamini, alpha 1 18p11.3 Han Chinese (Zhao et al. ,2011) 

LUM 4060 Lumican 12q21.3-q22 

 

Chinese (Taiwan) (Wang et al., 2006; Lin et al., 2009a; 

Wang et al., 2009a; Wang et al., 2009b) 

Caucasian  (Majava et al., 2007) 

     



 

37 

 

Table 1.7 Susceptibility genes to ocular components identified by association studies. (Continued) 

Symbol ID Full Name Chromosomal Location Population 

MFN1 55669 Mitofusin 1  3q26.33 British (Andrew et al., 2008) 

MMP1 4312 Matrix metallopeptidase 1 11q22.3 Old Order Amish and Ashkenazi Jewish 

(Wojciechowski et al., 2010) 

MMP2 4313 Matrix metallopeptidase 2 16q13-q21 Old Order Amish (AMISH) and Ashkenazi Jewish 

(Wojciechowski et al., 2010) 

MTOR 2475 Mechanistic target of rapamycin 

(serine/threonine kinase) 
1p36.2 

 

Chinese (Singapore and Malaysia) (Han et al., 2011) 

MYOC 4653 Myocilin, trabecular meshwork inducible 

glucocorticoid response 
1q23-24 Chinese (Hong Kong) (Tang et al., 2007) 

Croatian people (Vatavuk et al., 2009) 

Caucasian (Zayats et al., 2009) 

PAX6 5080 Paired box 6 11p13 

 

Chinese (Taiwan, China, Hong Kong) (Simpson et al., 

2007; Wan et al., 2008; Han et al., 2009; Ng et al., 2009; 

Jiang et al., 2011; Liang et al., 2011) 

PDGFRA 5156 Platelet-derived growth factor receptor, alpha 

polypeptide 
4q12 

 

Chinese (Singapore and Malaysia) (Han et al., 2011) 

PARL  55486 Presenilin associated, rhomboid-like 3q27.1 British (Andrew et al., 2008) 

SERPINI2 5276 serpin peptidase inhibitor, clade I (pancpin), 

member 2 

3q26 British (Hysi et al., 2012) 

SOX2-OT 347689 SOX2 overlapping transcript  3q26.33 British (Andrew et al., 2008) 
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Table 1.7 Susceptibility genes to ocular components identified by association studies. (Continued) 

Symbol ID Full Name Chromosomal Location Population 

TGFB1 7040 Transforming growth factor, beta 1  19q13.1 Chinese (Taiwan) (Lin et al., 2006) 

Chinese (Singapore) (Khor et al., 2010) 

Chinese (Hong Kong) (Zha et al., 2009) 

TGFB2 7042 Transforming growth factor, beta 2  1q41 Chinese (Taiwan) (Wan et al., 2009) 

TGIF1 126826 TGFB-induced factor homeobox 1 18p11.3  Chinese (China) (Lam et al., 2003a) 

UMODL1 89766 Uromodulin-like 1 21q22.3 Japanese (Ota et al., 2009) 

Chinese (Hong Kong) (Zhu et al., 2012) 
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findings.   First, a large number of subjects are recruited and an appropriate group of control 

is selected.  This is a critical step because the results of GWAS can be directly affected by 

population stratification and the definition of phenotype.  Homogeneous samples are 

regarded as the most appropriate type for GWAS.  The DNA of each sample is extracted and 

processed.  DNA samples are used for collection of genotypes either individually or as a 

pooled sample, dependent on the study design.  Different genome-wide genotyping 

platforms can be selected, which differ in the coverage, the types and the total number of 

genetic markers included.  Affymetrix 100K, Illumina 317K and 550K are examples of 

classical platforms.  The Genome-Wide Human SNP Array 6.0 (Affymetrix), HumanOmnic 

1S, 2.5S and 5-Quad are examples of advanced commercially available chips.  The total 

number of markers on the Genome-Wide Human SNP Array 6.0 (Affymetrix) is about 1.8 

million.  For classical Affymetrix arrays, SNPs are selected from Nsp I or Sty I digested 

fragments of the human genome at an average of 200 to 1100 bp (Matsuzaki et al., 2004).  

For advanced arrays, additional 482 000 SNPs and 202 000 targeted probes for CNVs are 

packed on the arrays.  The additional SNPs include tag SNPs, novel SNPs added to dbSNP 

database, mitochondrial SNPs, SNPs on chromosomes X and Y as well as SNPs located at 

recombination hotspots (Korn et al., 2008).  On the other hand, the total number of markers 

on the HumanOmnic 5-Quad chips is about 4.3 million.  For Illumina chips, the selection of 

genetic markers is mainly based on the LD structure of SNPs provided in the HapMap 

database. All the raw data are collected and extracted.  The data are then filtered and 

reviewed as a quality control step. The most difficult part is the interpretation of data from 

this extremely large number of markers.  This involves skills in computation and statistics.  

An appropriate threshold is applied to the data as an indication of significant association.  

Significant signals are then followed up in an independent sample or evaluated for their 

functional implications. 

 

GWAS is a powerful tool for identifying susceptibility genes in complex disorders, but it 

does have disadvantages.  The main problem of GWAS is the stringent correction for 
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multiple comparisons.  Theoretically, the P values should be divided by the total number of 

genetic markers tested for the correction.  For example, if 2.5 million markers are tested, the 

corrected P value should be 210
-8

 as an indication of significant association.  Almost all 

GWAS on myopia have no significant findings if such stringent P value is applied to the 

GWAS.  However, meta-analyses can be used to strengthen and/or confirm the initial signals 

(He et al., 2009; Ong et al., 2009; Perry et al., 2009; Sulem  et al., 2009; Hysi  et al., 2010; 

Solouki  et al, 2010; Verhoeven et al., 2012).  Recently, several groups have conducted 

GWAS to discover susceptibility genes involved in refraction or myopia, as summarized in 

Table 1.8.  Although the cost of genotyping in GWAS has been reduced, the total cost of 

GWAS is still prohibitive.  Recently, our group has genotyped 200 samples for a pilot 

GWAS.  To compensate for the small sample size, 100 extreme cases and 100 super normal 

controls were selected.  The study is described in detail in Chapter 8.  Linkage study, 

association study and GWAS differ in the study design, advantages and limitations.  Table 

1.9 summarizes the characteristics of the three types of genetic studies. 
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Table 1.8 Recent GWAS of mapping myopia genes.
a
 

Ethnicity of 

participants Cut-offs for participants Sample size Main findings 

Japanese  

(Nakanishi et al., 

2009b) 

  

Cases: AL > 28.00mm First stage 

 Cases: 302 

 Controls: 934 

Second stage 

 Cases: 537 

 Controls: 980 

 

1. Using P < 1.00
-4

 as threshold, 22 SNPs were selected from first stage  and tested in second stage 

2. An SNP, rs577948, locates at chromosome 11q24.1 was associated with pathological myopia (P 

= 2.22×10
-7

, OR
b
 = 1.37) 

3. BLID and LOC399959 were identified as the novel susceptibility locus for pathological myopia 

in Japanese 

- European twins 

  Dutch 

  British 

 (Solouki et al., 

2010) 

 

EM: 1.50D <SE < -0.50 D  

LM: -1.50D <SE< -3.00 D 

MM: -3.00D <SE≤ -6.00 D 

HM: SE < - 6.00 D 

LH: 1.50D <SE ≤ 3.00 D 

MH: 3.00D <SE ≤ 6.00 D 

HH: SE >  6.00 D 

First stage 

 EM: 2538 

 LM: 276 

 MM: 271 

 HM: 91 

 LH: 1403 

 MH: 675 

 HH: 74 

Second stage 

 EM: 6017 

 LM: 898 

 MM: 904 

 HM: 312 

 LH: 1472 

 MH: 597 

 HH: 81 

 

1. One SNP, rs634990, showed the most significance (P = 1.76x×10
-8

) in the first stage 

2. Fourteen SNPs were selected and replicated in the second stage 

3. rs634990 (P = 2.21×10
-14

, OR = 1.41) gave the most significant P value among the fourteen SNPs 

in meta analyses 

4. GJD2 and ACTC1 are genes located near rs634990. Both were suggested as candidate genes for 

myopia development 

5. Chromosome 15q14 was reported as the susceptibility region for refractive error in European 
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Table 1.8 Recent GWAS of mapping myopia genes.
a
 (Continued) 

Ethnicity of 

participants Cut-offs for participants Sample size Main findings 

- European twins 

  British 

  Dutch 

  Australian 

(Hysi et al., 2010) 

 

Myopia: SE ≤ -1.00 D 

Emmetropia:  

 0.50D <SE < - 0.50 D 

First stage 

  4270 

Second stage 

  13414 

1. One SNP, rs8027411, showed an genome-wide significance (P = 7.91×10
-8

) in the first stage 

2. The initial associated SNPs was replicated in the second stage successfully 

3. Chromosome 15q25 was reported as the susceptibility locus for refractive error 

 

- Chinese 

- Japanese  

(Li et al., 2010) 

Chinese in Singapore  

Cases: SE ≤ -6.00D 

Controls: 1.00D <SE<-0.50D 

Japanese 

Cases: AL > 26.00mm 

First stage 

 Cases: 287 

 Controls: 673 

Second stage 

 Cases: 959 

 Controls: 2128 

 

1. Using P < 10
-5

 as threshold, three SNPS were selected from the first stage  and tested in the 

second stage 

2. One marker,  rs6885224, showed significant association in the replication set (P=3.5×10
-2

) 

3. Two markers, rs6885224 and rs12716080, showed significant association in meta-analyses 

(P=7.84×10
-6

 , OR =1.24 and P=1.05×10
-5

, OR = 1.20 respectively) 

4. CTNND2 was identified as the associated gene  

- Han Chinese  

   (Li et al., 2011b) 

 

Cases: SE ≤ -6.00 D 

 Age of onset  < 35 

Controls: Myopia-free 

First stage 

 Cases: 102 

 Controls: 335 

Second stage 

 Cases: 2628 

 Controls: 9485 

Third stage 

 Cases: 263 

 Controls: 586 

1. Three SNPs at chromosome 4q25 showed significant association in the first stage 

2. Ten SNPs located at chromosome 4q25 were tested in replication study 

3. Five out of  ten SNPs were validated in the second stage 

4. The most significant SNP was rs10034228 (P = 1.73×10
-9

)  in the second stage 

5. Ten  SNPs were validated in third stage and the most significant SNPs was rs10034228 (P = 

6.47×10
-3

) 

6. In meta-analysis, rs10034228 (P=7.7×10
-13

, OR = 0.81) was found to be associated with high 

myopia 

7. Chromosome 4q25 was suggested as candidate region for development of high myopia 
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Table 1.8 Recent GWAS of mapping myopia genes.
a
 (Continued) 

Ethnicity of 

participants Cut-offs for participants Sample size Main findings 

- Han Chinese  

  population 

(Shi et al., 2011b) 

Cases: SE ≤ -6.00D 

  AL ≥ 26.00mm 

Controls:  

  1.00D <SE < -0.50 D 

 

First stage 

 Cases: 419 

 Controls: 669 

Second stage 

 Cases: 843 

 Controls: 2525 

Third stage 

 Cases: 1960 

 Controls: 3117 

1. Thirty four SNPs in 22 chromosomal regions with a nominal P value < 1.0×10
-4 

in the first stage 

2. All of the 34 SNPs were tested in second stage 

3. Only one SNP, rs9318086, at13q12.12 was significantly associated (Pc =7.75×10
-5

, OR = 1.68) 

4. Nine SNPs within 200 kb of rs9318086, all with a nominal P< 0.05 in the initial GWAS 

5. One SNP, rs1886970 was in complete LD with rs9318086 and was genotyped in the second stage 

6. SNPs rs9318086 and rs1886970 were associated with high myopia 

7. Chromosomal location, 13q12.12, was identified as susceptibility region 

8. Six SNPs within 13q12.12 were tested, the P values ranged from 1.46×10
-11  

to 6.82x10
-16 

in 

combined analysis 

9. Chromosome 13q12.12 was suggested as candidate region for development of high myopia 

 

a
 The abbreviations are listed below:  

AL, axial length; 

 OR, odds ratio;  

 SE, spherical equivalent; 

 EM, emmetropia; LM, low myopia; MM, moderate myopia; HM, high myopia; 

 LH, low hyperopia; MH, moderate hyperopia; HH, high hyperopia; 

 BLID, BH3-like motif containing cell death inducer; 

 LOC399959, mir-100-let-7a-2 cluster host gene (non-protein coding); 

 GJD2, gap junction protein, delta 2; 

 ACTC1, actin, alpha, cardiac muscle 1; 

 CTNND2, catenin (cadherin-associated protein), delta 2 (neural plakophilin-related arm-repeat protein. 
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Table 1.9 Properties of linkage analysis, association study and genome-wide association study 

 Linkage Analysis Association Study Genome-wide Association Study 

Hypothesis Yes Yes No 

Samples 1. Families with affected offspring 1. Unrelated individuals 

2. Small nuclear families 

1. Unrelated individuals 

2. Considered as study with biggest sample size  

Power   

(Complex Disease) 

Low High High 

Description Identifying the chromosomal locations of 

susceptible genes 

Testing the possible associations between 

candidate genes and the phenotype 

Identifying novel susceptible chromosomal locations 

and candidate genes across the genome 

Advantages 1. Efficient for genome scan approach 

2. Good approach at the beginning of 

searching 

3. Less basis from population 

stratification 

4. The cost for genotyping is relatively 

low 

5. The evidence of linkage is well 

defined 

6. The requirement of computational 

skill is relatively low 

1. Assumption of genetic model is not 

required  for parametric methods 

2. Collection of sample is easier 

3. More powerful 

4. Efficient for  detecting small genetic 

effects in complex diseases 

5. Relationship between genotypes and 

phenotypes can be detected 

6. The cost for genotyping is relatively low 

7. The requirement of computational skill 

is relatively low 

1. Assumption of genetic model is not required 

2. Automation 

3. More powerful 

4. Efficient for  detecting small genetic effects in 

complex diseases 

5. Relationship between genotypes and phenotypes 

can be detected 

6. Hypothesis-free, selection of candidate genes or 

SNPs are not required 

7. More novel genes can be identified 

8. Largest amount of markers can be genotyped at 

once 

9. Imputation can be done to predict the genotypes of 

not genotyped markers 

10. Valuable data can be collected include information 

of CNVs 
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Table 1.9 Properties of linkage analysis, association study and genome-wide association study (Continued) 

 Linkage Analysis Association Study Genome-wide Association Study 

Disadvantages 1. Assumption of genetic model is 

required for parametric 

methods 

2. Difficult to collect sample 

3. Less powerful 

1. False positive result may resulted 

due to population stratification 

2. Information obtained from linkage 

analysis and animal models are 

required for the selection of 

candidate genes 

 

1. False positive result may resulted due to 

population stratification 

2. Information obtained from other studies are 

required for the selection of candidate 

genes 

3. Higher skill in computation is required  

4. Balance between stringency of P value and the 

total number of significant association is 

required 

5. The most expensive study design 

6. Difficult to interpret the results 

7. Replication study using independent sample 

sets is required to validate the initial signals 
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1.6 Candidate genes 

Although the mechanism underlying the development of myopia is still unknown, it may 

involve complicated pathways and numerous genes.  Preliminary data obtained from animal 

and linkage studies provide insight into the mechanism behind it.  Genes found to be 

functionally related to myopia and susceptibility chromosome locations are of great interest.  

They are followed by association study using a candidate-gene approach to test for 

association with myopia.  As a result, two clusters of genes (functional and positional) based 

on the action level were selected in this study. 

 

1.6.1 Functional candidate genes 

Previous studies show that extracellular matrix (ECM) remodeling of the sclera is required 

in the development of myopia in animal models (Hernandez et al., 1991; Rada et al., 2000; 

Rada et al., 2006).  As a result, studies in human myopia mainly concern the genes expressed 

in the sclera (Wojciechowski et al., 2010; Yip et al., 2011).  Data from animal studies clearly 

demonstrate that visual experience alters ocular growth, and the changes seem to be 

mediated by local visual processing and signaling mechanism (Miles and Wallman, 1990; 

Diether and Schaeffel, 1997).  Genes responsive to the visual signals are believed to play a 

role in the development of myopia.  Activation of these genes by inappropriate visual 

experience may trigger the activation of a cascade of events controlled by genes and finally 

lead to ECM remodeling in the sclera. 

 

It seems that genes responsive to the visual signals are involved in the earlier part of the 

biological pathway concerned while genes responsible for the ECM remodeling of the sclera 

are involved in the later part of the pathway.  Based on this hypothesis, genes responsive to 

the inappropriate visual signals (rather than those involved in the ECM remodeling) were 

selected for study utilizing the candidate-gene approach. 
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Early growth response 1 (EGR1), v-fos FBJ murine osteosarcoma viral oncogene homolog 

(FOS), jun oncogene (JUN), and vasoactive intestinal peptide (VIP) and its receptor (VIPR2) 

as well as apolipoprotein E (APOE) are selected as functional candidate genes because 

previous animal studies have shown that these genes each have a unique role in ocular 

growth. 

 

1.6.1.1 Early growth response 1(EGR1) 

The EGR1 gene (Gene ID: 1958; OMIM: 165160) is located on chromosome 5q31.1 and 

spans a genomic region of 4.97 kb. It belongs to the immediate early gene (IEG) family.  

This family of genes functions as a transcriptional regulator.  As suggested by the name, 

IEGs are genes that show rapid and fast expression after exposure to extracellular stimuli.  

The expression of IEGs further triggers the transcription of related genes.  EGR1 induces the 

expression of different growth factors, such as platelet-derived growth factor (PDGF), basic 

fibroblast growth factor (bFGF), and transforming growth factor beta (TGF-β) (Murphy et 

al., 2004).  It has also been reported that TGF-β1 induces the expression of Egr-1 in vitro 

(Chen et al., 2006a).  The activation of Egr-1 promoter enhances the expression of collagen 

genes.  The association of the TGFB1 gene with high myopia was well established in 

different populations (Khor et al. 2010; Lin et al., 2006; Zha et al., 2009).  EGR1 may be one 

of the associated genes in the development of myopia via interacting with TGFB1 and 

collagen genes.  The cascade of events may eventually lead to ECM remodeling and result in 

myopia. 

 

In fact, many experiments using chicks, monkeys and mice focus on the role of Egr-1 in 

myopia.  Experiments in chicks have shown that the Egr-1 (also known as ZENK) is 

expressed in tight correlation with the sign of defocus of the projected image on the retina 

(Fischer et al., 1999; Bitzer and Schaeffel, 2002; Simon et al., 2004; Bitzer and Schaeffel, 

2006).  Egr-1 is up-regulated when axial elongation is inhibited, and down-regulated when 
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axial elongation is enhanced.  A similar pattern of EGR1 mRNA expression was observed in 

rhesus monkey with down-regulated expression in induced myopia and up-regulation in 

recovery (Zhong et al., 2004).  Recently, microarray analysis of retinal transcripts in mice 

also confirmed that the regulation of Egr-1 mRNA expression correlated with the retinal 

image degradation (Brand et al., 2005; Brand et al., 2007).  Apart from these, the study of 

Egr-1 knockout mice also provides convincing evidence for the involvement of Egr-1 in 

ocular growth regulation. 
 
Egr-1 knockout mice had a myopic shift in refraction and tended 

to have eyes with longer axial length (Schippert et al., 2007).  Results obtained from animal 

models show that EGR1 is a potential gene involved in the development of refractive error.  

The function of EGR1 in humans was first studied in a Chinese population by sequencing 

(Li et al., 2008).  Although no significant association was found, only rare variants were 

tested in that study.  In this study, the association between common polymorphisms of EGR1 

and high myopia was tested. 

 

1.6.1.2 FBJ murine osteosarcoma viral oncogene homolog (FOS) 

The FOS gene (Gene ID: 2353; OMIM: 164810), also known as c-FOS, is located on 

chromosome 14q24.3. Similar to EGR1, FOS also belongs to the IEG family.  The potential 

function of FOS in myopia development was demonstrated in chick studies, in which 

switching from diffuse blur to a focused image induced the expression of FOS in a 

subpopulation of amacrine cells (ACs) (Bitzer and Schaeffel, 2002).  Previous studies 

demonstrate that ACs are critical for the control of eye growth.  Therefore, changes in FOS 

expression might indicate the activation of retinal interneurons or circuits that mediate the 

growth responses to well-focused images.  In addition, the Fos mRNA level was found to be 

down-regulated significantly in a microarray analysis of retinal transcripts from mice with 

form deprivation myopia (FDM) (Brand et al., 2007). 
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 The change was induced rapidly and a reduced expression of retinal c-Fos was detected 

after a 4-hour of diffuser treatment.  The length of the eyeball increases and myopia 

develops if diffusers are placed over the eyes of animals.  Therefore, FOS may be involved 

in the development of myopia through a series of biochemical events in the retina. 

 

Optic tectum is an area in the brain and is responsible for the processing of input from optic 

nerve.  The regulation of FOS in optic tectum acts via light and the process is rapid (Wollnik 

et al., 1995).  Because of the rapid induction, the protein encoded by FOS was used as an 

indicator in several experiments detecting activated neurons in visual processing (Koistinaho 

et al., 1993; Koistinaho and Sagar, 1995; Huerta et al., 1997).  Studies demonstrated that the 

expression of Fos was concentrated at the retino-recipient layers of optic tectum at the 

beginning (de Zavalia et al., 2011).  It seems that FOS plays an important role in visual 

processing (LaVail and Cowan, 1971).  

 

FOS forms complex with another protein, which may play a role in eye growth.  FOS 

encodes a leucine zipper protein, which further dimerizes with the protein encoded by JUN 

(Glover and Harrison, 1995).  The transcription factor complex, activating protein-1 (AP-1), 

is the dimer of FOS and JUN.  AP-1 acts as a regulator for many proteins and matrix 

metalloproteinase (MMP) is one example (Kapila et al., 2009; Meissner et al., 2011).  

Previous studies demonstrate that MMPs are involved in ECM remodeling that leads to 

myopia (Nagase and Woessner, 1999).  Moreover, polymorphisms of MMP genes were 

reported to be associated with myopia (Hall et al., 2009; Wojciechowski et al., 2010).  The 

relationship between AP-1 and MMP is described in Section 1.6.1.3.  In view of the various 

functions of FOS being related to ocular growth, common polymorphisms of FOS were 

selected and tested for possible association with myopia. 
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1.6.1.3 Jun proto-oncogene (JUN) 

The JUN gene (Gene ID: 3725; OMIM: 165160), also named as c-JUN, is located on 

chromosome 1p32-p31, covering a region of 3.32 kb. JUN encodes a transcription factor that 

interacts directly with specific target DNA sequences to regulate gene expression.  JUN is an 

important gene in development because Jun
 -/-

 knockout mice die at the embryonic stage 

(Hilberg et al., 1993; Eferl et al., 1999).  It plays a crucial role in the development of heart 

and liver.  Numerous
 
studies have examined the role of JUN in humans. A number of studies 

indicate that aberrant JUN expression may lead
 
to malformation or disease.  In general, over-

expression of JUN is linked to different types of cancers (Szremska et al., 2003; Mariani et 

al., 2007).  Skin and liver cancers are examples of diseases caused by over-expression of 

JUN (Young et al., 1999; Eferl et al., 2003; Eferl and Wagner, 2003).  Recent studies of JUN 

have extended the focus to homeostasis and neuron degeneration (Ho et al., 2005; Hara et al., 

2011). 

 

The protein encoded by JUN can combine with the protein encoded by FOS to form the 

transcription factor complex AP-1, as mentioned previously.  AP-1 is found to be a key 

regulator controlling various cellular functions, such as proliferation, differentiation, 

apoptosis and retinal degeneration (Ameyar et al., 2003; Eriksson et al., 2005; Hwang et al., 

2005; Gu et al., 2007; Abdel-Malak et al., 2008; Krishnan et al., 2008; Zanotto-Filho et al., 

2009).  AP-1 binds to the target genes with a particular sequence and further activates the 

transcription of the target genes.  Distinct dimers are formed, dependent on the interaction 

between different family members of JUN and FOS.  AP-1 interacts with various signaling 

pathways, including c-Jun N-terminal kinase (JNK) pathway, mitogen-activated protein 

kinase (MAPK) pathway and extracellular signaling regulated kinase (ERK) pathway, to 

regulate cellular functions (Kajanne et al., 2007; Muhlen et al., 2009; Nijboer et al., 2009; 

Jia et al., 2011).  One result of the activation of the above pathways is the control of fibrotic 

tissue remodeling (Mitchell et al., 2011; Arrmendariz-Borunda et al., 1994; Chung et al., 
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1996; Bozec et al., 2010) and regulation of MMPs
 
expression (Park et al., 2011).  It is known 

that remodeling of fibrotic tissue and MMPs are associated with ECM remodeling in the 

sclera and hence refractive error (Nagase and Woessner, 1999; Seppinen and Pihlajaniemi, 

2010).  Besides the involvement in various pathways, AP-1 also plays a key role in retinal 

degeneration; AP-1 is activated by light and triggers the degeneration of photoreceptors (Gu 

et al., 2007; Krishnan et al., 2008; Takita et al., 2008).  Because photoreceptors are a key 

component in signal transduction, death of photoreceptors causes defect in visual processing 

(Mervin and Stone, 2002; Bramall et al., 2010).  Because of the importance of JUN in visual 

signaling, polymorphisms in the JUN gene were tested for possible involvement in refractive 

error development. 

 

1.6.1.4 Vasoactive intestinal peptide (VIP) 

The VIP gene (Gene ID: 7432; OMIM: 192320) is located on chromosome 6q25.  VIP is 

present
 
in the immune system, both central and peripheral nervous systems (Ganea, 1996; 

Reubi et al., 1998; Yadav and Goetzl, 2008).
 
 It involves both independent and dependent 

cyclic adenosine monophosphate (cAMP) pathways via the interactions with the 

corresponding receptors (Wang et al., 1999; Nicole et al., 2000; Igarashi et al., 2002).  As a 

neurotransmitter, VIP regulates the growth and differentiation of a variety of cells. 

 

Several studies suggest the involvement of VIP in myopia development.  The first piece of 

evidences that support the involvement of VIP in ocular growth is the expression data.  It is 

expressed in the retina of many animals including chicks, mice, monkeys and guinea pig 

(Koh et al., 1984; Lammerding-Koppel et al., 1991; Lee et al., 2002; Brand et al., 2007).
 
 

Apart from ACs, VIP was detected in corneal endothelial cells in bovine eyes (Koh and 

Waschek, 2000).  In humans, VIP was found in corneal endothelial cells and aqueous humor 

(Troger et al., 1994; Koh and Waschek, 2000; Koh et al., 2005).  The localization of VIP 

suggests its function, which plays a role in ocular growth through regulation of the changes 
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in ion and fluid transport in the retinal pigment epithelium (RPE) (Rymer and Wildsoet, 

2005).  The contents of ions and fluid are restrained by classical receptor mechanism.  It was 

reported that changes in choroidal thickness were coupled to changes in fluid content 

(Pendrak et al., 2000).  VIP can also regulate the functions of gamma-aminobutyric acid 

(GABA) receptor via activation of cAMP (Veruki and Yeh, 1992; Veruki and Yeh, 1994).  

Experimental data have clearly demonstrated the importance of GABA receptors in the 

regulation of ocular growth.  Antagonists to GABA receptors alter the progression of 

myopia significantly in chicks (Stone et al., 2003).  Inhibition of myopia was observed in 

both equational and axial dimensions.  A similar pattern was also observed in the mouse 

model (Chebib et al., 2009). 

 

Recently, researchers found that the expression of VIP correlated positively with myopia in 

microarray analyses.  In a primate study, the expression of retinal VIP showed a positive 

correlation with the depth of the vitreous chamber (Tkatchenko et al., 2006).  The findings 

are consistent with the findings in chicks and mice (Stone et al., 2003; Chebib et al., 2009). 

Therefore, VIP may regulate ocular growth via the interactions with GABA receptors.  To 

test the hypothesis, VIP was selected as one of the functional candidate genes in this study. 

 

 

1.6.1.5 Vasoactive intestinal peptide receptor 2 (VIPR2) 

The VIPR2 gene (Gene ID: 7434; OMIN: 601970), also known as VPAC2, is located on the 

chromosome 7q36.3, which lies within the high-grade myopia locus MYP4 interval (Naiglin 

et al., 2002).  (Note that the original MYP4 locus was recently re-named as MYP17 locus.)  

As suggested by the name, VIPR2 is one of the receptors for VIP.  Besides playing a role in 

independent and dependent cAMP pathways through the binding of VIP, VIPR2 exhibits 

independent functions.  Although supporting literature is limited, expression of VIPR2 has 

been demonstrated in the rat retina at early stage (Njaine et al., 2010).  The expression was 
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found at embryonic stage; it was suggested that VIPR2 may function in a progenitor of the 

retina cells through the interactions with the pituitary adenylyl cyclase-activating 

polypeptide (PACAP) (Njaine et al., 2010).  In fact, several studies have demonstrated the 

interaction between VIPR2 and PACAP (Cai et al., 1997; Nogi et al., 1997).  VIPR2 was up-

regulated in chicks with FDM (Liu et al., 2005). 

 

This study provides evidence of potential involvement of VIPR2 in the development of 

myopia.  Hence, the association between high myopia and VIPR2 polymorphisms in Han 

Chinese was evaluated in the present study.  The study of polymorphisms in EGR1, FOS, 

JUN, VIP and VIPR2 are reported in Chapter 4. 

 

1.6.1.6 Apolipoprotein E (APOE) 

The APOE gene (Gene ID: 348; OMIM: 107741) lies on chromosome 19q13.2 and spans 

3.61 kb.  It is highly polymorphic and has been extensively studied.  The protein encoded by 

APOE plays a crucial role in the metabolism of cholesterol and triacylglycerols (Borgaonkar 

et al., 1993; Wu et al., 2002; Kolovou et al., 2005; Kim et al., 2009).  Therefore, human 

APOE is known to be associated with disorders in lipid metabolism, coronary heart diseases 

and Alzheimer’s disease.  Studies have shown that different isomers of APOE display 

variations in resistance to oxidative stress.  Therefore, APOE may play a role in 

development of high myopia through the antioxidant property. 

 

The ocular role of APOE was also suggested by studies in avian apolipoprotein A-I (Apo-

AI).  The antioxidant property of APOE provides one of the possible ocular functions.  It has 

been reported that the key structural fat within the photoreceptor cells is docosahexaenoic 

acid (Fliesler and Anderson, 1983; Bazan, 1989).  It plays an important role in visual 

transduction, prevention of apoptosis, and vision development (Bazan, 1989; Anderson et al., 
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2002; Rotstein et al., 2003).  However, docosahexaenoic acid is extremely sensitive to 

oxidative stress (Delcourt, 2007).  Studies found that different alleles of APOE displayed 

variations in oxidative stress resistance.  Therefore, APOE may play a role in the 

development of high myopia through the antioxidant property. 

 

It was demonstrated that visual experience alters ocular growth; eye growth was altered to 

compensate for the defocus (Raviola and Wiesel, 1985; Miyata and Smith, 1996; Bhooma et 

al., 1997; Wallman et al., 1987).  Since myopia can still be induced even after the retina is 

physically isolated from the brain, it seems that the regulation of ocular growth is a local 

event (Rymer and Wildsoet, 2005).  Visual experience was hypothesized to be of two types 

in nature: the GO/GROW and STOP signals (Wallman, 1990).  As suggested by its names, 

GO/GROW signal stimulates eye growth while STOP signal inhibits eye growth.  Apo-AI 

was identified as a STOP signal in a chick study (Bertrand et al., 2006; Lam et al., 2006).  

The expression of Apo-AI correlated with the changes in axial length in chicks.  APOE in 

humans is functionally equivalent to avian Apo-AI (Dawson et al., 1986).  The expression 

profile has implied the importance of APOE in ocular development.  In a mouse study, the 

retinal expression of Apo-AI and ApoE displayed a stage specific pattern (Kurumada et al., 

2007).  It was illustrated that Apo-AI was expressed prenatally while ApoE was expressed 

postnatally. 

 

Both genes are independent of each other.  ApoE expressed continually with the increase in 

retinal complexity. It seems that APOE plays a crucial role in eye development. Although 

polymorphism of APOE was first studied for possible association with myopia in 2006 by an 

Indian group, only two common mutations of APOE were tested (Himabindu et al, 2006).  It 

is not appropriate to conclude that APOE polymorphism is not associated with high myopia. 

 

To assess the association of APOE with high myopia, the two common mutations and three 

tag SNPs were examined in the present study.  The association study of APOE 
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polymorphism in high myopia is described in Chapter 5.  Table 1.10 summarizes the 

possible functions of the functional candidate genes grouped in cluster I. 

 

 

1.6.2 Positional candidate genes 

It is well established that the major cause of high myopia is elongated axial length. Thus, 

genes related to axial elongation are of great interest.  The applicability of findings from 

monkeys to humans is expected to be the greatest when compared with other animals such as 

mice and chicks because monkeys and humans are very similar both physiologically and 

genetically (Gibbs et al., 2007).  In a primate (monkey) study of FDM, the expression of 119 

genes was found significantly changed and related to the vitreous chamber depth 

(Tkatchenko et al., 2006).  The human homologs of five of these genes lie on the 

chromosomal susceptibility loci for myopia in humans. They are Rho guanine nucleotide 

exchange factor (GEF) 12 (ARHGEF12), COX11 homolog, cytochrome c oxidase assembly 

protein (yeast) (COX11), zinc finger protein 275 (ZNF275), DEAH (Asp-Glu-Ala-His) box 

polypeptide 40 (DHX40) and septin 4 (SEPT4).  Based on the above assumptions, five genes 

were selected as positional candidate genes in this study. 
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Table 1.10 Main functions of candidate genes grouped in cluster I. 

Gene Location Function Main evidence points to the involvement in develop myopia 

EGR1 5q31.1 Transcription regulator 1. The expression correlates with defocus 

2. Egr-1 knockout mice tended to have elongated eyes 

FOS 14q24.3 Transcription regulator 1. The expression of Fos was down-regulated in mice after diffuser treatment 

2. Dimerization of FOS and JUN to form AP-1, which induces cell proliferation 

3. AP-1 regulates the expression of MMPs, which are involved in ECM remodeling 

4. Over-expression of JUN can induce the expression of proteins involved in ECM remodeling 

JUN 1p32-p31 Transcription regulator 

VIP 6q25 Neurotransmitter 1. Acts as neurotransmitter to control the ion and fluid exchange in RPE 

2. Regulates the function of GABA   receptors, which are necessary for the modulation of eye 

growth 

3. It is expressed in the retina of many animals 

4. The expression of VIP correlated to the depth of the vitreous chamber in a primate study 

VIPR2 7q36.3 Receptors 1. One of the receptors for VIP 

2. The chromosomal location of VIPR2 is within the MYP4 interval 

3. It expressed in rat and chick retina 

4. The expression was down-regulated in form deprivation myopia in chick 

APOE 19q13 Lipid transporters 1. The antioxidant property of APOE protects photoreceptors from oxidative damage 

2. APOE in humans is functionally equivalent to avian Apo-AI 

3. Avian Apo-AI was identified as a STOP signal in ocular growth 

4. APOE displays a stage specific expression in the retina 
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1.6.2.1 Rho guanine nucleotide exchange factor (GEF) 12 

(ARHGEF12) 

The ARHGEF12 gene (Gene ID: 23365; OMIM: 604763) is located on 11q23.3, which lies 

within a region linked to a myopia locus (11q23-q24) identified by linkage analysis 

(Hammond et al., 2004).  It belongs to the guanine nucleotide exchange factor (GEF) family 

and about 60 GEFs have been identified in humans (Schmidt and Hall, 2002).  The primary 

role of ARHGEF12 is to initiate Rho GTPases,
 
and thereby causes rearrangement of 

cytoskeleton, gene transcription, and cell migration upon extracellular stimulation.  Apart 

from the GTP catalytic activity, ARHGEF12 has been reported to be involved in the insulin-

like growth factor (IGF1) signaling pathway (Cheng et al., 2000; Taya et al., 2001).  It forms 

complex with the IGF1 receptor through the dPSD-95/Dlg/ZO-1 (PDZ) domain (Taya et al., 

2001).  Data show that the ARHGEF12/IGF1 receptor complex is necessary for the IGF1 

signaling pathway (Sordella et al., 2003).  One of the biological pathways of IGF1 is to 

increase the synthesis of glycosaminoglycans (GAG) in the sclera (Waldbillig et al., 1990).  

GAG is an important element in ECM remodeling in myopia development (Moring et al., 

2007).  In addition, IGF1 was recently reported to be associated with high myopia 

(Metlapally et al., 2010; Mak et al., 2012).  The expression of ARHGEF12 was positively 

related to the vitreous chamber depth in a primate study of FDM (Tkatchenko et al., 2006).  

These support the involvement of ARHGEF12 in the development of high myopia by 

participating in the IGF1 signaling pathways.  It seems that AHGEF12 is a good candidate in 

myopia development. 
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1.6.2.2 COX11 homolog, cytochrome c oxidase assembly protein 

(yeast) (COX11) 

The COX11 gene (Gene ID: 1353; OMIM: 603648) at chromosome 17q22 is within the 

MYP5 locus (Paluru et al., 2003; Farbrother et al., 2004).  COX11 encodes a mitochondrial 

inner membrane protein, which is essential for the assembly of cytochrome c oxidase (CcO) 

(Banci et al., 2004).  CcO participates in the cytochrome c oxidase, electron ion carrier and 

copper ion binding activities (Petruzzella et al., 1998; Marzullo et al., 2004).  CcO is a 

multimeric protein composed of thirteen subunits and is an enzyme catalyzing the terminal 

step in the electron transport chain of cellular respiration (Carr et al., 2005).  The core of 

CcO is composed of three subunits, where highly conserved subunits I and II contain two
 

heme (a and a3) groups and two copper (CuA and CuB) sites.  COX11 is responsible for the 

formation of CuB site and mutations in COX11 cause defects in respiratory chain (Banci et 

al., 2004).  Although the knowledge of COX11 in the area of ocular functions is still 

uncertain, COX11 was found to be expressed in human donor sclera in a microarray study 

(Young et al., 2004).  In addition, it showed a negative correlation with the vitreous chamber 

depth in FDM in monkeys (Tkatchenko et al., 2006).  To test if this was the case in humans, 

COX11 was studied as a positional candidate gene. 

 

1.6.2.3 Zinc finger protein 275 (ZNF275) 

The ZNF275 gene (Gene ID: 10838) is located at chromosome Xq28, a region that was 

reported to be linked with myopia (MYP1) (Schwartz et al., 1990; Guo et al., 2010; 

Ratnamala et al., 2011).  It belongs to the superfamily of protein domains, mainly involved 

in DNA binding (Iuchi and Kuldell, 2005).  Two-strand beta sheet and one alpha helix 

together with a centrally located zinc ion constitute the zinc finger domains (Kang and Kim, 

2000). One of the classical domains of zinc finger is the Cys2His2 (C2H2) motif with a zinc 

ion bound to two cysteine and histidine residues of the C2H2 domain (Rebar and Pabo, 1994; 

Greisman and Pabo, 1997).  Most transcription factors present in eukaryotes contain the 
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C2H2 DNA-binding domain, which is essential in transcription regulation.  ZNF275 was up-

regulated in the monkey model with form deprivation and the change in expression was 

positively correlated with the change in vitreous chamber depth (Tkatchenko et al., 2006).  

Although the ocular function of ZNF275 remains unclear, successful replication of the 

reported MYP1 locus makes ZNF275 an interesting positional candidate gene to study. 

 

1.6.2.4 DEAH (Asp-Glu-Ala-His) box polypeptide 40 (DHX40) 

The DHX40 gene (Gene ID: 79665; OMIM: 607570) lies on chromosome 17q23.1, a region 

that was reported as a locus for high myopia (MYP5) (Paluru et al., 2003; Farbrother et al., 

2004).  It belongs to the DEAH-box protein family of ATP-dependent RNA helicases, 

mainly involved in RNA metabolism and processing (Colley et al., 2000; Turner et al., 

2007).  DHX40 also plays a role in transcription, pre-mRNA splicing, ribosome biogenesis, 

translational initiation and mRNA degradation (Colley et al., 2000; Turner et al., 2007).  

However, the ocular function of DHX40 has not yet been established.  In a monkey study of 

induced myopia, DHX40 was down-regulated (Tkatchenko et al., 2006).  To explore the 

functional role of DHX40 in axial elongation, it was chosen as one of the positional 

candidate genes in the present study.  

 

 

1.6.2.5 Septin 4 (SEPT4) 

The SEPT4 gene (Gene ID: 5414; OMIM: 603696), known as PNUTL2, is a member of the 

guanine nucleotide-binding protein family (Kinoshita, 2003).  It is located at chromosome 

17q23 within the MYP5 locus for high myopia in humans (Paluru et al., 2003).  In fact, 

SEPT4 shares many similarities with the ARHGEF12. Both of them are multimeric, 

involved in the catalytic pathway of guanosine diphosphate (GDP) to guanosine triphosphate 

(GTP), and thereby play a role in the cytoskeleton.  Twelve septins have been identified in 

humans with different combination of domains and diverse functions (Kinoshita, 2003)  

SEPT4 encodes an apoptosis-related
 
protein in the transforming growth factor- signaling 
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pathway and has been reported to be associated with neurodegenerative disease (Kinoshita et 

al., 1998; Ihara et al., 2003).  Besides neuronal function, SEPT4 can achieve a higher-older 

architecture by self-folding (i.e., from filaments to rings and coils) (Cao et al., 2009).  This 

stable scaffold can recruit or organize the actin-based structure and may help in the 

functioning of the cytoskeleton and in cell movement (Pache et al., 2005).  SEPT4 has a 

broad distribution in the human eye, including the sclera,
 
cornea, retina and lens (Young et 

al., 2004; Pache et al., 2005).  Animal study showed that the expression of SEPT4 was 

significantly up-regulated and in relation to the vitreous chamber depth (Tkatchenko et al., 

2006).  Therefore, SEPT 4 was selected and investigated for its possible association with 

high myopia in a Chinese population. 

 

 

1.6.3 SNP genotyping technologies 

There are numerous technologies for SNP genotyping.  They differ in principles, cost and 

throughput.  However, each of the SNP genotyping technologies has its advantages and 

limitations.   In this study, several popular methods are applied to collect the SNP genotypes.  

In the following sections, the principles and throughput of each technology will be discussed. 

 

1.6.3.1 Restriction fragment length polymorphism (RFLP) 

RFLP is a molecular technique that can be used to determine the genotype of a subject on 

the basis of the length of fragments produced by restriction enzymes.  The underlying 

principle is simple.  Specific DNA fragments carrying the SNPs are amplified by 

conventional polymerase chain reaction (PCR).  The PCR products are then digested by a 

restriction endonuclease.  These enzymes cut the PCR products at specific recognition 

sequences and generate fragments of different sizes.  These fragments are easily separated 

and visualized by agarose or polyacrylamide gel electrophoresis.  Genetic variations such as 

SNPs may alter the DNA sequence, and hence change the restriction enzyme recognition 
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sites.  Thus, fragments of different lengths are produced. Comparison of the restriction 

banding patterns enables the determination of genotypes.  The method of RFLP is robust and 

technically easy.  The cost of RFLP for SNP genotyping is relatively low because no 

fluorescently labeled primers or probes or extra reagents are required. 

 

However, RFLP has its limitation.  It can produce false positive interpretation when failed or 

incomplete digestion occurs as indicated in Figure 1.3.  For example, when the a PCR 

product with genotype T/T contains only one enzyme cutting site, failed or incomplete 

digestion of the product produces the same banding pattern as that of genotype A/A.  As a 

result, genotype can be incorrectly identified. This can be avoided by incorporating an 

internal control cutting site.  The internal control cutting site ensures that the PCR product is 

cut at least once if the restriction digestion works.  As the PCR product is cut, at least two 

bands will be generated and revealed upon gel electrophoresis.  Therefore, if PCR products 

generate one single band upon gel electrophoresis, the digestion is considered as failed or 

incomplete, and hence should be repeated.  For a PCR product homozygous for the allele not 

recognized by the restriction endonuclease (genotype A/A, Figure 1.3), cleavage only occurs 

at the internal control site and two bands are generated.  On the other hand, for a PCR 

product homozygous for the allele recognized by the restriction endonuclease 

(genotypeT/T), three bands are generated. A PCR product heterozygous for the alleles 

(genotype A/T) gives a banding pattern that is the summation of the two homozygous 

genotypes, and hence four bands are generated.  As a measure of quality control, an internal 

control site is always included in the PCR fragments if RFLP is used to genotype samples in 

this study.  The second limitation of RFLP is the relatively low throughout.  This is because 

overnight incubation is required for enzyme digestion, at least in this study to save cost, and 

preparation of gel is required for electrophoresis.  It is relatively time-consuming and may 

not be applicable to large-scale SNP genotyping study. 
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Figure 1.3 The importance of internal control site in RFLP analysis.  The left panel shows RFLP analysis without an internal control site.  Failed or 

incomplete digestion causes misinterpretation in genotype determination. In this example, genotype T/T is falsely identified as genotype A/A.  The right panel 

shows RFLP analysis with an internal control site, which is indicated as shaded arrows.  All results can be distinguished from failed or incomplete digestion 

because all PCR products are cut at least once upon complete digestion. 
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1.6.3.2 Unlabeled probe melting curve analysis 

It is a comparatively new technique used for genotyping.  Genotyping is done based on the 

melting temperature (Tm) of the DNA sequence.  Each DNA sequence has its unique Tm, 

which depends on the length and bases of the DNA sequence (Ririe et al., 1997).  

Tm refers to the temperature at which half of the  DNA duplex is double-stranded and 

half single-stranded (Stephenson, 2003).  The principle of the unlabeled probe melting 

analysis is similar to that of classical hybridization probe analysis.  The detection of genetic 

variation is mainly based on changes in fluorescence intensity.  This molecular technique 

requires a saturated DNA-binding dye and a single unlabeled probe.  When there is a change 

(genetic variation) in the DNA sequence, the duplex stability and its corresponding Tm are 

altered.  A unique melting curve is produced from each duplex based on the nucleotide 

sequence (length and composition).  Changes in the fluorescence intensity versus 

temperature are detected as signals to produce a melting curve.  In the presence of an 

unlabeled probe that anneals to a short region encompassing the SNP, specific genotype can 

be deduced.  The unlabeled probes are designed to anneal to either the wild-type or the 

mutant sequence in order to determine the genotype.  A 3’-end modification of the probe is 

needed to avoid extension during PCR.  In general, DNA sequence entirely complementary 

to that of the unlabeled probe has a higher Tm than the sequence containing mismatch 

(genetic variation) with the probe (Margraf et al., 2007; Margraf et al., 2008).  Based on this 

property, homozygous genotypes are expected to have a melting curve with only one single 

peak.  On the other hand, heterozygous genotype is expected to have a characteristic melting 

curve with two peaks each at the Tm for each homozygote. 

 

One of the biggest advantages of unlabeled probe melting curve analysis over RFLP is a 

higher throughput.  This is because no incubation with restriction enzymes or preparation of 

gel is needed for unlabeled probe melting curve analysis.  Genotyping can be performed 

directly after amplification of target DNA sequence.  However, it is technically more 
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demanding for the design of probes and primers.  Because a fluorescent dye is required to 

obtain signals, the cost for the assay is relatively higher. 

 

1.6.3.3 Primer extension coupled with DHPLC analysis 

The principle of primer extension (PE) is similar to that of sequencing.  Therefore, it is also 

known as mini-sequencing.  The target DNA sequence is first amplified.  Then, a PE primer 

is designed next to the SNP site, and will be extended by incorporating deoxyribonucleoside 

triphosphates (dNTPs) and one dideoxyribonucleoside triphosphate (ddNTP).  This enables 

the extension of at least one more base by incorporating dNTPs and/or one ddNTP.  The 

resultant products are heat-denatured to single-stranded products.  These single-stranded 

products can be separated by denaturing high performance liquid chromatography (DHPLC) 

(Leung and Yip, 2008).  As the base compositions of the single-stranded products are 

different, the retention time varies.  Genotypes are determined based on the differences in 

retention times.  In general, the elution of alleles is in the order of A, T, G and C 

(unpublished data).  This genotyping method is the most expensive in terms of unit cost 

among the methods used in the present study and has the longest turnaround time.  However, 

it is considered the most accurate and it can be used to genotype microsatellites as well. 

 

 

1.6.3.4 MassARRAY iPLEX 

The MassArray iPLEX platform from Sequenom is also used for SNP genotyping in this 

project.  The principle of the assay is similar to that of the primer extension coupled with 

DHPLC.  The first and second steps of the MassARRAY iPLEX are the same as that 

described in Section 1.6.3.3.  The main difference between two assays is the method used for 

detecting PE products.  Here, the PE products are determined by mass spectrometry (Gut, 

2004) instead of DHPLC. 
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The PE products are then ionized via exposure to high-intensity laser.  Because of the unique 

mass for each allele of the SNPs, the time of flight of the ionized PE products is different.  

SNPs can be genotyped by determining the time of flight by a mass spectrometer. 

 

The biggest advantage of the MassARRAY iPLEX platform is its genotyping capacity.  As 

the time of flight of the ionized products is used to identify the allele, multiplex PCR and 

multiplex PE can be performed.  This assay enables high-throughput SNP analysis with 

relatively low DNA input.  However, a more complex quality control is applied to the assay.  

Internal control samples, negative control samples and replicated samples are required to 

ensure the data quality.  In addition, the data analysis is technically more demanding. 

 

1.6.3.5 Illumina BeadArray 

The Illumina BeadArray technology is a comparatively new assay, which combines the 

technologies of silica beads and hybridization together (Oliphant et al., 2002; Gunderson et 

al., 2005).  The BeadArray is a novel design based on fiber optic bundles or silica slides.  A 

pool of bead types is prepared and exposed to the fiber optic bundle or silica slides.  The 

solid substrate is specially designed with one end polished and ones etched.  The etched end 

acts as a well for assembly of pooled beads.  This design enables each well to hold the 

pooled beads with an average diameter of 3 μm (Oliphant et al., 2002; Gunderson et al., 

2005).  The beads are randomly distributed on the surface of the etched well.  Each bead 

contains thousands of copies of specific probes for capturing sequences.  Probes are 

incorporated in the beads with 3’ ends specific to the alleles of a SNP.  The two probes 

specific to the alleles are labeled with two different colors.  Therefore, homozygous samples 

are expected to have single color while heterozygous samples are expected to have two 

colors.  Because of the packed size of fiber optic bundle, 96-well and 384-well formats can 

be made.  Moreover, the BeadArray can be applied to a number of assays such as gene 

expression analysis and whole-genome genotyping. 



 

66 

 

The workflow of whole-genome genotyping is simple.  Whole-genome amplification is first 

performed to ensure sufficient copies of the DNA.  The amplified DNA is fragmented into 

consistent sizes by enzymes.  The fragmented DNA is applied to the BeadArray for 

overnight hybridization.  Washing is required to remove non-specific binding.  The probe is 

then extended and tagged for determine the alleles.  The BeadArray Reader is used to obtain 

the genotype data.  This assay platform offers a number of advantages. First, only a small 

amount of a genomic DNA sample is required for the assay because whole-genome 

amplification is performed.  Second, the assay enables high-throughput genotyping.  

Numerous SNP as well as CNVs can be genotyped within days.  Third, the error in genotype 

calling can be reduced because the genotypes are called automatically.  Although the 

BeadChip assay has numerous advantages, it does have some disadvantages.  The first 

drawback is the genotyping cost.   The total cost for genotyping millions of SNPs may not 

be manageable for many researchers.  Another consideration is the difficulty in handling the 

data.  Specific programs are required for decoding and analyzing data.  Additional 

knowledge in computer science is required.     

 

1.6.3.6 Sequencing 

Sequencing is used to determine the order of the bases of a DNA template.  The history of 

DNA sequencing started in the early 1970s (Gilbert and Maxam, 1973; Gilbert and Maxam, 

1977).  The classical sequencing developed by Gilbert and Maxam is based on chemical 

modification of DNA fragments that are then cleaved at specific bases (Sanger and Coulson, 

1975).  However, it was not popular because of the complexity of the method and the use of 

toxic chemicals (Gilbert and Maxam, 1973; Gilbert and Maxam, 1977).  The well-known 

chain-termination method has replaced the chemical sequencing developed by Gilbert and 

Maxam.  The chain-termination method is also known as Sanger method.  Unlike the 

chemical sequencing, the chain termination method uses ddNTPs as DNA chain terminators.  

The target region is amplified with a pair of primers to produce large amounts of sequencing 



 

67 

 

templates.  A single sequencing primer is then annealed to the sequencing templates and 

extended by incorporating dNTPs and one labeled ddNTP (radioactively or fluorescently).  

The ddNTPs act as chain terminators to produce single-stranded DNA products (Sanger and 

Coulson, 1975).   Since only one of the ddNTPs is added to the reaction, four separate 

reactions are required to obtain the sequence of the target region.  Detection of the orders of 

bases is done by gel electrophoresis with each of the four reactions (Sanger and Coulson, 

1975).   To simplify the process of DNA sequencing, technical improvement has been made.  

The ddNTPs are labeled with specific fluorescent dyes.  This improvement leads to the 

inception of dye-terminator sequencing.  In dye-terminator sequencing, the ddNTPs are each 

labeled by unique dyes that emit energy at a particular wavelength.  Therefore, DNA 

sequencing can be performed in a single reaction.  In fact, advances in DNA sequencing 

technologies facilitate the inception of the HapMap Project and the 1000 Genomes Project.  

The current revolution of DNA sequencing is the launch of next generation sequencing.  The 

main revolution is the speed and accuracy (Harrison, 2012; Casals et al., 2012).  The next 

generation sequencing can be based on sequencing by ligation, synthesis or hybridization.  

Different commercial platforms are available from Roche, Illumina, Life Technologies, 

Complete Genomics and Pacific Bio (Schuster, 2008; Mardis, 2008; Valouev et al. 2008).  

With next generation sequencing, the scale of DNA sequencing can be extended to whole 

genome sequencing, exome sequencing and targeted resequencing (Harrison, 2012; Casals et 

al., 2012). 

 

As the biggest advantage, DNA sequencing enables identification of novel variations 

including SNPs, insertion and deletions.  Although DNA sequencing is believed to be the 

most powerful technology in SNP genotyping, it has its limitations.  One of the most 

obvious limitations is the read length.  The first 30 bases as well as sequence after 600 bases 

are usually of poor quality.  Moreover, computer software is required in data analysis.  

Similar to unlabeled probe melting curve and primer extension coupled with DHPLC 

http://en.wikipedia.org/wiki/Fluorescence
http://en.wikipedia.org/wiki/Wavelength


 

68 

 

analyses, the cost for DNA sequencing is relatively high because of the use of fluorescent 

dyes. 

 

 

 

1.7 Replication and fine mapping of susceptibility 

genes in high myopia 

Replication is the golden standard for mapping genetic studies, particularly genetic 

association studies (Colhoun et al., 2003).  The initial positive signals should be confirmed 

with independent sample sets to rule out the possibility of false positive results.  Once 

successful replication and validation are achieved, fine mapping of the causal variants is the 

ultimate goal in disease gene mapping.  Replication refers to confirmation of the initial 

results using an independent sample set from the same population while validation refers to 

confirmation of the initial results using samples from a different population (Igi et al., 2009).  

Another main difference between replication and validation is that the number of markers 

tested can be more in the validation study to refine the initial signals (Clarke et al, 2007).   

 

1.7.1 Replication 

As mentioned previously, many causes lead to false positive results in genetic study of 

disease genes.  The major causes include incorrect genotype data, population stratification 

and chance among others (Colhoun et al., 2003).  In order to confirm that the initial positive 

signals are genuine, appropriate replication studies should be performed.  There are two 

types of replication studies, the technical replication and biological replication. 

 

Technical replication minimizes technical errors that lead to false positive results because of 

incorrect genotype data.  The principle is simple and it is relatively easy to perform.  The 
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collection of gene expression data are repeated as technical replicates to ensure the quality of 

data (Cheung et al., 2003).  However, technical replication is not considered as a real 

replication. 

 

Biological replication is considered as a more reliable one.  The initial signals are repeated 

using independent sample sets.  The independent sample sets can be of the same or different 

populations.  The key element in biological replication is the homogeneity of samples.  This 

may be one of the reasons that may explain failure to replicate reported associated genes and 

susceptibility chromosomal regions.  Therefore, stringent exclusion and inclusion criteria 

should be adopted in subject recruitment (Tang et al., 2008).  Another factor that should not 

be overlooked is the LD pattern.  This is especially important in the replication of genetic 

association studies.  Because of the LD relationship, only tag SNPs are usually studied in the 

discovery stage.  However, tag SNPs may not completely represent the remaining SNPs 

within the same LD block (Nielsen et al., 2008).  Investigation of SNPs in LD with the 

associated tag SNPs is required to identify the true causal variant(s).  SNPs in strong LD 

with the initial positive markers should be included in the second stage.  HGF is used as an 

example for replication in this study. 

 

Biological replication is necessary for GWAS.  The common practice in the follow-up of 

GWAS is to replicate the discovery signals with independent sample sets.  Selected markers 

including the initial positive and additional markers are genotyped in the replication stage.  

Bigger sample size is suggested to increase the detection power of a study.  In fact, several 

GWAS in myopia have adopted this approach (Nakanishi et al., 2009b; Hysi et al., 2010; Li 

et al., 2010; Solouki et al., 2010; Li et al., 2011b).  It is expected that similar patterns should 

be observed for real signals.  Fine mapping of susceptibility genes can follow once 

biological replications are successful. 
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The HGF gene (Gene ID: 3082), also known as scatter factor, lies at chromosome 7q21.1.  It 

spans over 70 kb and contains 18 exons.  As suggested by its name, HGF regulates cell 

growth and cellular scattering (Tamagnone and Comoglio, 1997; Stuart et al., 2000).  

Existing literature has established that HGF regulates the biological functions of MMPs and 

tissue inhibitors of metalloproteinases (TIMPs) (McCawley et al., 1998; Hamasuna et al., 

1999; Daniels et al., 2003; Lee et al., 2007).  As discussed previously, MMPs and TIMPs are 

critical proteins involved in ECM remodeling in the development of axial myopia (Jones et 

al., 1996; Siegwart and Norton, 2002; McBrien and Gentle, 2003).  HGF regulates not only 

the activities of MMPs and TIMPs, but also the expression of egr-1/ZENK (Worden et al., 

2005; Grotegut et al., 2006). 

 

On the basis of its physiological functions related to ocular growth, HGF was suggested as a 

candidate gene for high myopia.  It was first reported to be a candidate gene participating in 

ocular development in 1999.  HGF was linked to eye weights in mice in a linkage study 

(Zhou and Williams, 1999).  However, the first association study of HGF in high myopia 

came in 2006.  It was described as an associated gene in the development of high myopia in 

a family-based association study in a Chinese population by our group (Han et al., 2006).  

Several replication studies were conducted after the first reported association study 

(Veerappan et al., 2009; Wang et al., 2009b; Yanovitch et al., 2009).  Table 1.11 summarizes 

the genetic association studies involving HGF.  Only one out of four studies failed to 

replicate the association.  One possible explanation for this failure in replication is the 

neglect of LD.  Only one SNP was tested in this particular study (Wang et al., 2009b).  It is 

not appropriate to draw any conclusion based on the study of a single marker. 

 

Consistent signals were reported and associations were found among different populations.  

Therefore, HGF was chosen for validation of the casual region by exhaustive genotyping.    

The details of the study are described in Chapter 7. 
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Table 1.11 Summary of studies investigating the association between HGF polymorphisms and high myopia. 

Ethnics of 

participants 
Types of 

association study Cut off for participants
a Sample size

a 
SNPs 

tested Main findings 

Chinese  
(Han et al., 2006) 

Family-based Myopic sibs:  
MSE ≤ -10.00 D 
AL ＞26.00 mm 

128 nuclear 

families 
3 1. HGF5-5b (rs3735520) was associated with high 

myopia significantly (P=1.08×10
-2

) with 2.19 relative 

risk 
2. The first study report involvement of HGF in high 

myopia in humans 

Chinese 
(Wang et al., 

2009b) 

Population-based Case: SE ≤ -6.00 D 
Control: 1.00D ≤ SE ≤ -0.50D 

288 cases 
208 controls 

1 

 

1. SNP, rs3735520, was not associated with high myopia 

Caucasian  
(Yanovitch et al., 

2009) 

Family-based Extreme HM: SE ≤ -10.00 D 
HM: SE ≤ -5.00 D 
MM: -0.50D ≤ SE< -5.00D 
Unaffected: SE ＞-0.50D 

146 multiple 

families 
4 

 

1. SNP, rs3735520, was associated with mild myopia 

significantly (P=5.61×10
-3

) 

2. SNP, rs2286194, was associated with extreme high 

myopia significantly (P=4.10×10
-3

) 

Caucasian 
(Veerappan et 

al., 2009) 

Population-based HM: SE ≤ -6.00 D 
LM: -2.00D ≤ SE<-6.00D 
EM: -0.50D ≤ SE ≤ 0.75D 
HI: SE ＞ 2.00D 

HM:117 
LM:140 
EM:148  
HI:146 

14 
 

1. SNPs, rs12536657 and rs5745718, were associated 

with hyperopia significantly (P=9.00×10
-2 

and 

P=1.00×10
-2

) 
2. Five SNPs (rs1743, rs4732402, rs12536657, 

rs10272030 and rs9642131) were associated with 

low/moderate myopia significantly 
 

a
 The abbreviations are listed below: 

 MSE, mean spherical equivalent; AL, axial length; SE, spherical equivalent; 

 HM, high myopia; MM, mild myopia; LM, low myopia; EM, emmetropia; and HI, hyperopia individuals. 
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1.7.2 Fine mapping of susceptibility genes 

Fine mapping of susceptibility genes is a great challenge.  The initial positive signals 

obtained from linkage analyses, association studies or GWAS may contain more than one 

gene.  The aim of fine mapping is to zoom in a susceptibility region.  Two main steps are 

involved in fine mapping: high-density mapping and sequencing.  Because of the LD 

relationship, the associated markers are expected, but not always, to be near to the causal 

variant.  To solve this, more markers should be genotyped.  The cut-off of LD should be 

lowered to avoid missing information.  Markers in LD with the causal variant are expected 

to show positive association.  With the additional information, a refined susceptibility region 

can be identified. 

 

Deep sequencing of the identified region can be the next step after high-density mapping.  It 

serves to discover novel variations in the susceptibility region.  Although deep sequencing is 

labor-intensive and expensive, it is effective in the identification of novel variations.  

Affected and unaffected subjects are compared to identify the causal variant(s).  In fact, the 

identification of causal variants in high myopia development was reported by two studies 

(Mordechai et al., 2011; Shi et al., 2011a).  The time invested in the identification of causal 

variants in high myopia is expected to be shortened with the emergence of deep sequencing 

and exome sequencing techniques.  In addition, the amount of obtained data is increased.  

Such changes may be more computationally demanding and less technically demanding.  

Once the casual variants are identified, the functional consequences of the causal variants 

and the mechanism underlying the development of diseases or defects can be studied. 
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1.8 Identification of research gap 

1.8.1 Gap in existing literature 

Myopia – a refractive condition with the image of a distant object being formed in front of 

the retina – is an example of complex diseases.  It can be classified into different types, of 

which high myopia is the most worrying type.  It is well established that high myopia is 

associated with pathological or degenerative changes in the posterior segment of the eye, 

particularly when the affected individuals grow older.  Previous studies indicate that people 

with high degrees of myopia have a greater chance of developing irreversible visual 

impairment such as retinal detachment, glaucoma, and cataract and, in severe case, blindness 

(Banker and Freeman, 2001; Xu et al., 2007). 

 

Although the mechanism underlying the development of myopia is still unclear, it is 

believed that both environmental and genetic factors play important roles in the development 

of myopia.  A fierce debate on whether myopia is hereditary or acquired has not been 

resolved.  The concept of myopia as a complex disease can be interpreted as follows: genetic 

variations in myopes increase the susceptibility to environmental factors, causing an early 

onset and/or rapid progression. 

 

Several genes and chromosomal loci are reported to be associated with high myopia, but 

there is a lack of consistent findings.  Conflicting results have been obtained in different 

groups and populations.  The causal variants of high myopia remain a mystery in most cases.  

To reveal the genetic variations involved in the development of high myopia, several 

projects were designed.  The whole point of this study is to answer the research question: 

what are the susceptibility genes for high myopia development? 
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1.8.2 Aim of the project and experimental approach 

For this study, several experiments had been designed in this project.  Each experiment 

aimed to answer a specific research question related to the main focus.  According to the 

literature, genetic factors do contribute to the cause of high myopia, but the number of genes 

identified to be associated with high myopia is limited.  Although there are a few successful 

replications, the findings of the replication studies are not consistent.  Therefore, the first 

part of this project adopted a candidate-gene approach to identify novel genes involved 

in the development of high myopia and follow up positive findings in a second sample set.  

Population-based association study was used to test the association between selected genes 

and high myopia.  The main selection criteria of candidate genes were based on functional 

and/or positional information related to the development of high myopia.  Eleven genes are 

included based on this hypothesis.  Tag SNPs were the markers used to study the association.  

Biological replication was performed to confirm the initial findings to reduce the chance of 

false positive signals.  However, this study design has its limitation.  It does not take into 

account genes that are functionally unknown, but may contribute to high myopia.  This leads 

to a second research question: do genes fall in this category contribute to high myopia? 

 

In order to answer the second research question, GWAS was performed.  It is a 

hypothesis-free approach that explores thousands to millions markers within the human 

genome.  Data obtained from GWAS reflect the actual difference of genetic variants 

between the affected (high myopes) and unaffected (emmetropes) individuals.  GWAS helps 

identify numerous associated genes all at once.  Although novel genes associated with high 

myopia can be identified, the mechanism for the progression of high myopia remains a 

mystery.  To reveal the mechanism involved, causal variants must be identified.  This is the 

third research question being asked. 
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Moreover, exhaustive mapping was conducted to pinpoint the casual variants of the 

associated genes.  HGF was chosen in this type of experiment.  This gene has been reported 

to be involved in the development of high myopia.  The association has been replicated 

successfully in different populations by different studies.  Tag SNPs and other associated 

markers reported by different groups were replicated.  It is believed that regions containing 

the causal variants may be revealed by exhaustive mapping as explained earlier. 

 

1.8.3 Project significance 

Myopia is a visual defect with the image being focused in front of the retina.  It is associated 

with irreversible visual impairment such as retinal detachment, glaucoma, and cataract and, 

in servere case, blindness.  An epidemic of myopia was observed in East Asia with a 

prevalence of over 80% in Taiwan (Lin et al., 2004) and Singapore (Quek et al., 2004).
  
 

Hong Kong is no exception and reports a prevalence of over 70% (Edwards and Lam, 2004).
  
 

Apart from the increase in prevalence, the onset age of myopia is getting younger and 

younger.  This is problematic because the younger the age of onset is, the greater the chance 

of developing high myopia is. 

 

Myopia is not only an issue about visual disability that affects the quality of life, but also an 

economic burden to our society.  The average cost for eye examinations and spectacles is 

around US$148 for a school child in Singapore annually (Lim et al., 2009).  As myopia is 

approaching epidemic proportions in Hong Kong, the financial burden of the Government is 

increased with the demand of professional health care system.  Thus, the progression of 

myopia must be controlled as a social issue. 

 

This study aimed to identify the genes involved in the genetic susceptibility to the 

development of high myopia.  Findings from this project would enhance the understanding 

of the underlying mechanisms.  In the long term, this would help in screening susceptible 
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individuals in the general population.  Education and preventive cares can be done to control 

the progression of myopia.  Moreover, molecular therapies targeting the functions of 

susceptibility genes can be studied in future. 
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1.9 Chapter summary 

Chapter 2 focuses on the materials and methods used in this project.  The details of 

chemicals, reagents, instruments and programs are outlined.  The criteria of subject 

recruitment and experimental protocols are described here. 

 

Chapter 3 summarizes the ocular data of the subjects in the sample sets used in this project. 

 

Chapters 4, 5 and 6 present the designs and results of association studies of candidate genes.  

Chapter 4 presents the genotyping data of EGR1, FOS, JUN, VIP and VIPR2.  Chapter 5 

presents the genotyping data of APOE while Chapter 6 presents the five positional candidate 

genes mentioned previously. 

 

Chapter 7 presents the results of replication studies.  The initial findings of five genes (FOS, 

VIPR2, ARHGEF10, SEPT4 and ZNF275) are replicated using an independent sample set. 

 

Chapter 8 summarizes the results of GWAS.  Filtering procedures used in data cleaning are 

described.  Top-ranking SNPs and candidate genes are listed.  Follow-up studies of 20 top-

ranking SNPs are described. 

 

Chapter 9 outlines the study design of exhaustive genotyping of HGF.  Refinement of the 

susceptibility region of HGF is reported. 

 

Chapter 10 discusses the findings of this project.  Data are interpreted and discussed to 

explain the achievement of the aims of this study.  Based on the overall findings, possible 

follow-up work is suggested. 

 

Chapter 11 presents a summary of the entire thesis.  Conclusions are drawn. 
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Chapter 2 

Materials and methods 

 

This chapter is divided into 3 parts.  Section 2.1 describes the materials used in this study. 

Section 2.2 outlines the experimental procedures.  Section 2.3 lists the databases, online 

tools and computer programs used in this study. 

 

 

2.1 Materials 

 

2.1.1 Chemicals and reagents 

2.1.1.1 Reagents for DNA extraction 

DNA samples were extracted using an in-house salting-out method or a commercial salting-

out method (FlexiGene DNA kit; Qiagen, Hilden, Germany).  The solutions used for DNA 

extractions are shown as follows. 

 

Red blood cell (RBC) lysis solution 

The RBC lysis solution was made up of 155 mM ammonium chloride (NH4Cl) (BDH, Poole, 

UK), 1 mM ethylenediamine tetra-acetic acid (Na2EDTA) (BDH, Poole, UK) and 10 mM 

potassium bicarbonate (KHCO3) (BDH, Poole, UK).  All the chemicals were dissolved in 

water purified by reverse osmosis and irradiated by ultraviolet light (MilliQ; hereafter called 

purified water) and the mixture was autoclaved. 

 

White blood cell (WBC) lysis solution 

WBC lysis solution consisted of 25 mM Na2EDTA (BDH, Poole, UK) and 2% sodium 
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dodecyl sulfate (SDS; Sigma, St. Louis, USA).  The solution was dissolved in purified water 

(MilliQ) and autoclaved. 

 

Protein precipitation solution 

The protein precipitation solution was made up of 10 M ammonium acetate (BDH, Poole, 

UK).  The chemical was dissolved in purified water (MilliQ). 

 

1X TE buffer  

It contained 10 mM Tris-hydrochloric acid (Tris-HCl) (Sigma, St. Louis, USA) and 1 mM 

Na2EDTA (BDH, Poole, UK). 

 

Absolute ethanol  

AnalaR-grade absolute ethanol was obtained from Riedel-de Haën (Seelze, Germany) to 

prepare 70% ethanol. 

 

Isopropanol  

AnalaR grade was used (Riedel-de Haën, Seelze, Germany). 

 

2.1.1.2 Reagents for polymerase chain reaction (PCR) 

Taq DNA polymerase from two manufacturers was used to perform PCR: AmpliTaq Gold 

DNA polymerase (Applied Biosystems, Foster City, CA, USA) and HotStar Taq Plus 

(Qiagen, Hilden, Germany) as well as their corresponding 10X PCR buffers.  Magnesium 

chloride (MgCl2) from Qiagen, deoxyribonucleoside triphosphates (dNTPs) from GE 

Healthcare (formerly Amersham Pharmacia; Piscataway, USA) and primers were added for 

PCR. Primers were ordered from either Invitrogen (Carlsbad, CA, USA) or Integrated DNA 

Technologies (Coralville, IA, USA). 
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2.1.1.3 Reagents for denaturing high performance liquid chromatography (DHPLC) 

Buffers used in DHPLC buffers are listed as follows.  Buffer A was a mixture of 0.1 M 

triethyl-ammonium acetate (TEAA) (pH 7.0), 0.25% acetonitrile (ACN) while buffer B was 

a mixture of 0.1 M TEAA (pH 7.0), 25% ACN.  Buffer C was 8% ACN and Buffer D 

contained 75% ACN. 

 

2.1.1.4 Reagents for unlabeled probe melting curve analysis 

Unlabeled probes phosphorylated at the 3’ end were ordered from either Tin Hang 

Technology Company (Central, Hong Kong) or Integrated DNA Technologies (Coralville, 

IA, USA).  Syto 9 from Invitrogen (Carlsbad, CA, USA) was used as a saturated dye. 

 

2.1.1.5 Reagents for restriction enzyme digestion 

Restriction enzymes were obtained from either MBI Fermentas (Vilnius, Lithuania) or New 

England Biolabs (Beverly, MA, USA). 

 

2.1.1.6 Reagents for electrophoresis 

Agarose Gel 

SeaKem LE agarose (Cambrex BioScience Rockland, ME, USA) was used for preparation 

of agarose gel.  Ethidium bromide from Sigma (St. Louis, USA) was used as stain, and 1 Kb 

Plus DNA Ladder was purchased from Invitrogen (Carlsbad, CA, USA). 

 

Polyacrylamide Gel 

One liter 40% polyacrylamide gel solution was prepared by mixing 76 g of acrylamide and 4 

g of bis from Acros Organic (Thermo Fisher Scientific, Geel, Belgium).  The mixture was 

made up to 1 liter with purified water and filtered. 
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Coating solution for glass plate 

Glass plates were pre-coated with a silanizing solution that contained silane (γ-

methacryloxypropyltrimethoxysilane) from Sigma (St. Louis, USA). 

 

Loading Dye 6X 

It was prepared with 30% glycerol from AJAX Chemicals (Auburn, Australia), 1× TE buffer 

and 0.05% bromophenol blue from Sigma (St. Louis, USA). 

 

10X TBE (Tris Borate Ethylenediaminetetraaceticacid) buffer 

The 10X TBE buffer was prepared with 890 mM Tris from Sigma (St. Louis, USA), 890 

mM boric acid (Riedel-de Haën, Seelze, Germany) and 1 mM Na2EDTA (BDH, Poole, UK). 

 

Ammonium  persulfate (APS) 

APS was obtained from Sigma (St. Louis, USA). 

 

Tetramethylethylenediamine (TEMED) 

TEMED was from Bio-Rad (Hercules, CA, USA). 

 

SYBR Green I 

It was obtained from Invitrogen (Carlsbad, CA, USA). 

 

2.1.1.7 Reagents for DNA sequencing 

Purification of PCR products 

The PCR products were purified by exonuclease I (ExoI) from New England Biolabs 

(Beverly, MA, USA) and shrimp alkaline phosphatase (SAP) from GE Healthcare 

(Piscataway, USA). 
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Cycle sequencing reaction 

BigDye terminator cycle sequencing kit (Version 1.1) was used (Applied Biosystems, Foster 

City, CA, USA). 

 

Precipitation of PCR products 

Sodium acetate 3M was obtained from Sigma-Aldrich (St. Louis, USA).  AnalaR-grade 

absolute ethanol was obtained from Riedel-de Haën (Seelze, Germany) to prepare 95% and 

70% ethanol. 

 

HiDi Formamide 

It was obtained from Applied Biosystems (Foster City, CA, USA). 

 

2.1.2 Laboratory equipment 

Measurement of DNA concentration 

The concentrations of DNA samples were measured by NanoDrop ND1000 UV/Vis 

spectrophotometer (Thermo Scientific, Wilmington, USA). 

 

PCR 

PCR was performed using 96-well GeneAmp 9700 PCR system (Applied Biosystems, 

Foster City, USA). 

 

Visualization of bands in gel 

Chemi Genius
2
 Bio Imaging System (SynGene, Frederick, USA). 

 

Melting curve analysis 

LightCycler 480 (LC480) from Roche (Basel, Switzerland) was used for melting curve 

analysis. 
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DHPLC Analysis 

WAVE DNA Fragment Analysis System with DNASep Cartridge (Transgenomic, Omaha, 

NE, USA) was used for genotyping by means of DHPLC analysis of primer-extended 

products. 

 

Direct Sequencing 

ABI PRISM 3130 Genetic Analyzer (Applied Biosystems, Foster City, USA). 

 

2.1.3 Genotyping Platform 

Illumina Human610-Quad BeadChip (San Diego, CA, USA) was chosen as the genotyping 

platform for GWAS.  More than 620,000 markers were tested per sample.  The chip 

provided high coverage of the human genome with genome-wide marker density of 1 

SNP/4.7 kb (mean) or 1 SNP/2.7 kb (median).  Markers include SNPs and CNVs.  Both 

known and unknown CNVs regions were covered. 

 

 

2.2 Methods 

This section was divided into 3 parts: the subject recruitment, the methodology involved in 

association studies of candidate genes and the methodology involved in GWAS.  The 

workflow is summarized in Figure 2.1. 

 

2.2.1 Subject recruitment 

Subjects were unrelated Chinese individuals aged between 18 and 45 years and participating 

in the myopia research program. Subjects were recruited via the Optometry Clinic of The 

Hong Kong Polytechnic University.  A new case was defined as a subject with refraction of -

8.00 D or worse for both eyes while a new control was defined as a subject with refraction 
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within 1.00 D for both eyes.  Subjects with ocular disease or genetic disease associated 

with myopia were excluded from the study.  The study was approved by the Human Subjects 

Ethics Sub-committee, The Hong Kong Polytechnic University, and adhered to the tenets of 

the Declaration of Helsinki.  Informed consents were obtained from all participants.  All 

subjects were Han Chinese from Southern China.  In total, 600 cases and 600 controls were 

recruited for the main sample sets.  The ocular data of all subjects are summarized in 

Chapter 3. 

 

Other than eye examination, laboratory tests were given to the subjects.  Eye examination 

was performed at the Optometry Clinic in the University and the details of eye examination 

are described below in Section 2.2.1.1.  Blood and urine samples of subjects (Section 2.2.1.2) 

were collected in the private laboratory PHC Medical Diagnostic Centre Limited.  

Complete blood picture, blood grouping and urinalysis were performed at the private 

laboratory and the results were given to the subjects. 

 

2.2.1.1 Eye examination 

Eye examination was given to every subject and ocular data were recorded by optometrists 

who were also members of the myopia genetics research team. Objective refraction was 

measured using an open field autorefractor (Shin-Nippon SRW-50000, Tokyo, Japan) after 

the subject was given one to two drops of one percent tropicamide per eye.  Central 

curvature (CC) was taken using autokeratometry (Cannon RK-5 Auto Ref-keratometer; 

Canon, Inc, Tokyo).  Measurement of refraction and corneal curvature was performed prior 

to axial length (AL) measurement.  Ocular anesthesia was induced by one drop of 0.4% 

benoxinate hydrochloride for the measurement of AL.  Data of AL was recorded using A-

Scan ultrasound (Advent A/B System; Mentor, Santa Barbara, CA).  The age of first 

spectacle wear for myopia was inquired and used as the age of onset. 
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Figure 2.1 The workflow of association study and GWAS conducted in this project 

(continued on next page). 
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Figure 2.1 The workflow of association study and GWAS conducted in this project 

(continued). 
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2.2.2 Selection of SNPs 

From the HapMap Project (http://www.hapmap.org/; release 23a/phase II Mar 08, on NCBI 

built 36, dbSNP 126), tag SNPs were selected for all candidate genes.  ‘Pairwise tagging’ 

algorithm in Tagger program (http://www.broad.mit.edu/mpg/tagger/) was used to identify 

highly correlated SNPs (de Bakker et al., 2005).  The 3-kb regions upstream and 

downstream of the candidate genes were included together with the gene sequences.  In this 

study, the cut-off values of r
2 

and minor allele frequency (MAF) were 0.8 and 0.1, 

respectively, for all of the genes except HGF.  For HGF, threshold r
2
 of 0.8 and MAF of 

0.05 were used for selecting SNPs for exhaustive genotyping. 

 

2.2.3 Experimental protocols 

2.2.3.1 DNA extraction 

An in-house salting-out method was used for extracting DNA from whole blood for all 

samples of a discovery sample set and about half of the samples of a replication sample set 

(see Sections 3.1 and 3.3).  The remaining half of the replication sample set was extracted by 

FlexiGene DNA kit (Qiagen, Hilden, Germany). I was responsible for extracting DNA for 

the replication sample set while another member of our research team extracted DNA for the 

discovery sample set.  The experimental protocols of both methods are described as follows. 

 

Salting-out method 

Three ml of whole blood and 9ml of RBC lysis solution (Section 2.1.1.1) were transferred 

into a 15-ml polypropylene centrifuge tube.  The mixture was mixed spirally for 10 minutes 

(min) at room temperature.  It was then centrifuged at 2000 g (3200 rpm) for 10 min. The 

supernatant was discarded while the cell pellet was resuspended in 3 ml of WBC lysis 

solution (Section 2.1.1.1).  The resultant mixture was mixed thoroughly by pipetting up and 

down.  Incubation at 37°C for 30 min was performed to release the DNA in the nuclei.  After 

incubation, the mixture was chilled on ice for 5 min. 

http://www.hapmap.org/
http://www.broad.mit.edu/mpg/tagger/
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One ml of protein precipitation solution (Section 2.1.1.1) was added to the mixture, which 

was then was centrifuged at 2000 g for 10 min.  The supernatant was transferred to a new 

15-ml polypropylene centrifuge tube.  To isolate DNA, 3 ml of isopropanol were added and 

the tube was inverted several times.  The mixture was centrifuged at 2000 g for 10 min.  The 

supernatant was discarded and the tube inverted to drain the residual supernatant by blotting 

onto a tissue paper. 

 

Three ml of 70% ethanol were added to the pellet and mixed thoroughly.  It was then 

centrifuged at 2000 g for 10 min and the supernatant discarded.  The step of washing with 

70% ethanol was repeated once.  One hundred and ten μl of TE buffer (Section 2.1.1.1) were 

added to the DNA pellet for resuspension.  The final mixture was incubated at room 

temperature overnight. 

 

FlexiGene Extraction Kit 

Three ml of whole blood and 7.5 ml of buffer FG1 were transferred into a 15-ml 

polypropylene centrifuge tube.  The tube was inverted a few times and centrifuged at 2000 g 

for 5 min.  The supernatant was discarded and the tube was inverted to drain the residual 

supernatant by blotting onto a tissue paper.  A mixture containing 1.5 ml of buffer FG2 and 

15μl of protease was freshly prepared.  The buffer FG2/protease mixture was added to the 

pellet and vortexed immediately until a homogenous mixture was obtained.  The 

homogenous solution was incubated at 65°C for 10 minutes. 

 

To isolate DNA, 1.5 ml of isopropanol was added and the tube inverted gently for 3 times.  

It was then centrifuged at 2000 g for 3 min and the supernatant discarded.  The supernatant 

was poured away and 1.5 ml of 70% ethanol added.  The mixture was centrifuged at 2000 g 

for 3 min. The supernatant was discarded and the tube inverted to drain the residual 

supernatant by blotting onto a tissue paper for at least 5 min.  It was then air-dried until no 
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liquid remained.  Three hundred μl of buffer FG3 were added for resuspension and the 

resultant mixture was incubated at 65°C for 60 minutes. 

 

DNA sample was transferred into individual eppendorfs.  The concentration of DNA sample 

was measured by spectrophotometry at 260 nm (Section 2.1.2).  The working sample was 

prepared by diluting with 1X TE buffer.  The stock samples were then placed at –70°C for 

long-term storage whereas the working samples were placed at 4°C for genotyping. 

 

2.2.3.2 Design of primers and probes 

According to the information obtained from the database of National Centre of 

Biotechnology Information (NCBI, http://www.ncbi.nlm.nih.gov) and Genewindow 

(http://genewindow.nci.nih.gov/Welcome), flanking sequences of selected tag SNPs were 

obtained.  Primers and probes were designed for three genotyping methods, depending on 

the characteristics of the tag SNPs. 

 

The first line genotyping method was based on restriction fragment length polymorphism 

(RFLP) (Section 2.2.4.1). WatCut (http://watcut.uwaterloo.ca/watcut/watcut/template.php), 

an online tool developed by the University of Waterloo, was used to search for appropriate 

restriction enzymes for RFLP.  If no restriction enzyme recognized the tag SNP site or the 

restriction enzyme was expensive, unlabeled probe melting curve analysis (Section 2.2.4.2) 

was used to determine the genotypes.  DHPLC (Section 2.2.4.3) was the method used to 

genotype tag SNPs that could not be genotyped by RFLP or unlabeled probe melting curve 

analysis. 

 

Specific primers and probes were designed using the software Oligo (Version 6.57; 

Molecular Biology Insights, Cascade, USA) for all tag SNPs.  The melting temperature (Tm, 

in °C) of the primers was calculated by an in-house equation: 69.3 + (0.41 × GC %) + (650 / 

primer length in bp).  The Tm of the probes was predicted by the Tm Utility software (Idaho 
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technology, Utah, USA).  Since Tm was used as a reference for the annealing temperature in 

PCR, the Tm difference between the forward and reverse primers must be smaller than 1°C.  

For probes used in unlabeled probe melting analysis, the Tm difference between the perfectly 

matched allele and the mismatched allele must be greater than 3°C.  Primer-BLAST 

(http://blast.ncbi.nlm.nih.gov/) was used to check the specificity of the primers against the 

reference assembly sequence of the human genome. 

 

2.2.3.3 Polymerase chain reaction (PCR) 

Two main types of PCR were performed in this project: the conventional (Section 2.2.3.2.1) 

and asymmetrical PCR (Section 2.2.3.2.2). 

 

2.2.3.3.1 Conventional PCR 

For all tag SNPs genotyped by RFLP, a reaction volume of 10 μl was prepared.  Except for 

the markers of APOE and HGF, all the reaction mixture contained 10 ng genomic DNA,
  
2.5 

mM MgCl2, 0.1 µM each of the forward and reverse primers, 0.2 mM of each dNTP and 1X 

Gold Buffer, and 0.2 U of AmpliTaq
 
Gold DNA polymerase. Amplification was performed 

in 96-well plates with a GeneAmp 9700 PCR system, including 1 cycle
 
of initial 

denaturation at 95°C for 5 minutes, 35 cycles
 
of 95°C for 30 seconds, 58°C for 45 seconds 

and 72°C for 30 seconds, and an additional extension cycle at  72°C for 5 minutes. 

 

For markers of APOE and HGF, the 10-l reaction mixture contained 10 ng genomic DNA,
  

2.5 mM MgCl2, 0.1 or 0.3µM each of the forward and reverse primers, 0.2 mM of each 

dNTP and 1X PCR buffer, and 0.2 U of HotStar Taq Plus DNA polymerase. 
 
Amplification 

was performed in 96-well plates with a GeneAmp 9700 PCR system, including 1 cycle
 
of 

initial denaturation at 95°C for 5 minutes, 35 cycles
 
of 95°C for 30 seconds, 65°C or 58°C 

for 60 seconds and 72°C for 60 seconds, and an additional extension cycle at 72°C for 5 

minutes. 
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2.2.3.3.2 Asymmetrical PCR 

For markers that were genotyped by unlabeled probe melting curve analysis, asymmetric 

PCR was performed.  The 10-l reaction mixture consisted of 10 ng genomic DNA, 2.5 mM 

MgCl2, 0.2 mM of each dNTP, 1X PCR buffer, 0.1 µM excess primer, 0.01 µM limiting 

primer and 0.2 U of HotStar Taq Plus DNA polymerase. The ratio of the concentration of 

limiting primer to excess primer was fixed at 1:10.  Amplification was performed in 96-well 

plates with a GeneAmp 9700 PCR system, including 1 cycle
 
of initial denaturation at 95°C 

for 5 minutes, 50 cycles
 
of 95°C for 30 seconds, 55°C for 60 seconds and 72°C for 60 

seconds, and an additional extension cycle at  72°C for 5 minutes. 

 

2.2.3.4 Agarose gel electrophoresis 

The size and specificity of PCR products were checked by agarose gel electrophoresis.  PCR 

products were mixed with 6X loading dye (Section 2.1.1.6) in a ratio of 5 to 1.  

Electrophoresis was conducted using 0.5X TBE.  A concentration of 2% agarose gel was 

used.  The running time and voltage were adjusted according to the size of PCR products 

and the size of gel.  The agarose gel was stained with 0.5 μg/ml ethidium bromide in TBE 

buffer.  The bands were visualized and imaged under ultra-violet illumination.  DNA 

molecular weight markers (1 Kb Plus DNA ladder) were loaded in parallel for reference to 

estimate the size of the bands. 

 

2.2.3.5 Polyacrylamide gel electrophoresis (PAGE) 

PAGE is similar to agarose gel electrophoresis, but with a higher resolution.  Unlike agarose 

gel electrophoresis, the PCR products for PAGE were pre-stained with the fluorescent dye 

SYBR green I (Section 2.1.1.6) in a ratio of 24 to 1 together with the 6X loading dye in a 

ratio of 5 to 1.  One Kb Plus DNA ladder was loaded in parallel for estimation of the size of 

the bands.  Different concentrations of gel were prepared based on the fragment sizes.  

Electrophoresis was performed using 0.5X TBE with different running times and voltages.   
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After electrophoreses, the bands were visualized and imaged under ultra-violet illumination 

with short band pass filter used for capturing green fluorescence emitted. 

 

2.2.3.6 DNA sequencing 

To confirm the genotypes obtained by the three genotyping methods, direct sequencing was 

conducted.  Three representative genotypes of each marker were selected and sequenced 

during the stage of optimizing the genotyping protocols.  DNA samples of study subjects 

were occasionally sequenced to confirm their genotypes determined by one of the 

genotyping methods in use. Alternative genotyping methods were used when there was 

inconsistency in the results between the genotyping method in use and DNA sequencing. 

 

PCR products (5 l) were purified with 0.5 unit of ExoI and 1 unit of SAP at 37°C for 30 

min.  The enzymes were inactivated at 80°C for 15 min.  After purification, cycle 

sequencing was conducted.  A 1/8X Big Dye Terminator Cycle Sequencing Kit version 3.1 

(Section 2.1.1.7) and 0.01µM primer were added to the purified PCR products.  The 

conditions for cycle sequencing were as follows: 96°C for 1 min, followed by 40 cycles of 

95°C for 10 s, 50°C for 30s and 60°C for 6 min. 

 

An ethanol/sodium acetate precipitation method was used to remove excess dye-terminators.  

A mixture was prepared by mixing 62.5 μl of 95% ethanol, 3 μl of 3 M sodium acetate 

(NaOAc) solution (pH 4.6) (Section 2.1.1.7), 10 μl of cycle sequencing products and 24.5 μl 

distilled water.  The mixture was kept in dark at room temperature for 20 min and then 

centrifuged at 14000 g (12000 rpm) for 20 min.  The supernatant was discarded and the 

pellet mixed with 300 μl of 70% ethanol.  The resultant mixture was centrifuged at 14000 g 

for another 5 min.  The supernatant was discarded and the remaining liquid was dried in a 

vacuum centrifuge at a medium drying rate.  A 15-μl volume of HiDi (Section 2.1.1.7) was 

added to the tube and the mixture incubated in the dark at room temperature for 20 min. The 

DNA sequences of the samples were determined by capillary gel electrophoresis in ABI 
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PRISM 3130 Genetic Analyzer according to the manufacturer’s instructions.  For illustration, 

the results of direct sequencing for one genotyped marker are shown in Figure 2.2. 

 

 

2.2.4 SNP Genotyping 

As mentioned before, the collection of genotype data mainly relied on three methods in this 

project: RFLP (Section 2.2.4.1), unlabeled probe melting curve analysis (Section 2.2.4.2) 

and primer extension with DHPLC analysis (Section 2.2.4.3).  The advantages and 

limitations of each of the assays are discussed. 

 

 
2.2.4.1 Restriction fragment length polymorphism (RFLP) 

It was used as the first line method in the collection of genotype data.  The procedures of 

RFLP are as follows.  Primers were designed to amplify DNA fragment that contained a 

SNP site of interest and an invariant restriction recognition sequence (as an internal control 

site) by conventional PCR. Either site might have to be engineered into the PCR fragments 

by introducing one or two mismatches into the primer.  Specific restriction enzymes were 

added to the PCR products according to the manufacturer’s recommendations.  The PCR 

products and restriction enzymes were incubated at a specific temperature recommended by 

the manufacturer for 12 to 16 hrs.  After incubation, the enzymes were inactivated at 80°C 

for 20 min.  It was then stained with SYBR Green I and PAGE was performed to separate 

the restriction fragments (Section 2.2.3.5).  Figure 2.3 is an example of successful 

genotyping by RFLP. 
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Figure 2.2 An example of the results of direct DNA sequencing.  This graph shows the DNA sequencing results of the three genotypes of rs399867 (VIPR2).  

Homozygous genotypes TT or CC (indicated as red or blue peak) are expected to have a single peak.  On the other hand, heterozygous genotype CT is 

expected to have two peaks.  
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2.2.4.2 Unlabeled probe melting curve analysis 

As mentioned previously, when no restriction enzyme recognized the tag SNP site or the 

restriction enzyme was expensive, unlabeled probe melting curve analysis was used.  For 

SNPs genotyped by this method, asymmetrical PCR was performed (Section 2.2.3.3.2).  The 

reason was to generate more copies of the single-stranded DNA template that was 

complementary to the unlabeled probe. After PCR, 2 μM of Syto 9 and 0.5 μM of unlabeled 

probe were added to the PCR products.  The PCR products were analyzed with LC 480 with 

the following protocol: 95°C for 60 seconds at ramp rate of 4.4°C/sec to denature the 

samples, samples were cooled down to 50 °C for 60 seconds at a ramp rate of 2.2°C/sec for 

probe annealing, heating up to 95°C continuously at a ramp rate of 4.4°C/sec was followed 

to measure the fluorescence intensity.  A 5/°C acquisition rate was used.  An example of 

successful genotyping by unlabeled probe melting analysis is shown in Figure 2.4. 

 

2.2.4.3 Primer extension coupled with DHPLC analysis 

Primer extension (PE) was used to genotype markers that could not be genotyped by RFLP 

or unlabeled probe melting curve analysis.  First, DNA fragment that contained the SNP site 

was amplified.  The PCR products were purified with 5 units of ExoI and 0.5 unit of SAP at 

37°C for 30 min.  After incubation, the enzymes were inactivated at 80°C for 20 minutes.  

The purified PCR products were used as template for primer extension reactions.  A 25-μl 

reaction volume was prepared, which contained 8μl purified PCR products, 0.6 μM primer 

(for extension), 50 μM of each of dNTP and ddNTP (depends on the alleles of SNPs), 1× 

reaction buffer (26 mM Tris-HCl, 6.5 mM MgCl2, pH 9.5) and 0.5 units Therminator.  The 

products were extended with the following conditions: 96°C for 5 min, and then 50 cycles of 

96°C for 10 seconds, 43°C for 15 seconds and 60°C for 1 minute.  The extended products 

were finally analyzed with the WAVE DNA Fragment Analysis System using a DNASep 

column kept at 70 °C in an oven. Genotypes were obtained based on the elution profile of 

the extension products.  Figure 2.5 is an example of successful genotyping by DHPLC. 
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Figure 2.3 An example of SNP genotyping by RFLP.  The pictures show the banding 

patterns of rs17103109 (FOS) after the PCR fragments are digested by BsaJI. The left panel 

shows a 96-well PAGE obtained after incubation of the PCR products with 2 units of BseDI 

for 24 hours and staining with Sybr Green I. The right panel is a close-up. Lane A indicates 

the genotype TT with bands at 260 and 69 bp.  Lane B indicates the genotype GG with the 

bands at 149, 111 and 69 bp. Lane C reveals the genotype GT with the bands at 260, 149, 

111 and 69 bp.  In this case, the 69-bp band (marked by asterisk) is produced by cutting of 

the internal control site and its presence indicates complete digestion. 

 

* * * 



 

97 

 

 

 

 

 

 

Figure 2.4 An example of SNP genotyping by unlabeled probe melting curve analysis.  This 

graph shows the melting curve of three genotypes of rs2097251 (ZNF275). In this case, 

homozygous genotype CC (indicated as green arrow) is perfectly matched to the probe 

sequence. Therefore, the Tm of genotype CC is higher.  On the other hand, homozygous 

genotype TT (indicated as blue arrow) has one base mismatch to the probe sequence. Hence, 

the Tm of genotype TT is lower than that of CC.  Heterozygous genotype TC is expected to 

have a characteristic melting curve with two peaks each at the Tm of each homozygote. 
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Figure 2.5 An example of SNP genotyping by DHPLC.  This graph shows the peaks in the elution profiles for three genotypes of rs5745676 (HGF).  In this 

case, homozygous genotype TT (indicated in green) has the shortest retention time (3.94 min) while homozygous genotype CC (indicated in blue) has the 

longest retention time (4.19 min).  On the other hand, heterozygous genotype TC has two peaks (3.92 min and 4.16 min) each at the elution time of each 

homozygote. 

 

 



 

99 

 

2.2.5 Statistical analysis for candidate gene association 

studies 

 

2.2.5.1 Clinical data analysis 

SPSS version 16.0 (SPSS Inc., Chicago, IL, USA) was used to analyze the ocular data.  

Pearson correlation test was performed to test the correlation of ocular components between 

the left and right eyes of the subjects.  The mean and standard deviations of spherical 

equivalent (SE), axial length (AL), anterior chamber depth (ACD), lens thickness (LT), 

posterior chamber depth (PCD), corneal powder (CP), and age of subjects in different 

sample sets were calculated.  The results are summarized in Chapter 3. 

 

2.2.5.2 Gender and age 

Since the cases and controls were not matched for sex and age, analyses were performed to 

test the effects of these confounding factors.  Age and sex were included as covariates in the 

analysis.  P values adjusted for age and sex were reported as Pa or Paemp (without or with, 

respectively, correction for multiple comparisons by permutation test; see below). 

 

2.2.5.3 Association analysis of candidate genes 

Genotypes were tested for Hardy-Weinberg equilibrium
 
(HWE) for controls and cases 

separately by exact test as executed
 
in PLINK (http://www.broadinstitute.org/scientific-

community/science/programs/medical-and-population-genetics/haploview/haploview) 

(Wigginton et al., 2005).  Deviation from HWE has been used as an indication of possible 

genotyping errors.  The significance level of HWE for controls was set to 0.001 

(International HapMap Consortium, 2003, Wigginton et al., 2005).  This is because false 

significant results could be obtained by chance because of multiple comparisons.  

Association analyses (except the trend test) were performed only for markers (control group) 

in HWE. 
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For single-marker analysis, PLINK (ver. 1.07; http://pngu.mgh.harvard.edu/~purcell/plink/) 

(Purcell et al., 2007) was used to test the association between the examined SNPs and high 

myopia.  To increase the genetic contribution in cases, analysis was performed with cases 

defined by different cut-offs (-8.00D, -10.00D and -12.00D).  The allele and genotype 

frequencies between cases and controls were compared and the corresponding P values 

reported.  Association tests were performed for five genetic models (allelic, dominant, 

recessive, genotypic and additive) via chi-square or trend tests.  For markers that were not in 

HWE (controls), trend test was used for an additive model only and the corresponding P 

values were reported.  Multiple testing was corrected by generating
 
empirical P values (Pemp) 

based on 10 000 permutations by PLINK.  For every marker, the permutation test was based 

on the best result of allelic, dominant and recessive models.  Permutation test is a re-

sampling-based method for correcting multiple comparisons.  In each permutation, the 

affection status (either cases or control) of the study subjects is randomly shuffled without 

changing the total numbers of cases and controls and without changing the genotypes of any 

subjects across all markers under consideration, and a test statistic is calculated for the 

permuted data.  The empirical P value is the fraction of the permuted tests that give a 

permuted test statistic greater than or equal to (i.e. more significant than or as significant as) 

the test statistic of the original observed data.  Note that the original test is counted as one of 

the permuted tests.  Therefore, the empirical P value is calculated as (R+1)/(N+1), where R 

is the number of times the permuted test statistic is greater than or equal to the observed test 

statistic, and N is the total number of permutations (N = 10 000 in the present study). 

 

Permutation test has been regarded as the gold standard for correcting multiple comparisons.  

It controls the type I error and builds an empirical estimation of the null distribution.  It is 

widely applied to genetic association studies because it is less conservative than the 

Bonferroni procedure, which assumes the markers to be independent of each other. 
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Logistic regressions controlled for the confounding factors were performed to adjust for sex 

and age, except for ZNF275.  For ZNF275, only age was adjusted.  The P values adjusted for 

the covariates were also reported, and indicated as Pa if not corrected for multiple 

comparisons by permutation test, or Paemp if corrected for multiple comparisons by 

permutation test. 

 

To further explore the relationship between the candidate genes and high myopia, haplotype 

analysis was conducted.  LD maps were constructed by Haploview using the algorithm solid 

spine of LD (SSLD) as the definition of haplotype blocks.  A block is defined by SSLD 

when the first SNP and the last SNP are in strong LD with all intermediate SNPs while the 

intermediate SNPs may not be in strong LD with each other (Barrett et al., 2005).  PLINK 

was used for haplotype analysis.  Haplotype frequencies were estimated using the standard 

algorithm of expectation and maximization.  Sliding windows were exhaustively examined 

to search for the associated haplotypes of the candidate genes. In exhaustive variable-sized 

sliding-window haplotype analysis, logistic regression was used to assess sliding windows 

of all possible sizes (1 to n SNPs per window, where n is the number of SNPs examined for 

a given candidate gene). For a given window size, the sliding window was shifted each time 

by one SNP to the 3’ end of the gene until exhaustion. For any one particular haplotype 

analysis, a single case-control omnibus  test of (h -1) degrees of freedom was executed to 

jointly evaluate the significance of the haplotypic effects for this group of haplotypes with 

adjustment of sex and age (as covariates), where h is the number of haplotypes for the 

sliding window being examined. The odds ratio (OR) of a particular haplotype was 

calculated with reference to all other haplotypes of the same haplotype window; this means 

that the reference group of haplotypes was different for different haplotypes being 

considered.  A single asymptotic P value adjusted for sex and age (Pa) was generated for 

each comparison.  Multiple comparisons were corrected by shuffling the case-control status 

of the subjects 10 000 times (i.e. 10 000 permutations) to give an empirical P value (Paemp) 

that was also adjusted for sex and age. (Note that minimum P value that is achievable with 
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10 000 permutations is 0.0001). Correction for multiple comparisons was across all possible 

sliding windows of a given gene in the initial study based on the discovery sample set, but 

across all possible sliding windows of all genes examined in the follow-up study based on 

the replication sample set (see details in respective chapters). Similar sliding-window 

haplotype analysis was also conducted for all haplotypes of all possible window sizes all at 

once to assess the significance of individual haplotypes. 

 

2.2.5.4 Imputation 

BEAGLE version 3.1 (http://faculty.washington.edu/browning/beagle/beagle.html) was used 

to impute the genotypes of markers that were not experimentally genotyped (Browning, 

2006).  It was chosen as the tool for imputation because of its better performance in terms of 

accuracy and consumed time (Pei et al., 2008; Hao et al., 2009).  Sequence data of 194 

Asian individuals were downloaded from the 1000 Genomes Project database 

(http://www.1000genomes.org/) and utilized as the reference panel for imputation.  The 

imputed data set was then analyzed by BEAGLE.  P values were calculated for allelic, 

dominant and over-dominant models.   

 

Haplotype analysis was also performed to search for associated haplotypes by BEAGLE.  

The main difference between PLINK and BEAGLE in haplotype analysis is the algorithm.  

Instead of exhaustive searching by sliding windows, a direct acyclic graph is built by 

BEAGLE.  The analyzed data are fitted to the graphical map using an algorithm known as 

variable-length Markov chains (Browning, 2006).  Once fitting of map is completed, the 

identical components in the graphical map are merged.  A simpler graphical map is 

generated and association is then tested.  Haplotype analysis is performed within the 

components in the map.  As the analysis is performed within the simplified map, the time 

consumed is relatively shorter. 

 

 

http://www.1000genomes.org/
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2.2.5.5 Test for gene-gene interactions 

Interactions among candidate genes were searched by multifactor-dimensionality reduction 

(MDR) version.1.1.0 (Table 2.1) (Ritchie et al., 2001; Ritchie et al., 2003). 

 

2.2.6 Processing of GWAS data 

2.2.6.1 Filtering of GWAS data 

The data obtained from GWAS were huge. The data were filtered before further analysis.  

PLINK was used to process the GWAS data.  Filtering of SNPs was carried out first.  SNPs 

were removed in the following scenarios: a call rate less than 95%, minor allele frequency 

less than 10% or deviation from HWE (P <0.001) in the control group.  Second, individuals 

with an overall call rate less than 95% or ambiguous sex were excluded.  Subjects with 

ambiguous sex were discovered by checking the markers on X chromosome. 

 

2.2.6.2 Statistical analysis 

Statistical analysis of the filtered data was performed between cases and controls to test for 

the association as described previously (Section 2.2.5.3).  The allele and genotype 

frequencies were compared between cases and controls.  Chi-square tests for allelic, 

genotypic and dominant models were calculated.  Moreover, trend test was performed for 

additive model and the corresponding P values were reported.  The cut-off of P value used 

in association was 1.0010
-4

.  This was used by other GWAS, which stroke a balance 

between the number of positive markers for follow-up and the stringent cut-off of 

significance level (Sladek et al., 2007). 

 

Population stratification refers to difference in ancestry and can lead to false positive results 

in GWAS.  Population stratification between controls and cases was detected and corrected 

by EIGENSTRAT.  EIGENSTRAT was developed by Alkes Price, which is the most widely 

used structured association approach to population stratification (Price et al., 2006).  The 
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approach was based on principal component analysis.  A set of possible correlated variables 

was transformed to a set of unrelated variables by the software.   

 

The quantile-quantile (Q-Q) plots of the observed P values (-log10P) against the expected P 

values (-log10P) were constructed using plot function of R.  The patterns of the data points 

provide graphical visualization of the overall results.  Deviations from the diagonal line 

indicate the presence of significant associations.  The total number of significantly 

associated SNPs and the magnitude of their corresponding P values (-log10P) across 

chromosomes were assessed by Manhattan plots.  Haploview was used to generate the 

Manhattan plots. 

  

2.2.6.3 Selection of top-ranking SNPs for validation 

As a first step for the follow-up of GWAS, only SNPs that were located within reported 

myopia loci or have potential functions in the development of high myopia were selected.  

Nineteen SNPs were chosen from the top-ranking list for validation.  One additional marker 

was included in the follow-up work, which was initially reported in a Japanese GWAS of 

pathological myopia (Nakanishi et al., 2009b).  In total, 20 SNPs were chosen from the 

initial GWAS, and examined using a bigger sample size.  Potential SNPs were selected for 

further investigation based on the initial findings.  The details are reported in Chapter 8. 

 

 

2.3 Computer software 

In this project, numerous databases, programs and online tools were used to obtain 

information about SNPs.  The names and the applications of all the software packages used 

in this project are summarized in Table 2.1. 
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Table 2.1 Programs and databases used in this study.  

Program / Database Application URL/Source 

BEAGLE (version 3.1) For genetic association analysis and for handle of 

data obtained from GWAS 
http://faculty.washington.edu/browning/beagle/beagle.html  

DNA Sequencing Analysis Software 

(version 5.2 Patch 2) 
For processing and visualization of sequencing data Applied Biosystems, Foster City, CA, USA 

EIGENSTRAT For detection and correction of population 

stratification for GWAS 
http://genepath.med.harvard.edu/~reich/Software.htm 

SNP Function Prediction (FuncPred) For predicting potential functions of SNPs and 

retrieving SNPs in LD with a given SNP of interest 

http://manticore.niehs.nih.gov/snpfunc.htm 

GeneSnap Software (version 6.04) For capture of gel photos SynGene, Frederick, USA 

Genewindow For obtaining sequences of SNPs http://genewindow.nci.nih.gov/Welcome 

HapMap (phase II , release 24) For selection of tag SNPs (based on the interface 

with the Tagger package) 
http://hapmap.ncbi.nlm.nih.gov/cgi-

perl/gbrowse/hapmap3r2_B36/ 

Haploview For constructing LD maps for candidate genes and 

Manhattan plots for GWAS 
http://www.broadinstitute.org/scientific-

community/science/programs/medical-and-population-

genetics/haploview/haploview 

LightCycler 480 Software (release 

1.5.0) 
For processing and analyzing melting curves 

generated by LC480 
Roche, Basel, Switzerland 

MDR (version.1.1.0) For analysis of gene-gene interaction  http://sourceforge.net/projects/mdr/ 

MDR-Permutation Testing Software 

Overview (beta version 0.4.7) 
For identification of interaction among genes http://sourceforge.net/projects/mdr/ 
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Table 2.1 Programs and databases used in this study. (Continued) 

Program / Database Application URL/Source 

NCBI For obtaining sequences of SNPs http://www.ncbi.nlm.nih.gov/ 

NEBcutter (version 2.0) For prediction of enzyme cutting sites http://tools.neb.com/NEBcutter2/ 

Oligo (version 6.57) For designing primers and probes Molecular Biology Insights, Cascade, US 

PLINK (version 1.07) For analyzing genotype data: HWE testing and 

association testing (single markers and haplotypes) 
http://pngu.mgh.harvard.edu/~purcell/plink/ 

Primer -BLAST For checking the specificity of the primers over the 

genome 
http://www.ncbi.nlm.nih.gov/tools/primer-blast/ 

SPSS (version 13.0) For summarizing statistics of ocular data SPSS Inc., Chicago, IL 

The 1000 Genomes Database For download the sequence data of 194 Asian 

individuals as the reference panel for imputation 
http://www.1000genomes.org/ 

TM Utility (version 1.3) For estimation of Tm of unlabeled probes http://www.idahotech.com/downloads_up/index.html 

WatCut For searching appropriate restriction enzymes for 

markers that could be genotyped RFLP 
http://watcut.uwaterloo.ca/watcut/watcut/template.php 

WAVEMAKER (version 4.1.4) For DHPLC data analysis Transgenomic, Omaha, NE, USA 
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Chapter 3 

Summary of ocular data 

 

With spherical equivalent (SE) worse than or equal to -8.00 D as the definition for cases and 

SE within ± 1.00 D as the definition for controls, more than 600 cases and 600 controls were 

recruited.  In total, four sample sets were used in this project.  The characteristics of the 

subjects in these four sample sets are presented in this chapter. 

 

 

3.1 Discovery sample set 

The discovery sample set included 300 cases and 300 controls.  It was used for screening of 

tag SNPs as reported in Chapters 4, 5, 6, 8 and 9.  Measurements for all traits were highly 

correlated between right and left eyes, particularly for SE (r = 0.97) and AL (r = 0.96).  

Hence, only measurements for the right eyes are reported here.  The mean SE and AL of the 

right eyes for the control group were 0.03 D and 23.85 mm respectively.  For the case group, 

the mean SE and AL of the right eyes were -10.56 D and 27.77 mm respectively.  Using -

10.00 D and -12.00 D as the definitions for cases in the sub-set analysis, the sample size of 

the case group was reduced from 300 to 174 and 76 respectively.  Details of ocular data of 

all subjects in the discovery sample set are summarized in Table 3.1. 
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Table 3.1 Characteristics of subjects in the discovery sample set with cases defined by different thresholds.
a
 

 Controls   Cases  

Characteristics ±0.75 D  -8.00 D -10.00 D -12.00 D 

Total number 300  300 174 76 

Female count, % 55.60  73.33 73.00 69.70 

Age (mean±SD), years 24.90 ± 6.10   27.75 ± 6.89  28.33 ± 6.98  30.26 ± 7.31 

Spherical Error (mean±SD), D   0.03 ± 0.46  -10.56 ± 2.49 -11.74 ± 2.53 -13.24 ± 3.09 

Axial Length (mean±SD), mm 23.85 ± 0.82   27.77 ± 1.15  28.12 ± 1.14  28.50 ±1.23 

Anterior Chamber Depth (mean±SD), mm   3.62 ± 0.35    3.72 ± 0.32   3.72 ± 0.34   3.65 ± 0.36 

Posterior Chamber Depth (mean±SD)
 
, mm 16.30 ± 0.95   19.97 ± 1.21  20.36 ± 1.28 20.87 ± 1.27 

Lens Thickness (mean±SD), mm   3.94 ± 0.55    4.02 ± 0.55   4.05 ± 0.62   4.02 ± 0.45 

Corneal Power (mean±SD), D 43.86 ± 1.61   44.91 ± 1.42  45.01 ± 1.46  45.25 ± 1.56 

a
 The ocular measurements are based on the data of the right eyes. 
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3.2 Augmented discovery sample set 

The augmented discovery sample set was made up of the original discovery sample set 

(Section 3.1) plus 56 more cases and 56 more controls. This sample set was created to 

maximize the number of samples that could be genotyped within a SpectroChip by the 

MassARRAY iPLEX assay (Section 1.6.3.4) carried out in the Genome Research Centre of 

a local sister institute.  The augmented discovery sample set was used for screening of SNPs 

in Chapters 5 (for APOE) and 8 (for GWAS).  The mean SE and AL of the right eyes for the 

control group in augmented discovery sample set were 0.02 D and 23.83 mm respectively.  

For the case group in augmented discovery sample set, the mean SE and AL of the right eyes 

were -10.62 D and 27.79 mm, respectively.  With -10.00D and -12.00D as the cut-offs of SE 

for cases in the sub-set analysis, the sample size was reduced from 356 to 205 and 93, 

respectively, for the case group.   Details of ocular data of all subjects in the augmented 

discovery sample set are summarized in Table 3.2. 

 

3.3 Replication sample set 

The replication sample set included 300 cases and 300 controls – a separate group of study 

subjects with no overlap with those in the discovery sample set or the augmented discovery 

sample set.  The replication sample set was used for replication study reported in Chapters 7, 

8 and 9.  Although the exclusion and inclusion criteria in subject recruitment were the same 

as those for the discovery sample set, the ocular characteristics of the subjects were slightly 

different.  The mean SE and AL of the right eyes for the control group of the replication 

sample set were 0.10 D and 23.72 mm respectively.  For the case group of the replication 

sample set, the mean SE and AL of the right eyes were -10.16 D and 27.55 mm respectively.  

With -10.00 D and -12.00 D as the cut-offs of SE for cases in the sub-set analysis, the 

sample size was reduced from 300 to 155 and 56, respectively, for the case group.  Details of 

ocular data of all subjects in the replication sample set are summarized in Table 3.3. 
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Table 3.2 Characteristics of subjects in the augmented discovery sample set with cases defined by different thresholds.
a
 

 Controls   Cases  

Characteristics ±0.75 D  -8.00 D -10.00 D -12.00 D 

Total number 356  356 205 93 

Female count, % 57.00  69.40 70.70 66.00 

Age (mean±SD), years 25.70 ± 9.8   28.62 ± 7.59  29.36 ± 7.73  31.56 ± 8.14 

Spherical Error (mean±SD), D    0.02 ± 0.44  -10.62 ± 2.62 -11.90 ± 2.72 -13.51 ± 3.23 

Axial Length (mean±SD), mm 23.83 ± 0.82   27.79 ± 1.15  28.17 ± 1.15  28.61 ± 1.22 

Anterior Chamber Depth (mean±SD), mm  3.58 ± 0.34    3.67 ± 0.35   3.66 ± 0.36   3.59 ± 0.37 

Posterior Chamber Depth (mean±SD)
 
, mm 16.28 ± 0.94   20.06 ± 1.21  20.42 ± 1.28  20.96 ± 1.26 

Lens Thickness (mean±SD), mm   3.40 ± 0.55    4.06 ± 0.55   4.10 ± 0.62   4.08 ± 0.49 

Corneal Power (mean±SD), D 43.90 ± 1.59   44.85 ± 1.43  44.99 ± 1.45  45.20 ± 1.53 

a
 The ocular measurements are based on the data of the right eyes. 
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Table 3.3 Characteristics of subjects in the replication sample set with cases defined by different thresholds.
a
 

 Controls   Cases  

Characteristics ±0.75 D  -8.00 D -10.00 D -12.00 D 

Total number 300  300 155 56 

Female count, % 59.33  69.67 74.00 73.21 

Age (mean±SD), years 33.34 ± 9.52   33.73 ± 9.09  34.03 ± 8.96  34.32 ± 9.32 

Spherical Error (mean±SD), D  0.10 ± 0.56  -10.16 ± 2.31 -11.38 ± 2.40 -13.61 ± 2.58 

Axial Length (mean±SD), mm 23.72 ± 0.83   27.55 ± 1.15  27.94 ± 1.19  28.67 ± 1.30 

Anterior Chamber Depth (mean±SD), mm  3.18 ± 0.41    3.34 ± 0.39   3.32 ± 0.39   3.30 ± 0.43 

Posterior Chamber Depth (mean±SD)
 
, mm 16.19 ± 0.87   19.89 ± 1.19  20.27 ± 1.20  20.93 ± 1.35 

Lens Thickness (mean±SD), mm  4.34 ± 0.58    4.29 ± 0.51   4.31 ± 0.54   4.35 ± 0.62 

Corneal Power (mean±SD), D 44.19 ± 1.50   44.93 ± 1.48  45.03 ± 1.52  45.35 ± 1.27 

a
 The ocular measurements are based on the data of the right eyes. 
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3.4 GWAS sample set 

The GWAS sample set was used to collect genotype data in GWAS (Chapter 8), only 100 

cases and 100 controls were included.  To compensate for the small sample size limited by 

the prohibitive cost of genome-wide genotyping, subjects with extreme phenotypes were 

selected from our collection of study subjects. The phenotypes of the cases and controls in 

GWAS sample set were the most extreme among the four sample sets.  One hundred and 

thirty four GWAS samples (70 controls and 64 cases) were included in the discovery sample 

set, but none of the GWAS samples was included in the replication sample set.  Based on the 

ocular measurements of right eyes, the mean SE and AL for the control group in were -0.14 

D and 23.77 mm respectively.  For the case group, the mean SE and AL were -13.52 D and 

29.12 mm respectively.  The mean age in controls was 26.88 years while the mean age in 

cases was 31.96 years.  Details of ocular data of all subjects in the GWAS sample set are 

summarized in Table 3.4. 
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Table 3.4 Characteristics of subjects in the GWAS sample set. 

 Controls Cases 

Total number 100 100 

Female count, % 44.00 27.00 

Age (mean±SD), years 26.88 ± 7.50  31.96 ± 7.94 

Spherical Error (mean±SD), D -0.14 ± 0.22 -13.51 ± 2.87 

Axial Length (mean±SD), mm 23.77 ± 0.67  29.12 ± 0.97 

Anterior Chamber Depth (mean±SD), mm  3.53 ± 0.36   3.55 ± 0.42 

Posterior Chamber Depth (mean±SD)
 
, mm 15.85 ± 3.68  21.43 ± 1.06 

Lens Thickness (mean±SD), mm  4.07 ± 0.49   4.13 ± 0.53 

Corneal Power (mean±SD), D 44.19 ± 1.44  44.65 ± 1.33 

a
 The ocular measurements were based on the data of the right eyes. 
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Chapter 4 

Association study of functional candidate 

genes involved in the early part of potential 

biological pathways in myopia development 

 

4.1 Aims 

This part of the study aimed at investigating the association between high myopia and 

polymorphisms of five functional candidate genes (EGR1, FOS, JUN, VIP and VIPR2) by 

population-based association study. 

 

4.2 Introduction 

Although the mechanism underlying the development of high myopia remains unclear, 

ocular growth is known to be interfered by various visual experiences.  In animal studies, 

myopia can be induced by placement of either translucent goggles or negative lenses over 

the eyes.  In contrast, hyperopia can be produced by placement of positive lenses over the 

eyes.  The change in ocular growth is considered to be a local event because the brain is not 

involved in such alteration (Troilo et al., 1987).  It is hypothesized that genes directly 

responsive to these visual signals are the primary genes involved in the biological pathway.  

Activation of these genes may further activate other secondary genes in the pathway, which 

in turn cause the ECM remodeling of sclera.  Finally, ocular growth is altered.  EGR1, FOS, 

JUN, VIP and VIPR2 were selected as functional candidate genes based on this hypothesis. 

 

EGR1 (GeneID: 1958; OMIM: 128990), FOS (GeneID: 2353; OMIM: 164810) and JUN 

(GeneID: 3725; OMIM: 165160) are transcription regulators capable of inducing up- or 
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down-regulation of other genes (Table 1.10).  EGR1 is a well established candidate gene for 

myopia development because its expression is correlated with ocular growth.  The 

expression of EGR1 is up-regulated when ocular growth is suppressed and down-regulated 

when ocular growth is enhanced (Fischer et al., 1999; Bitzer and Schaeffel, 2002; Zhong et 

al., 2004).  Indeed, myopic shift was demonstrated in Egr1 knockout mice (Schippert et al., 

2007).  Fusion of JUN and FOS forms a protein complex known as AP-1, which regulates 

the expression of MMPs (Dragunow and Faull, 1989; White and Brinckerhoff, 1995; 

Maldonado et al., 2003; Aljada et al., 2004).  MMPs are known to be involved in ECM 

remodeling (Guggenheim and McBrien, 1996; Liu et al., 2010).  VIP (GeneID: 7432; OMIM: 

192320) and its receptor VIPR2 (GeneID: 7434; OMIN: 601970) were selected as functional 

candidate genes because of their importance in ocular growth (Table 1.10).  VIP acts as 

neurotransmitter, which may interact with VIPR2 and GABA receptors to control the ocular 

growth (Veruki and Yeh, 1992; Veruki and Yeh, 1994; Liu et al., 2005).  The hypothesis 

was tested by a population-based association study in Hong Kong Chinese with tag SNPs as 

the genetic markers. 

 

 

4.3 Methodology 

4.3.1  Experimental approach 

The genotype and allele frequencies of the tag SNPs of cases and controls were used to test 

the association between the polymorphisms of five candidate genes and high myopia.  The 

discovery sample set was used (Section 3.1). 

 

4.3.2  SNP genotyping 

Tag SNPs of the five candidate genes were identified from the HapMap database 

(http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/).  Twenty-six tag SNPs 

http://hapmap.ncbi.nlm.nih.gov/cgi-perl/gbrowse/hapmap24_B36/
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from five candidate genes were identified in the Han Chinese data of the HapMap Project by 

the Tagger software (Section 2.2.2).  The chromosomal locations and the genotyping 

methods of the tag SNPs are listed in Table 4.1. 

 

Sixteen tag SNPs were genotyped by RFLP under the recommended conditions (Section 

2.2.4.1).  Primers were designed and conventional PCRs were performed.  The PCR 

products were digested with appropriate restriction enzymes (Table 4.2).  After incubation, 

PAGE was used for identification of banding patterns (Section 2.2.3.5).  Primers and probes 

were designed for nine SNPs that were genotyped by the unlabeled probe melting curve 

analyses (Section 2.2.4.2).  Asymmetrical PCRs were conducted and the corresponding 

probes were added to obtain the genotype information.  For the particular tag SNP that was 

genotyped by primer extension reaction coupled with DHPLC, the primers for extension and 

PCR were designed (Section 2.2.4.3).  The sequences of primers, extension primer and 

probes are listed in Table A1 in Appendix.  Representative genotypes were confirmed by 

direct DNA sequencing (Section 2.2.3.6).  The genotypes of 26 tag SNPs were collected for 

all 600 subjects. 

 

4.3.3 Statistical analysis 

The genotype frequencies of the 26 SNPs were collected for association analysis (Section 

2.2.5.3). In addition, MDR was used to explore epistasis among genes (Section 2.2.5.5; 

Ritchie et al., 2001; Ritchie et al., 2003).   Two categories of genes were grouped: one group 

being the transcriptional regulators and the other group being the neuro-transmitter together 

with its receptor.  It has been demonstrated that EGR1 binds to the promoter of TGFB1 (Liu 

et al., 1996).  As a result, the interaction between TGFB1 and transcriptional regulators was 

explored.  The genotypes of TGFB1 were obtained from our in-house data already published 

(Zha et al., 2009).  MDR-Permutation Testing Software was used to correct for multiple 

testing (Moore et al., 2006). 



 

117 

 

Table 4.1 Functional candidate genes: tag SNPs and their genotyping methods. 

a
 The tag SNPs are listed sequentially from the 5’ end to the 3’ end of the sense strand of the 

respective gene, and are also designated in this order as S01, S02, …., etc for the sake of 

easy referencing. 

b
 RFLP stands for restriction fragment length polymorphism, MC for unlabeled probe 

melting curve analysis, and PE-DHPLC for primer extension reaction coupled with 

denaturing high performance liquid chromatography. 

Gene 

Chr   

location 

No. of  

tag SNPs 

SNPs 

rs no. (sequence no.)
a 

Genotyping 

method
b 

No. of SNPs 

captured by tag 

SNPs (mean r
2
) 

EGR1 5q31.1 1 rs11741807 (S01) RFLP 1 (r
2
=1.00) 

FOS 14q24.3 5 rs7101 (S01) MC 5 (r
2
=1.00) 

   rs1063169 (S02) RFLP  

   rs4645869 (S03) MC  

   rs4645874 (S04) MC  

   rs17103109 (S05) RFLP  

JUN 1p32-p31 4 rs2104259 (S01) RFLP 4 (r
2
=1.00) 

   rs2760501 (S02) MC  

   rs1323288 (S03) RFLP  

   rs997768 (S04) PE-DHPLC  

VIP 6q25 3 rs1407267 (S01) MC 4 (r
2
=1.00) 

   rs12201030 (S02) RFLP  

   rs664355 (S03) RFLP  

VIPR2 7q36.3 13 rs3812311 (S01) RFLP 58 (r
2
=0.94) 

   rs464260 (S02) RFLP  

   rs3828963 (S03) RFLP  

   rs3793238 (S04) RFLP  

   rs399867 (S05) MC  

   rs6973238 (S06) RFLP  

   rs3793227 (S07) RFLP  

   rs2540352 (S08) MC  

   rs6950938 (S09) MC  

   rs2071623 (S10) MC  

   rs2071625 (S11) RFLP  

   rs2730220 (S12) RFLP  

   rs885863 (S13) RFLP  
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Table 4.2 SNP genotyping by restriction fragment length polymorphism for functional 

candidate genes: restriction enzymes (RE) and restriction fragments. 

   Size (bp) of fragments for allele 
a 

Gene SNP RE used Recognized by RE Not Recognized by RE 

EGR1 rs11741807 (S01) MvaI G: 171, 108, 63 T: 234, 108 

     

FOS rs1063169 (S02) PsyI G: 113, 55, 35 T: 168, 35 

 rs17103109 (S05) BsaJI  G: 149, 111, 69 T: 260, 69 

     

JUN rs2104259 (S01) HinfI G: 81, 50, 30 C: 131, 30 

 rs1323288 (S03) HinfI C: 201, 109, 40 A: 201, 149 

     

VIP rs12201030 (S02) MboI G: 123, 94, 24 A: 217, 24 

 rs664355 (S03) HincII T: 441, 147, 97 C: 538, 147 

     

VIPR2 rs3812311 (S01) BseGI G: 131, 58, 34 A: 131, 96 

 rs464260 (S02) NspI  G: 169, 106, 30 T: 275, 30 

 rs3828963 (S03) MboI A: 303, 207, 106 T: 409, 207 

 rs3793238 (S04) MboII A: 375, 164, 118 G: 539, 118 

 rs6973238 (S06) Alw26I  C: 325, 164, 111 T: 436, 164 

 rs3793227 (S07) AluI C: 206, 132, 101 T: 307, 132 

 rs2071625 (S11) NspI  A: 158, 104, 12 G: 262, 12 

 rs2730220 (S12) Bg1I G: 64, 43, 22 A: 107, 22 

 rs885863 (S13) HincII A: 166, 78, 13 G: 244, 13 

a 
The allele that is recognized by a particular restriction enzyme (RE) gives two 

characteristic fragments (in boldface), which are produced by cleavage of a longer 

fragment (also in boldface) for the allele that is not recognized by the RE. The fragment 

(in regular font) present in both alleles is the one produced by the cleavage of an internal 

restriction site. 
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4.4 Results 

The ocular characteristics of all subjects in the discovery sample set are shown in Chapter 3 

(Table 3.1).  Genotypes were collected from 300 cases and 300 controls.  Twenty-six tag 

SNPs were chosen and could capture the genetic information for 72 SNPs (Table 4.1).  For 

the sake of easy referencing, these 26 tag SNPs were also named as S01, S02, and S03 so on 

and so forth along the sense strand from the 5’ end within each gene (Table 4.1).  Figures 4.1 

to 4.5 show the chromosomal distribution of these tag SNPs in the five candidate genes. 

 

 

4.4.1 Single-marker analysis 

The genotyping success rate was 100% (Table 4.3).  The genotypes were tested for HWE.  

The genotypes were all in HWE in the control group (P >0.001; Table 4.3), and hence all 

markers were included for further analyses.  Single-marker association analyses of the five 

candidate genes are summarized in Table 4.4. 

 

Cases: Using -8.00D as threshold 

For EGR1, FOS and JUN, there was no significant difference between the allele and 

genotype frequencies in controls and cases.  Similar results were obtained for the trend test.  

Four markers showed significant differences in the allele and genotypes frequencies between 

controls and cases: S01 of VIP, and S06, S07 and S11 of VIPR2 (Table 4.4).  However, the 

initial positive signals did not survive the correction for multiple testing by 10 000 

permutations.  None of the markers were associated with high myopia using -8.00 D as the 

phenotypic threshold.  Similar results were obtained after adjusting for age and sex. 

 

(Continued after Table 4.3) 

 



 

120 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 The position of the tag SNP in the EGR1 region.  The region under study spans 9.82 kb, starting from 137,826,080 and finishing at 137,835,903 

(genome build 36, NCBI) on chromosome 5.  A tag SNP, rs11741807 (S01), was identified near the 3’ end of EGR1. 
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Figure 4.2 Distribution of five tag SNPs in the FOS region.  The region under study spans 9.4 kb, starting from 74812284 and finishing at 74821663 (genome 

build 36, NCBI) on chromosome 14. 
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Figure 4.3 Distribution of four tag SNPs in the JUN region.  The examined region spans a genomic region of 9.32 kb, starting from 59,016,053 and finishing 

at 59,025,373 (genome build 36, NCBI) on chromosome 1. 
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Figure 4.4 Distribution of three tag SNPs in the VIP region.  The region under investigate spans a genomic region of 14.97 kb, starting from 153,110,626 and 

finishing at 153,125,591 (genome build 36, NCBI) on chromosome 6. 
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Figure 4.5 Distribution of thirteen tag SNPs in the VIPR2 region.  The region under study spans a genomic region of 117.50 kb, starting from 158,510,627 

and finishing at 158,633,410 (genome build 36, NCBI) on chromosome 7. 
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Table 4.3 Functional candidate genes: summary of genotype data for the discovery sample set. 

Gene SNP 
Alleles

a
 

(1 / 2) 

Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) Cases  Controls Cases Controls 

EGR1 rs11741807 (S01) G / T 183/107/10 188/100/12 0.2117  0.2067  0.9513 

        

FOS rs7101 (S01) C / T 81/132/87 95/138/67 0.5100  0.4533  0.2464 

 rs1063169 (S02) G / T 190/96/14 187/95/18 0.2067  0.2183  0.2667 

 rs4645869 (S03) G / A 221/71/8 207/86/7 0.1450  0.1667  0.7724 

 rs4645874 (S04) C / T 224/71/5 206/90/4 0.1350  0.1633  0.1324 

 rs17103109 (S05) T / G 149/127/24 149/130/21 0.2917  0.2867  0.3896 

        

JUN rs2104259 (S01) C / G 119/120/61 116/134/50 0.4033  0.3900  0.3325 

 rs2760501 (S02) T / G 199/86/15 192/91/17 0.1933  0.2083  0.2146 

 rs1323288 (S03) A / C 117/139/44 106/142/52 0.3783  0.4100  0.7751 

 rs997768 (S04) T / C 71/174/55 81/153/66 0.4733  0.4750  0.8056 

        

VIP rs1407267 (S01) G / T 189/101/10 216/75/9 0.2017  0.1550  0.5332 

 rs12201030 (S02) A / G 226/72/2 239/59/2 0.1267  0.1050  0.6791 

 rs664355 (S03) C / T 230/63/7 238/54/8 0.1283  0.1167  0.0649 

        

VIPR2 rs3812311 (S01) A / G 166/111/23 179/91/30 0.2617  0.2517  0.0015 

 rs464260 (S02) A / G 176/118/6 182/112/6 0.2167  0.2067  0.0210 

 rs3828963 (S03) A / T 244/54/2 230/61/9 0.0967  0.1317  0.1175 

 rs3793238 (S04) G / A 228/65/7 233/60/7 0.1317  0.1233  0.2862 

 rs399867 (S05) C / T 150/117/33 167/101/32 0.3050  0.2750  0.0110` 

 rs6973238 (S06) T / C 202/82/16 174/95/31 0.1900  0.2617  0.0032 

 rs3793227 (S07) C / T 240/56/4 220/68/12 0.1067  0.1533  0.0532 

 rs2540352 (S08) G / A 195/85/20 202/83/15 0.2083  0.1883  0.1424 

 rs6950938 (S09) G / A 178/92/30 184/98/18 0.2533  0.2233  0.3792 

 rs2071623 (S10) G / A 148/97/55 120/119/55 0.3450  0.3817  0.0077 

 rs2071625 (S11) A / G 158/117/25 135/120/45 0.2783  0.3500  0.0466 

 rs2730220 (S12) G / A 249/41/10 245/49/6 0.1017  0.1017  0.1357 

 rs885863 (S13) G / A 210/83/7 197/95/8 0.1617  0.1850  0.5261 

a
 Allele 1 is the major allele, and allele 2 the minor allele. 
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(Continued from Section 4.4.1 Single-marker analysis) 

 

Cases: Using -10.00D as threshold 

The total number of cases dropped to 174 when the phenotypic threshold of cases was 

adjusted to -10.00 D (Table 3.1).  Interestingly, five markers showed significant nominal P 

values. One of the initial signals of VIPR2, rs2071625 (S11), retained the significance after 

10 000 permutations (Pemp = 0.0113, Table 4.4).  The association also survived after 

adjustment for sex and age (Paemp = 0.0176).  The odds ratio (OR) of rs2071625 (S11) of 

VIPR2 was 0.59 (95% CI: 0.44 to 0.80, Table 4.5).  The frequency of the protective allele G 

of rs2071625 (S11) of VIPR2 was 35% in controls and 24% in case. 

 

Cases: Using -12.00D as threshold 

With the extremely stringent threshold, the total number of cases reduced to 76 (Table 3.1).  

Although the sample size was greatly reduced, three markers (S01 of FOS, S01 of JUN and 

S11 of VIPR2) gave significant nominal P values (Table 4.4).  Of the three signals, only the 

one obtained from FOS remained significant after 10 000 permutations (Pemp = 0.0490; OR = 

1.66; 95% CI: 1.16 to 2.38).  The frequencies of the high risk allele of rs7101 (S01) of FOS 

were 45.33% and 57.89% in controls and cases respectively (details not shown).  However, 

the association between rs7101 (S01) of FOS became insignificant after adjustment for age 

and sex (Paemp = 0.3910). 

 

In brief, single-marker analysis revealed that rs2071625 (S11) of VIPR2 was 

significantly associated with high myopia using -10.00 D as the phenotypic threshold.  

The association was still valid after adjustment for age and sex.  However, EGR1, FOS, JUN 

and VIP was not associated with high myopia in Hong Kong Chinese. 
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Table 4.4 Functional candidate genes: single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for the discovery sample set. 

 Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

Gene SNP P (allelic) P (genotypic) Pemp 
a  P (allelic) P (genotypic) Pemp 

a  P (allelic) P (genotypic) Pemp 
a 

EGR1 rs11741807 (S01) 0.8871 0.7881   0.4611 0.3537   0.6583 0.6287  
             

FOS rs7101 (S01) 0.0565 0.1505   0.0128 0.0544 0.1114  0.0063 0.0275 0.0490 

 rs1063169 (S02) 0.6721 0.7992   1.0000 0.8563   0.3763 0.3930  

 rs4645869 (S03) 0.3395 0.3363   0.5210 0.1707   0.3230 0.6387  

 rs4645874 (S04) 0.1947 0.2033   0.2621 0.2840   0.2623 0.1162  

 rs17103109 (S05) 0.8987 0.9050   0.711 0.8069   0.8414 0.9392  
             

JUN rs2104259 (S01) 0.6796 0.3899   0.5361 0.2687   0.0959 0.0246 0.0673b 

 rs2760501 (S02) 0.5644 0.8464   0.8032 0.7307   0.5794 0.4243  

 rs1323288 (S03) 0.2876 0.5447   0.3353 0.5988   0.3564 0.6604  

 rs997768 (S04) 1.0000 0.2297   0.5901 0.3477   0.5254 0.3112  
             

VIP rs1407267 (S01) 0.0416 0.0557 0.0970c  0.1502 0.0528   0.3881 0.0544  

 rs12201030 (S02) 0.2790 0.3993   0.2069 0.4564   0.2502 0.3423  

 rs664355 (S03) 0.5974 0.6439   0.4139 0.4905   0.7763 0.9194  
             

VIPR2 rs3812311 (S01) 0.7411 0.1886   0.4424 0.2580   0.2554 0.5465  

 rs464260 (S02) 0.7239 0.9254   0.8684 0.9373   1.0000 0.4586  

 rs3828963 (S03) 0.1825 0.0991   0.0956 0.2729   0.4156 0.7562  

 rs3793238 (S04) 0.7293 0.9336   0.4808 0.7475   0.3939 0.7149  

 rs399867 (S05) 0.2795 0.3586   0.8801 0.2091   0.8397 0.0900  

 rs6973238 (S06) 0.0037 0.0196 0.0840  0.0051 0.0335 0.1120  0.1151 0.2639  

 rs3793227 (S07) 0.0203 0.0507 0.3501  0.0069 0.0216 0.1514  0.1543 0.4030  

 rs2540352 (S08) 0.4259 0.6541   0.4283 0.1808   0.6426 0.2389  

 rs6950938 (S09) 0.2494 0.2021   0.4756 0.1871   0.2868 0.5394  

 rs2071623 (S10) 0.2075 0.1342   0.0579 0.0225 0.2476d  0.1887 0.2320  

 rs2071625 (S11) 0.0090 0.0234 0.1769  0.0005 0.0020 0.0113  0.0336 0.1304 0.5113 

 rs2730220 (S12) 1.0000 0.4219   0.7323 0.6622   0.5392 0.4566  

 rs885863 (S13) 0.3215 0.5208   0.0589 0.1049   0.1905 0.2853  

a
  Empirical P values (Pemp) are generated by 10 000 permutations within a given gene for the best result of each SNP, and indicated only when the nominal P values are <0.05. 

b
  Empirical P value is generated for the recessive model, which gives the best result before correction (P = 0.0096). 

c
  Empirical P value is generated for on the dominant model, which gives the best result before correction (P = 0.0233). 

d
  Empirical P value is generated for the dominant model, which gives the best result before correction (P = 0.0130). 
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Table 4.5 Significant association of VIPR2 with high myopia: details of statistics for the 

discovery sample set. 

Characteristic / Statistic Information / Result 

Gene VIPR2 

SNP rs2071625 (S11) 

Spherical equivalent threshold for cases -10.00 D 

Allelic single-marker association analysis:
a
 P 0.0005 

 Pemp 0.0113 

 Pa 0.0016 

 Paemp 0.0176 

Odds  ratio for allele G (allele A as the reference) 0.59 

95% Confidence intervals 0.44 - 0.80 

a
  Single-marker association analysis is performed under the allelic model by chi-square test 
to give P or Pemp values (without or with correction for multiple comparisons by 10 000 

permutations), and by logistic regression with adjustment for sex and age to give Pa or 

Paemp values (without or with correction for multiple comparisons by 10 000 permutations). 

Note that permutation of the case-control status is carried for all 13 SNPs within the VIPR2 

gene. 
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4.4.2 Haplotype analysis 

The LD maps of FOS, JUN, VIP and VIPR2 were constructed by Haploview (Figures 4.6, 

4.7, 4.8 and 4.9).  The LD values were expressed in r
2
.  Haplotype blocks were defined by 

the algorithm known as solid spine of LD.  One haplotype block was found in the VIP locus 

for the control group, and another block in the VIPR2 locus for the case group. However, no 

haplotype block was identified in FOS and JUN.  The haplotype block found in VIP 

consisted of two SNPs, rs12201030 (S02) and rs664355 (S03), and spanned around 6 kb 

(Figure 4.8).  One haplotype block was identified in VIPR2 and made up of rs2071625 (S11) 

and rs2730220 (S12). This block spanned approximately 2 kb (Figure 4.9). 

 

With an exhaustive variable-sized sliding-window strategy, there were no significant 

differences in haplotype frequencies between cases and controls for EGR1, JUN and VIP.  

However, significant haplotype association was revealed for FOS and VIPR2. 

 

For the FOS locus, five haplotype windows gave significant P values in the omnibus test: 

two 2-SNP windows, two 3-SNP window and one 4-SNP windows (Paemp <0.05, Table 4.6).  

Of these, the most significant was the 3-SNP window S03-S04-S05 (rs4645869-rs4645874-

rs17103109): Pa = 6.43×10
-5

 and Paemp = 0.0001 (omnibus test).  In this haplotype window, 

one protective haplotype was significantly associated with high myopia: ACT (211) with OR 

= 0.27 and Paemp = 0.0050 (Table 4.7).  (Note that the minimum P value achievable with 10 

000 permutations is 0.0001, and the haplotypes are shown in both the ACGT and the major-

minor (1-2) formats.  Plink does not provide 95% confidence intervals for haplotypic OR.) 

 

For the VIPR2 locus, 13 haplotype windows were significantly associated with high myopia 

defined as -8.00D (Paemp <0.05, Table 4.8).  The size of significant haplotype windows 

ranged from two to eight SNPs per window.  The most significantly associated haplotype 

window was the 4-SNP haplotype window S10-S11-S12-S13 (rs2071623-rs2071625-
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rs2730220-rs885863): Pa = 2.83×10
-7

 and Paemp = 0.0001 (omnibus test).  In this haplotype 

window, there were two protective haplotypes: GGGG (1211; OR = 0.18 and Paemp = 0.0001 

and AAGA (2112; OR = 0.14 and Paemp = 0.0049) (Table 4.9).  The haplotype frequencies of 

GGGG (1211) and AAGA (2112) were 0.1097 and 0.0639 in controls, and 0.0311 and 

0.0165 in cases.  Since single-marker analysis gave the best result when the cases were 

defined by a threshold of SE  -10.00 D, we also performed exhaustive haplotype analysis 

for cases defined by this threshold (-10.00 D).  The results were highly comparable to those 

obtained using cases defined by -8.00D (Table 4.8).  Surprisingly, more significant windows 

were observed.  There were 16 significant windows and the size of significant haplotype 

windows ranged from one to eleven SNPs per window.  The most significantly associated 

haplotype window was the 3-SNP haplotype window S11-S12-S13 (rs2071625-rs2730220-

rs885863): Pa = 1.77×10
-6

 and Paemp = 0.0001 (omnibus test).  In this haplotype window, 

there were one protective haplotype and one high-risk haplotype: GGG (211; OR = 0.32 and 

Paemp = 0.0030), and AGG (111; OR = 1.78 and Paemp = 0.0110) (Table 4.9). The haplotype 

frequencies are listed in Table 4.9. 
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Figure 4.6 The LD maps of the FOS gene.  The LD patterns in cases and controls are 

examined by Haploview.  LD values of five tag SNPs are displayed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  No haplotype block within FOS is found in the cases or 

the controls. 
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Figure 4.7 The LD maps of the JUN gene.  The LD patterns in cases and controls are 

examined by Haploview.  LD values of four tag SNPs are displayed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  Similar to FOS, there is no haplotype block within JUN. 
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Figure 4.8 The LD maps of the VIP gene.  The LD patterns in cases and controls are 

examined by Haploview.  LD values of three tag SNPs are displayed as r
2
.  Solid spine of 

LD is used to define a haplotype block.  One haplotype block, rs12201030 (S02) – rs664355 

(S03), within VIP is found in the controls.  However, no haplotype block is found in the 

cases. 
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Figure 4.9 The LD maps of the VIPR2 gene.  The LD patterns in cases and controls are examined by Haploview.  LD values of the three SNPs are displayed 

as r
2
.  Solid spine of LD is used to define a haplotype block.  One haplotype block, rs2071625 (S11) – rs2730220 (S12), within VIPR2 is found in the cases. 
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Table 4.6 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of 

all possible sizes across 5 FOS SNPs for the discovery sample set with cases defined by 

spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 5  0 - -  - - - 

2 4  2
b
 S01...S02 S03…S04  S03...S04 0.0023 0.0149 

3 3  2 S02...S04 S03...S05  S03...S05 6.43×10
-5

 0.0001 

4 2  1 S02...S05 S02...S05  S02...S05 0.0003
 

0.0014
 

5 1  0 - -  - -
 

-
 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. For instance, S03…S05 represents the sliding window S03-S04-S05 

(rs4645869-rs4645874-rs17103109).  Please refer to Table 4.3 for the identity (the rs numbers) of 

the FOS SNPs.  Every sliding window is assessed by omnibus test adjusted for sex and age to give 

the Pa value. There are a total of 15 windows (the sum of numbers in column 2), and multiple 

comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is 

also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most significant result 

is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding 

windows are detailed in Table 4.7.  Note that (1) minimum P value achievable with 10 000 

permutations is 0.0001, and (2) S03...S05 provides the most convincing evidence for association 

with high myopia among all 15 windows tested. 

b 
For the 2-SNP windows, S02…S03 is not significantly associated with high myopia (Paemp >0.05), 

and hence there are only two significant sliding windows. 
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Table 4.7 Details of significant FOS haplotypes identified by exhaustive sliding-window strategy. 

a
 

Haplotypes
a
 Freq. in cases Freq. in controls Odds ratio Pa Paemp 

S03…S04 (rs4645869-rs4645874)   

Omnibus - - - 0.0023 0.0149 

GT (12) 0.0786 0.1188 0.60 0.0215 0.4510 

GC (11) 0.7764 0.7145 1.36 0.0331 0.6028 

S03…S05 (rs4645869-rs4645874-rs17103109)   

Omnibus - - - 6.4310
-5

 0.0001 

ACT (211) 0.0315 0.0822 0.27 0.0002 0.0050 

GTG (122) 0.0441 0.0744 0.51 0.0210 0.4451 

ATG (222) 0.0574 0.0377 2.05 0.0245 0.4993 

GCT (111) 0.6437 0.5825 1.30 0.0462 0.7231 

S02…S05 (rs1063169-rs4645869-rs4645874-rs17103109) 
  

Omnibus - - - 0.0003 0.0014 

GACT (1211) 0.0151 0.0595 0.11 9.3210
-5

 0.0016 

GATG (1222) 0.0207 0.0058 9.50 0.0092 0.2320 

TGTG (2122) 0.0177 0.0329 0.38 0.0423 0.6952 

a
 Haplotypes in the three most significant sliding windows as shown in Table 4.6 are detailed here. 

Only haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted 

for sex and age. The last column shows the Paemp values generated by 10 000 permutations and 

adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) 

formats.  Note that S03...S05 provides the most convincing evidence for association with high 

myopia among all 15 windows tested.  The rows showing this window and its constituent 

haplotypes are shaded in gray. 
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Table 4.8 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of all possible sizes across 13 VIPR2 SNPs for the discovery sample set 

with cases defined by spherical equivalent  -8.00 D and -10.00D.
a
 

  Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

SW  SW with significant omnibus test Paemp <0.05  The most significant result  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp  No. of SW First SW Last SW  SW Pa Paemp 

1 13  0 - -  - - -  1 S11 S11  S11 0.0016 0.0263 

2 12  1 S10...S11 S10…S11  S10...S11 1.82×10
-5

 0.0003  1 S10...S11 S10…S11  S10...S11 3.48×10
-5

 0.0005 

3 11  3 S09...S11 S11...S13  S11...S13 5.93×10
-7

 0.0001  3 S09...S11 S11...S13  S11...S13 1.77×10
-6

 0.0001 

4 10  2 S09...S12 S10...S13  S10...S13 8.47×10
-8 

0.0001  2 S09...S12 S10...S13  S10...S13 1.99×10
-5 

0.0001 

5 9  2 S08...S12 S09...S13  S09...S13 3.10×10
-6 

0.0002  1 S09...S13 S09...S13  S09...S13 6.74×10
-5 

0.0010 

6 8  1 S08...S13 S08...S13  S08...S13 6.87×10
-6

 0.0003  2 S07…S12 S08...S13  S08...S13 0.0003 0.0050 

7 7  3 S05…S11 S07…S13  S07…S13 9.45×10
-6

 0.0002  1 S07…S13 S07…S13  S07…S13 0.0004 0.0057 

8 6  1 S06…S13 S06…S13  S06…S13 1.05×10
-4

 0.0027  1 S06…S13 S06…S13  S06…S13 0.0012 0.0185 

9 5  0 - -  - - -  1 S04…S12 S04…S12  S04…S12 0.0021 0.0354 

10 4  0 - -  - - -  2 S03…S12 S04…S13  S04…S13 0.0012 0.0180 

11 3  0 - -  - - -  1 S03…S13 S03…S13  S03…S13 0.0028 0.0461 

12 2  0 - -  - - -  - -  - - - - 

13 1  0 - -  - - -  - -  - - - - 

 a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last SNP of the sliding window.  For instance, S10…S13 represents 

the sliding window S10-S10-S12-S13 (rs2071623- rs2071625-rs2730220-rs885863).  Please refer to Table 4.3 for the identity (the rs numbers) of the VIPR2 SNPs.  

Every sliding window is assessed by omnibus test adjusted for sex and age to give the Pa value. There are a total of 91 windows (the sum of numbers in column 2), 

and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is also adjusted for sex and age (Paemp).  For each fixed-

size sliding window, the most significant result is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding windows are 

detailed in Table 4.9.  Note that (1) minimum P value achievable with 10 000 permutations is 0.0001, and (2) S10...S13 provides the most convincing evidence for 

association with high myopia among all 91 windows tested. 



 

138 

 

Table 4.9 Details of significant VIPR2 haplotypes identified by exhaustive sliding-window strategy. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

Haplotypes Case Freq. Control Freq Odds ratio Pa Paemp  Case Freq. Control Freq Odds ratio Pa Paemp 

S11 (rs2071625)            

Omnibus - - - - -  - - - 0.0016 0.0263 

G (2) - - - - -  0.2414 0.3500 0.61 0.0016 0.1494 

A (1) - - - - -  0.7586 0.6500 1.64 0.0016 0.1494 

S10...S11 (rs2071623-rs2071625)       

Omnibus - - - 1.82×10
-5

 0.0003  - - - 3.48×10
-5

 0.0005 

GG (12) 0.0760 0.1557 0.42 6.37×10
-5 

0.0046  0.0687 0.1583 0.34 0.0002 0.0141 

GA (11) 0.5789 0.4630 1.45 0.0009 0.0915  0.6124 0.4600 1.71 8.13×10
-5

 0.058 

S11...S13 (rs2071625-rs2730220-rs885863)       

Omnibus - - - 5.93×10
-7

 0.0001  - - - 1.77×10
-6

 0.0001 

GGG (211) 0.0931 0.1734 0. 50 5.88×10
-5

 0.0239  0.0737 0.1786 0.32 3.43×10
-5

 0.0030 

AGA (112) 0.0215 0.0686 0.24 0.0006 0.0568  0.0143 0.0649 0.09 0.0018 0.1642 

AGG (111) 0.6528 0.5519 1.45 0.0024 0.2309  0.7034 0.5589 1.78 0.0002 0.0110 

AAG               (121) - - - - -  0.0439 0.0244 2.37 0.0355 0.9910 

S10...S13 (rs2071623- rs2071625-rs2730220-rs885863)       

Omnibus - - - 8.47×10
-8 

0.0001
 

 - - - 1.99×10
-5 

0.0001 

GGGG (1211) 0.0311 0.1097 0.18 1.85×10
-6

 0.0001  0.0286 0.1157 0.11 2.90×10
-5

 0.0024 

AAGA (2112) 0.0165 0.0639 0.14 7.15×10
-5

 0.0049  0.0122 0.0646 0.05 0.0007 0.0627 

GAGG (1111) 0.5510 0.4448 1.40 0.0032 0.3093  0.6009 0.4468 1.67 0.0131 0.0002 

S09...S13 (rs6950938-rs2071623- rs2071625-rs2730220-rs885863)       

Omnibus - - - 3.10×10
-6 

0.0002
 

 - - - 6.74×10
-5 

0.0010 

GGGGG (11211) 0.0195 0.0883 0.12 6.71×10
-6 

0.0004
 

 0.0226 0.0964 0.07 5.82×10
-5

 0.0044 

AAAGA (22112) 0.0060 0.0343 0.06 0.0021 0.2074  0.0064 0.0346 0.08 0.0199 0.9148 

AGAGG (21111) 0.0966 0.0507 2.23 0.0040 0.3748  0.1113 0.0541 2.56 0.0016 0.1444 

GAAGA (12112) 0.0116 0.0312 0.20 0.0124 0.8109  0.0060 0.0315 0.01 0.0160 0.8510 

AGGGG (21211) 0.0103 0.0235 0.20 0.0245 0.9705  - - - - - 
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Table 4.9 Details of significant VIPR2 haplotypes identified by exhaustive sliding-window strategy 
a
 (Continued) 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

Haplotypes Case Freq. Control Freq Odds ratio Pa Paemp  Case Freq. Control Freq Odds ratio Pa Paemp 

GGAGG          (11111) - - - - -  0.5164 0.4092 1.39 0.0158 0.8487 

S08…S13 (rs2540352-rs6950938-rs2071623- rs2071625-rs2730220-rs885863)       

Omnibus - - - 6.87×10
-6

 0.0003  - - - 0.0030 0.0050 

GGGGGG (111211) 0.0155 0.0874 0.08 3.29×10
-6 

0.0001  0.0215 0.1000 0.07 4.94×10
-5

 0.0040 

AAGAGG (221111) 0.0210 0.0045 59.30 0.0023 0.2290  0.0192 0.0065 6.27 0.0391 0.9942 

AGAAGA (212112) 0.0091 0.0287 0.15 0.0103 0.7421  0.0039 0.0273 <0.01 0.0171 0.8747 

AGGAGG (211111) 0.0711 0.0413 2.23 0.0106 0.7532  - - - - - 

AAAAGA (222112) 0.0025 0.0213 0.02 0.0128 0.8223  0.0046 0.0297 0.05 0.0261 0.9645 

GAGAGG (121111) 0.0806 0.0503 1.81 0.0498 0.9993  0.0923 0.0491 2.34 0.0083 0.6121 

S07...S13 (rs3793227-rs2540352-rs6950938-rs2071623- rs2071625-rs2730220-rs885863)       

Omnibus - - - 9.45×10
-6

 0.0002  - - - 0.0004 0.0057 

TGGGGGG (1111211) 0.0116 0.0811 0.07 1.32×10
-5 

0.0007  0.0139 0.0882 0.05 0.0003 0.0278 

TAAGAGG (1221111) 0.0223 0.0052 31.60 0.0036 0.3447  0.0207 0.0069 5.61 0.0500 0.9981 

TAGAAGA (1212112) 0.0053 0.0256 0.11 0.0091 0.6879  - - - - - 

CGGAGAG (2112221) 0.0170 0.0466 0.35 0.0147 0.8669  - - - - - 

TAGGAGG (1211111) 0.0668 0.0397 2.18 0.0179 0.9187  - - - - - 

TAAAAGA (1222112) 0.0006 0.0252 0.004 0.0399 0.9969  - - - - - 

TGAGAGG    (1121111) - - - - -  0.0945 0.0491 2.57 0.0048 0.4016 

TGGAAAG    (1112112) - - - - -  0.0229 0.0063 5.49 0.0249 0.9569 

TGGGAGG    (1111111) - - - - -  0.4817 0.4019 1.33 0.0441 0.9969 

S06…S13 (rs6973238-rs3793227-rs2540352-rs6950938-rs2071623- rs2071625-rs2730220-rs885863)       

Omnibus - - - 1.05×10
-4

 0.0027  - - - 0.0012 0.0185 

CTGGGGGG (11111211) 0.0137 0.0755 0.11 8.65×10
-5

 0.0061  0.0114 0.0760 0.05 0.0009 0.0785 

CTAGGAGG (11211111) 0.0865 0.0489 2.34 0.0068 0.5714  - - - - - 

CTAAAAGA (11222112) 0.0016 0.0262 0.01 0.0220 0.9552  0.0040 0.0357 0.07 0.0316 0.9839 
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Table 4.9 Details of significant VIPR2 haplotypes identified by exhaustive sliding-window strategy 
a
 (Continued) 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

Haplotypes Case Freq. Control Freq Odds ratio Pa Paemp  Case Freq. Control Freq Odds ratio Pa Paemp 

CTGAGAGG (11121111) 0.0851 0.0486 2.07 0.0272 0.9816  0.0974 0.0454 3.05 0.0018 0.1613 

CTAGAAGA (11212112) 0.0081 0.0273 0.19 0.0278 0.9833  - - - - - 

TCGGAGAG (22112221) 0.0204 0.0484 0.44 0.0457 0.9985  - - - - - 

CTGGGAGG (11111111) - - - - -  0.4916 0.3940 1.35 0.0354 0.9909 

S04…S12 (rs3793238-rs3998867-rs6973238-rs3793227-rs2540352-rs6950938-rs2071623- rs2071625-rs2730220) 

Omnibus - - - - -  - - - 0.0021 0.0354 

GCCTGGGGG (111111121) - - - - -  0.0280 0.0856 0.19 0.0029 0.2630 

GCCTGAGAG (111112111) - - - - -  0.0822 0.0394 2.84 0.0086 0.6277 

GTCTGGGAG (121111111) - - - - -  0.1276 0.0624 2.38 0.0102 0.6946 

GTCTAGAAG (121121211) - - - - -  0.0100 0.0356 0.10 0.0203 0.9197 

S04…S13 (rs3793238-rs3998867-rs6973238-rs3793227-rs2540352-rs6950938-rs2071623- rs2071625-rs2730220-rs885863) 

Omnibus - - - - -  - - - 0.0012 0.0180 

GCCTGAGAGG (1111121111) - - - - -  0.0932 0.0394 3.40 0.0022 0.2039 

GCCTGGGGGG (1111111211) - - - - -  0.0089 0.0768 0.03 0.0025 0.2269 

GTCTGGGAGG (1211111111) - - - - -  0.1265 0.0680 2.01 0.0331 0.9874 

S03…S13 (rs3828963-rs3793238-rs3998867-rs6973238-rs3793227-rs2540352-rs6950938-rs2071623- rs2071625-rs2730220-rs885863) 

Omnibus - - - - -  - - - 0.0028 0.0461 

AGCCTGGGGGG (11111111211) - - - - -  0.0042 0.0757 0.02 0.0049 0.4082 

AGCCTGAGAGG (11111121111) - - - - -  0.0888 0.0451 2.71 0.0097 0.6755 

AGTCTGGGAGG (11211111111) - - - - -  0.1260 0.0643 2.08 0.0253 0.9590 

AGTCTAGAAGA (11211212112) - - - - -  0.0024 0.0250 0.02 0.0479 0.9976 

a
 Haplotypes in the most significant sliding windows as shown in Table 4.8 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic 

P value adjusted for sex and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for sex and age). Note that haplotypes are shown in 

both ACGT and major-minor (1-2) formats.  Note that S10...S13 provides the most convincing evidence for association with high myopia among all 91 windows tested.  

The rows showing this window and its constituent haplotypes are shaded in gray. 
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4.4.3 MDR analysis for gene-gene interactions 

Among the two groups of candidate genes, significant interactions across genes were 

observed within FOS and TGFB1.  The best candidate model was identified as S03 (FOS) -

S05 (FOS) - rs4803455 (TGFB1) with an empirical P value ranged from 0.0190 to 0.0200.  

The empirical P value was generated based on 1 000 permutations. 

 

 

4.5 Discussion 

The human genome is so huge that mapping a disease-causing gene in humans is like 

looking for a needle in a haystack.  The candidate-gene approach seems to be an appropriate 

way to start with.  Animal studies have demonstrated that ocular growth is regulated by a 

local mechanism.  Once inappropriate visual experience is detected, eye growth is altered to 

compensate for it. It is hypothesized that genes responsive to the visual signals are involved 

in the earlier part of the biological pathway involved and may play a fundamental role in the 

development of high myopia.  Based on this hypothesis, five genes (EGR1, FOS, JUN, VIP 

and VIPR2) were selected as functional candidate genes for investigation in this association 

study.  With time and cost taken into account, tag SNPs were selected as the markers to test 

the association between the candidate genes and high myopia.  Therefore, common disease 

common variant (CDCV) hypothesis was assumed in this study. 

 

Using -8.00 D as the phenotypic threshold for cases, none of the markers was individually 

associated with high myopia.  To explore the effects of more extreme phenotypes, the 

threshold of cases was adjusted to -10.00D.  With a more stringent threshold, interesting 

results were obtained.  Five markers (one in FOS, and four in VIPR2) showed a nominal 

significant P value less than 0.05 (Table 4.4).  After correction for multiple testing, one of 

the markers of VIPR2, rs2071625 (S11), showed a positive association with high myopia 
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(Pemp = 0.0113; OR = 0.59 and 95% CI: 0.44 to 0.80; Tables 4.4 and 4.5).  Similar results 

were obtained after adjustment for age and sex (Paemp = 0.0176).  On the other hand, there 

were only 76 cases with spherical equivalent equal to or worse than -12.00 D.  Surprisingly, 

the effect of a more extreme phenotype outweighed the effect of reduced sample size.  A 

FOS SNP, rs7101 (S01), was found to be associated with extreme myopia (Pemp = 0.0490, 

Table 4.3) after 10 000 permutations.  One of the possible explanations for the marginal 

association was the limited sample size.  However, it was not associated with extreme 

myopia significantly after adjustment for age and sex.  In summary, VIPR2 was found to be 

associated with high myopia based on single-marker analysis. 

 

However, no significant association was detected between the other four genes (EGR1, JUN, 

FOS and VIP) and high myopia.  In fact, our data of EGR1 is complementary to those from 

another group.  EGR1 was tested for possible association with refractive error by another 

research group in China (Li et al., 2008).  It was reported that EGR1 is not associated with 

refractive error.  The difference between these two studies is that CDCV model was assumed 

in our study while common disease rare variants (CDRV) model was adopted by the other 

group.  Thus, EGR1 is unlikely to be important in the genetic susceptibility to the 

development of myopia in humans. 

 

As discussed in the introduction, myopia is an example of complex disease.  It may result 

from multiple variants.  To test if this is the case for the selected candidate genes, haplotype 

analysis was performed.  Haplotypes refers to the combination of alleles at different loci that 

are transmitted together to gametes and hence to the next generation.  As displayed by the 

LD maps, the LD relationship between the tag SNPs was low.  An exhaustive variable-sized 

sliding-window strategy was used to search for significant haplotypes by PLINK.  It is 

considered to be more powerful than single-marker analysis and LD-block-based haplotype 

analysis because all possible window sizes are tested and when the LD among SNPs is low 
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(Guo et al., 2009).  Significant haplotypes were identified in haplotype analysis of FOS and 

VIPR2.  However, no significant haplotype was found in EGR1, JUN and VIP. 

 

Five sliding windows of FOS haplotypes gave significant P value in the omnibus test after 

adjustment for age and sex.  Of these five sliding windows, the most significant association 

was obtained from the 3-SNP haplotypes of S03…S05 (rs4645869-rs4645874-rs17103109) 

(Pa = 6.4310
-5

 and Paemp = 0.0001) (Table 4.6).  The associated haplotype was protective in 

nature: ACT (211) with OR = 0.27 and Paemp = 0.0050 (Table 4.7).  With the addition of one 

more SNP (S02 or rs1063169) to form the haplotype window S02…S05, the direction of 

significant association remained the same: GACT (2211) with OR = 0.11 and Paemp = 0.0016 

(Table 4.7).  Note that the effect size was stronger even though the omnibus test result for 

S02…S05 was less impressive than that for S03…S05.  In general, the association signals 

were consistent across the S03…S05 window and the S02…S05 window for other 

haplotypes: both GTG and TGTG were protective (OR = 0.51 and 0.38, respectively) and 

both ATG and GATG were high-risk (OR = 2.05 and 9.50, respectively) (Table 4.7).  These 

association signals were less robust than ACT and GACT because they were significant only 

within their own haplotype windows (Pa <0.05 for individual haplotypes with both Pa and 

Paemp <0.05 for omnibus test), but not across all haplotypes of all possible sizes (Paemp >0.05 

for individual haplotypes). This is the first time that the association between FOS haplotypes 

and high myopia has been reported.  It is also interesting to note that the SNPs in these 

significant haplotypes are located in a low LD region (Figure 4.6) – the 3’ end of the FOS 

gene and the 3’ flanking region (Figure 4.2). 

 

Haplotype analysis of VIPR2 SNPs further supported the involvement of VIPR2 in the 

development of high myopia. Thirteen haplotype windows were associated with high 

myopia significantly in the omnibus test (Table 4.8).  The size of significant haplotype 

windows ranged from two to eight SNPS per window.  As supported by single-marker 

analysis (Table 4.4), the importance of rs2071625 (S11) was apparent because it was a 
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constituent SNP of all 13 significant haplotype windows.  In the most significantly 

associated haplotype window S10…S13, there were two protective haplotypes: GGGG 

(1211) and AAGA (2112) (Table 4.9).  Removing one SNP from (i.e., AGA) or adding one  

or two more SNPs to (i.e., AAAGA, AAAAGA, etc) the 5’ end of the AAGA haplotype 

rendered the corresponding haplotypes not significant in terms of association with high 

myopia (Paemp >0.05).  However, removing up to two SNPs from (i.e., GG and GGG) or 

adding up to four additional SNPs (i.e., GGGGG, …, and CTGGGGGG) to the 5’ end of the 

GGGG haplotype did not abolish the significant association of the corresponding haplotypes 

with high myopia (Paemp <0.05).  The 4-SNP haplotype GGGG provided the most convincing 

evidence for association (Pa = 1.8510
-6

 and Paemp = 0.0001).   Since single-marker analysis 

gave the best result when the cases were defined by a threshold of SE  -10.00 D, we also 

performed exhaustive haplotype analysis for cases defined by this threshold (-10.00 D).  

Although the most significantly associated haplotype window was different, the direction of 

association was identical (Table 4.9).  In particular, the protective S11…S13 haplotype GGG 

also provided the most convincing evidence for association with high myopia defined by  -

10.00D because removing one SNP from (i.e. GG) or adding up to four additional SNPs to 

(i.e. GGGG, …., and TGGGGGG) the 5’ end of the GGG haplotype did not remove the 

significant association of the corresponding haplotypes with high myopia (Paemp <0.05). 

 

 

The four constituent SNPs of the haplotype window S10…S13 were located at the 3’ end of 

the VIPR2 gene (Figure 4.5).  It is interesting to note that SNPs located at the 3’ end or 3’ 

flanking region of a gene may influence the expression of the corresponding gene via the 

action of microRNA (Wynendaele et al., 2010). Micro-RNAs are short RNA molecules that 

act as translational regulators.  They bind to the target messenger RNAs and cause a 

repression of gene expression by repressing translation or destroying the target mRNAs.  In 

summary, the results of single-marker and haplotype analyses of VIPR2 are consistent.  Both 
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point to the 3’ end of the VIPR2 gene. The association of VIPR2 with high myopia has not 

been previously reported in the literature. 

 

The most significant associations were provided by the haplotype window S03…S05 of the 

FOS gene (Table 4.6) and the S10…S13 haplotype window of the VIPR2 gene (Table 4.8). 

Replication is required to confirm these initial positive findings.  The significant tag SNPs 

and haplotypes should be investigated using an independent sample set (See Chapter 7).  

Once the associations are confirmed, exhaustive genotyping should be followed.  This is 

because the associated SNPs and the constituent SNPs of associated haplotypes may not be 

the casual variants due to the LD relationship between markers.  At the beginning, tag SNPs 

were selected and genotyped.  Only one SNP within the same LD block was examined.  In 

this case, the reported tag SNPs may only mirror the disease-causing allele within the same 

block.  Therefore, investigation of SNPs within the same LD block of the initial positive 

markers is important to pinpoint the true casual variants in FOS and VIPR2.  However, 

EGR1, JUN and VIP are not likely to play a role in the genetic susceptibility to the 

development of high myopia. 

 

Interactions among candidate genes were explored by MDR.  Two groups of genes were 

tested, significant interactions were observed in group one.  Interactions among genes were 

identified between FOS and TGFB1 (Section 4.4.3).  It was predicted that S03 and S05 of 

FOS would interact with rs4803455 of TGFB1.  Interestingly, TGFB1 has been reported as a 

gene involved in high myopia by our group.  The SNP rs4803455 was reported as the critical 

marker in the association (Zha et al., 2009).  It would be interesting to follow up the 

prediction by additional studies.  Such interactions may explain the mechanism underlying 

the development of refractive error. 
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It seems that a candidate-gene approach is appropriate at the beginning to search for 

associated genes.  Genes which are functionally related to ocular development were selected 

as functional candidate genes in this study.  It would be interesting to test functional 

candidate genes which may act as specific signals to trigger or stop ocular growth.  

Therefore, APOE was selected as another functional candidate gene for investigation 

(Chapter 5). 

 

 

4.5 Conclusions 

Five candidate genes were tested for the possible association with high myopia.  FOS and 

VIPR2 were found to be associated with high myopia.  On the other hand, no evidence 

supported the involvement of EGR1, JUN and VIP in the genetic susceptibility to high 

myopia in Chinese.  One SNP of VIPR2 (rs2071625) was significantly associated with high 

myopia (SE -10.00 D) (Table 4.5).  Moreover, haplotypes of FOS and VIPR2 were 

associated with high myopia significantly (Tables 4.6 and 4.8).  For gene-gene interactions, 

interactions among FOS and TGFB1 were associated with high myopia in our study. To 

conclude, this is the first time that a role of FOS and VIPR2 in the genetic susceptibility to 

high myopia has been suggested.  An independent replication is recommended to confirm 

the initial findings. 
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Chapter 5 

Evaluation of APOE as a candidate gene 

for high myopia 

 

 

5.1 Aims 

This part of the study aimed at exploring if polymorphisms of the APOE gene were involved 

in the development of refractive error in Hong Kong Chinese by a population-based 

association study. 

 

 

5.2 Introduction 

From Chapter 4, it seems that genes responsive to visual experience play a role in the 

development of refractive error.  Both FOS and VIPR2 were identified as susceptibility 

genes.  To further explore the relationship between genes responsive to visual experience 

and high myopia, polymorphisms of the APOE gene were also examined.  The APOE gene 

(Gene ID: 378; OMIM: 107741) is located at chromosome 19q13.2 and spans 3.61 kb.  It is 

known to be implicated in coronary diseases (Wu et al., 2002; Kolovou et al., 2005) and 

Alzheimer’s disease (Borgaonkar et al., 1993; Kim et al., 2009).  However, the possible role 

of APOE polymorphisms in ocular development has not been fully elucidated until recently.  

The potential role of APOE in ocular growth is mainly supported by animal studies.  In 

humans, APOE is functionally equivalent to avian Apo-AI (Dawson et al., 1986).  Visual 

experience can be classified into two signals: the GO/GROW and STOP signals (Wallman, 

1990).  GO/GROW signal triggers eye growth while STOP signal suppresses eye growth.  

Data obtained from chick studies identified Apo-AI as one of the STOP signals (Bertrand et 
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al., 2006; Lam et al., 2006).  The retinal expression data of mouse suggest an independent 

role of Apo-AI and ApoE (Kurumada et al., 2007).  ApoE was found to be the dominant 

protein in post-natal period.  It would be interesting to test if the observation from animal 

studies can be applied to humans. 

 

 

5.3 Methodology 

5.3.1 Experimental approach 

The augmented discovery sample set (Table 3.2) was used for the APOE study.  Three single 

nucleotide polymorphisms (SNPs) and the two SNPs encoding the common 2/3/4 

polymorphisms were studied. 

 

5.3.2 SNP genotyping 

Tag SNPs of APOE were slected from the International HapMap database (phase II, release 

24, build 126) with the same selection criteria described in Chapter 2 (Section 2.2.2) for Han 

Chinese population by the Tagger software.  In total, five SNPs were studied (Table 5.1). 

 

Three SNPs (rs40509, rs7412 and rs439401) were genotyped using the iPLEX GOLD assay 

on the MassARRAY technology platform (Sequenom, San Diego, CA). The genotyping was 

performed in the Genome Research Centre of a local university as a contract service.  The 

remaining two SNPs (rs429358 and rs769450) were genotyped by RFLP (Table 5.2).  The 

primer sequences are listed in Table A2 in the appendix.  The procedures of RFLP are as 

described in Chapter 2 (Section 2.2.4.1).  The specificity of PCR and the accuracy of 

genotyping were confirmed by direct DNA sequencing (Section 2.2.3.6). 
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Table 5.1 SNPs in the APOE gene and their genotyping methods. 

a
 The tag SNPs are listed sequentially from the 5’ end to the 3’ end of the sense strand of the 
APOE gene, and are also designated in this order as S01, S02, …., etc. for the sake of easy 

referencing. 

b
 RFLP stands for restriction fragment length polymorphism, and iPLEX for iPLEX Gold 

assay of the MassARRAY technology (Sequenom), which is carried out in the Genome 

Research Centre of a local university as a contract service. 

c 
These two coding SNPs (rs429358 and rs7412) define the three APOE alleles: 2, 3 and 

4. 

 

 

Gene 

Chr   

location 

SNPs 

identified by 

HapMap 

SNPs 

rs no. (sequence 

no.)
a 

Genotyping 

method
b 

No. of SNPs 

captured by tag 

SNPs (mean r
2
) 

APOE 5q31.1 Yes rs405509    (S01) iPLEX 1 (r
2
=1.00) 

  Yes rs769450    (S02) RFLP  

  No rs429358 
c
 (S03) RFLP  

  No rs7412 
c
     (S04) iPLEX  

  Yes rs439401   (S05) iPLEX 1 (r
2
=1.00) 
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Table 5.2 SNP genotyping by restriction fragment length polymorphism for APOE SNPs: 

restriction enzymes (RE) and restriction fragments. 

  Size (bp) of fragments for allele 
a 

SNP RE used Recognized by RE Not Recognized by RE 

rs769450 (S02) TasI A: 260, 155, 99 G: 415, 99 

rs429358 (S03) AflIII  T: 92, 64, 40 C: 156, 40 

a 
The allele that is recognized by a particular restriction enzyme (RE) gives two 

characteristic fragments (in boldface), which are produced by cleavage of a longer 

fragment (also in boldface) for the allele that is not recognized by the RE. The fragment 

(in regular font) present in both alleles is the one produced by the cleavage of an internal 

restriction site. 
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5.3.3 Statistical analysis 

The frequencies of alleles and genotypes were tested for significant difference between cases 

and controls as described previously (Section 2.2.5.3).  PLINK was used for haplotype 

analysis by means of exhaustive variable-sized sliding-window approach (Section 2.2.5.3). 

 

 

5.4 Results 

The ocular data of all individuals in the augmented discovery sample set are described in 

Chapter 3 (Table 3.2).  In this APOE study, 356 cases and 356 controls were used.  Similar 

to the previous chapter, the tag SNPs were designated as S01 to S05 from the 5’ end of 

APOE for the sake of easy referencing (Table 5.1).  The chromosomal locations of the 

examined SNPs are shown in Figure 5.1. 

 

5.4.1 Testing for HWE 

The genotype data of all markers were collected with an average genotyping success rate of 

over 96% (Table 5.3).  A summary of genotype counts and minor allele frequencies is also 

shown in Table 5.3.  All markers were in HWE in controls, and hence were included for 

association analysis. 

 

5.4.2 Single-marker analysis 

Using -8.00D, -10.00D and -12.00D as phenotypic threshold for cases, none of the APOE 

markers was significantly associated with high myopia (Table 5.4).  Similar results were 

obtained after adjustment for age and sex. 
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5.4.3 Haplotype analysis 

One haplotype block (Block 1) was identified using solid spine of LD as the definition of 

haplotype block by Haploview.  Figure 5.2 shows the LD patterns of the five markers in 

cases and controls.  All markers were included in block 1, which spans 5 kb.  Haplotype 

analysis was performed using exhaustive search for significantly associated haplotypes of all 

possible window sizes.  After adjustment for age and sex, none of the haplotype windows 

gave a significant P value in the omnibus test.  The results of haplotype analysis of APOE by 

PLINK are shown in Table 5.5. 
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Figure 5.1 Distribution of five SNPs in the APOE locus.  The region under study spans a genomic region of 9.61 kb, starting from 50,097,879 and finishing at 

50,107,489 (genome build 36, NCBI) on chromosome 19. 
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Table 5.3 APOE: summary of genotype data for the augmented discovery sample set. 

SNP 

Genotyping 

Success 

Rate (%) 

Alleles
a
 

(1 / 2) 

Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) Cases Controls Cases Controls 

rs405509 (S01) 98.6 C / A 148/177/31 138/173/45 0.1742  0.3596  0.4946 

rs769450 (S02) 99.7 G / A 210/133/13 202/128/26 0.3301  0.2528  0.3992 

rs429358 (S03) 96.4 T / C 322/34/0 310/46/0 0.2219  0.0478  1.0000 

rs7412 (S04) 99.7 C / T 296/58/2 295/58/3 0.0871  0.0899  1.0000 

rs439401 (S05) 96.1 C / T 105/180/71 105/179/72 0.4466  0.4522  0.8311 

a
 Allele 1 is the major allele, and allele 2 the minor allele. 

 



 

155 

 

 

 

 

Table 5.4 The APOE gene: single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for the discovery sample set. 

  Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

Gene SNP P (allelic) P (genotypic)  P (allelic) P (genotypic)  P (allelic) P (genotypic) 

APOE rs405509 (S01) 0.2020 0.2249  0.1544 0.1947  0.4934 0.4104 

 rs769450 (S02) 0.2133 0.1052  0.1914 0.2525  0.3905 0.7128 

 rs429358 (S03) 0.1915 0.1915  0.1378 0.1260  1.0000 1.0000 

 rs7412 (S04) 0.9257 1.0000  1.0000 1.0000  1.0000 0.9478 

 rs439401 (S05) 1.0000 1.0000  0.7745 0.8942  1.0000 0.9878 
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Figure 5.2 The LD maps of the APOE gene.  The LD patterns in cases and controls are 

examined by Haploview.  LD values of five tag SNPs are displayed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  One haplotype block is constructed in both cases and 

controls. 
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Table 5.5 Summary of exhaustive haplotype analysis based on omnibus test for sliding 

windows of all possible sizes across 5 APOE SNPs for the discovery sample set 

with cases defined by spherical equivalent  -8.00D.
a
 

Sliding window (SW)  Sliding window with best result (omnibus test) 

SNPs/SW No. of SW  Sliding window Pa 

1 5  S03 0.0994 

2 4  S03-S04 0.2020 

3 3  S02-S03-S04 0.3170 

4 2  S01- S02-S03-S04 0.2680 

5 1  S01- S02-S03-S04-S05 0.0906 

a
 Please refer to Table 5.3 for the identity (rs number) of the APOE SNPs.  Every sliding 

window (SW) is assessed by omnibus test adjusted for sex and age to give the Pa value.  

There are a total of 15 windows (the sum of numbers in column 2).  All 15 sliding 
windows are not significant (Pa > 0.05) in the omnibus test.  Therefore, empirical P values 

(Paemp) are not shown.  Instead, for each fixed-sized sliding window, the window with the 

best result and the corresponding Pa value are indicated in the two columns on the right-

hand side.
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5.5 Discussion 

FOS and VIPR2 have been shown to be involved in the genetic susceptibility to the 

development of high myopia in Chinese (Chapter 4).  Here, the relationship between the 

APOE polymorphisms and high myopia was studied.  This is the first study to investigate the 

relationship between APOE and high myopia in a Han Chinese population with a CDCV 

approach.  Two common mutations and three tag SNPs were genotyped to investigate the 

role of APOE in development of refractive error. 

 

To compensate for the small sample size, different phenotypic thresholds were used.  The 

genotype and allele frequencies between controls and cases were compared using -8.00D, -

10.00D and -12.00D as the cut-offs for cases.  Although the phenotypic effect increased, 

none of the examined SNPs was individually associated with high myopia.  Using solid 

spine of LD as the block definition, one LD block (Block 1) was constructed by Haploview.  

PLINK was used to explore the association of APOE haplotypes and high myopia.  With the 

exhaustive search by a sliding-window strategy, no significant haplotype was identified in 

APOE.   

 

APOE (Gene ID: 378; OMIM: 107741) was considered as one of the candidate genes 

involved in the genetic susceptibility to myopia because of its antioxidant properties and 

functional equivalence to chicken Apo-AI (Dawson et al., 1986; Bhooma et al., 1997; Rose 

et al., 1998; Glickman, 2001).  Its three common alleles (ε2, ε3, and ε4) control the 

antioxidant properties of the three major isoforms of APOE (Miyata and Smith, 1996; 

Tamaoka et al., 2000).  It has been demonstrated that the E4 isoform is more sensitive to and 

hence has less protection against oxidative stress (Jofre-Monseny et al., 2007).  

Photoreceptors may be damaged with less protection against oxidative stress.  In addition, 

APOE was identified as a “STOP” signal for the development of myopia (Bertrand et al., 

2006). 
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Although polymorphisms of APOE were first studied by an Indian group (Himabindu et al., 

2006), our study was unique in terms of design and results.  First, the Indian group only 

examined the polymorphisms of the three common alleles (2/3/4) in Indians.  In our 

study, three SNPs and two common mutations were investigated in Hong Kong Chinese.   

Therefore, our study provides a better coverage of the sequence variations in the APOE gene 

in a different population.  Second, only 187 cases and 192 controls were recruited by the 

Indian group, and hence the power of the Indian study was not as high as ours.  Third, it was 

unclear whether the cases were high myopes or not since no ocular data of the subjects were 

provided.  Fourth, there was a big difference in data analysis.  The Indian group only 

compared the allele frequencies between cases and controls while our study considered 

different genetic models and also performed haplotype analysis.  Nevertheless, both single-

marker and haplotype analyses did not reveal any significant differences in frequencies of 

alleles or genotypes of markers of APOE between cases and controls (Tables 5.4 and 5.5).  

Thus, the polymorphisms of APOE were not associated with high myopia.  The overall 

findings were identical to those obtained from the Indian study (Himabindu et al., 2006).  

 

 

5.6 Conclusions 

In conclusion, APOE polymorphisms were not associated with high myopia in our Han 

Chinese population upon comprehensive analysis of single markers and haplotypes.  This 

was in line with the conclusion from a recent Indian study. 
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Chapter 6 

Association study of positional candidate 

genes for high myopia 

 

 

6.1 Aims 

This part of the study aimed at exploring if polymorphisms of ARHGEF12, COX11, DHX40, 

SEPT4 and ZNF275 were involved in the genetic susceptibility to high myopia in Hong 

Kong Chinese by a population-based association study. 

 

 

6.2 Introduction 

The functional candidate genes were studied for possible association with high myopia in 

previous chapters.  In this chapter, the polymorphisms of five positional candidate genes 

were studied.  The candidate-gene approach was used again, but this time the selection 

criteria of candidate genes were slightly different.  Two criteria were used here.  First, the 

expression of selected candidate genes should correlate with the vitreous chamber depth of 

the eye in an animal study. Second, selected candidate genes must be located within one of 

the MYP loci in humans (Table 1.6).  Monkeys provide one of the most preferred animal 

models for human diseases because of the similarity of genetic makeup and physiology 

between monkeys and humans (Gibbs et al., 2007).  In a monkey study, the expression of 

over one hundred genes correlated with the changes in vitreous chamber depth (Tkatchenko 

et al., 2006).  As mentioned in the introduction, most of the myopia cases are axial in origin 

(Meng et al., 2010).  Vitreous chamber depth is the key component contributing to the 

development of high myopia.  Therefore, it was hypothesized that genes with expression 
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patterns correlating with vitreous chamber depth and located within MYP loci would 

influence the genetic susceptibility to myopia.  Five candidate genes were chosen to test the 

above hypothesis by using a population-based association study in Hong Kong Chinese.  

Similar to the last two studies, tag SNPs were used as the genetic markers. 

 

 

6.3 Methodology 

6.3.1 Experimental approach 

The discovery sample set (Table 3.1) was used in this study.  In a way similar to previous 

studies (Chapters 4 and 5), tag SNPs were selected from the genes and the flanking regions 3 

kb upstream and downstream of the candidate genes (Section 2.2.2).  The International 

HapMap database (phase II, release 23, dbSNP build 126) was used to identify tag SNPs 

with r
2 
> 0.8 and MAF > 0.10 for the CHB population.  In total, twenty-two tag SNPs were 

selected and genotyped in this study (Table 6.1). 

 

The genotypes of sixteen tag SNPs were determined by RFLP as described previously 

(Section 2.2.4.1).  Six tag SNPs (rs503473, rs2541240, rs9890644, rs2097251 and 

rs1981446) were genotyped by unlabeled probe melting curve analysis (Section 2.2.4.2).  

The primers and probes are summarized in Table A3 in Appendix.  The restriction enzymes 

used and the expected banding patterns are shown in Table 6.2.  DNA sequencing of 

representative genotypes of each of the twenty-two tag SNPs were performed for confirming 

the specificity of PCR and genotyping methods. 

 

6.3.2 Statistical analysis 

Association analyses of all SNPs, except those of ZNF275, were investigated as described 

previously (Section 2.2.5.3).  For SNPs of ZNF275, the P values for HWE were calculated 
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Table 6.1 Positional candidate genes: tag SNPs and their genotyping methods. 

a
 The tag SNPs are listed sequentially from the 5’ end to the 3’ end of the sense strand of the 

respective gene, and are also designated in this order as S01, S02, …., etc. for the sake of easy 

referencing. 

b
 RFLP stands for restriction fragment length polymorphism, MC for unlabeled probe melting 

curve analysis. 

 

Gene 

Chr   

location 

No. of  

tag SNPs 

SNPs 

rs no. (sequence no.)
a 

Genotyping 

method
b 

No. of SNPs 

captured by tag 

SNPs (mean r
2
) 

ARHGEF12 11q23.3 5 rs7933086 (S01) RFLP 54 (r
2
=0.95) 

   rs4381380 (S02) RFLP  

   rs476636 (S03) RFLP  

   rs2305013 (S04) RFLP  

   rs503473 (S05) MC  

      

COX11 17q22 7 rs9890644 (S01) MC 23 (r
2
=0.99) 

   rs2541240 (S02) MC  

   rs4794549 (S03) RFLP  

   rs17209882 (S04) RFLP  

   rs12945393 (S05) RFLP  

   rs1802212 (S06) RFLP  

   rs4793784 (S07) RFLP  

      

DHX40 17q23.1 1 rs7209369 (S01) MC 3 (r
2
=1.00) 

      

SEPT4 17q22-q23 4 rs3744111 (S01) RFLP 4 (r
2
=0.99) 

   rs11870671 (S02) RFLP  

   rs12935851 (S03) RFLP  

   rs1057068 (S04) RFLP  

      

ZNF275 Xq28 5 rs4828775 (S01) RFLP 10 (r
2
=1.00) 

   rs2097251 (S02) MC  

   rs1981446 (S03) MC  

   rs3213466  (S04) RFLP  

   rs6627785 (S05) RFLP  
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Table 6.2 SNP genotyping by restriction fragment length polymorphism for positional 

candidate genes: restriction enzymes (RE) and restriction fragments. 

   Size (bp) of fragments for allele 
a 

Gene SNP RE used Recognized by RE Not Recognized by RE 

ARHGEF12 rs7933086 (S01) HpyF3I A: 293, 92, 50 G: 385, 50 

 rs4381380 (S02) MboII G: 98, 47, 30 A: 145, 30 

 rs476636 (S03) DraI A: 273, 167, 117 G: 440, 117 

 rs2305013 (S04) XapI A: 270, 140, 98 T: 410, 98 

     

COX11 rs4794549 (S03) MboII A: 158, 105, 54 C: 212, 105 

 rs17209882 (S04) SduI G: 189, 124, 71 C: 260, 124 

 rs12945393 (S05) HpyF3I T: 260, 170, 110 C: 430, 110 

 rs1802212 (S06) HinfI T: 156, 114, 89 G: 270, 89 

 rs4793784 (S07) AluI C: 250, 106, 78 T: 328, 106 

     

SEPT4 rs3744111 (S01) HpyF3I T: 75, 51, 31 C: 126, 31 

 rs11870671 (S02) HinfI T: 145, 90, 48 C: 235, 48 

 rs12935851 (S03) Hpy8I G: 128, 81, 45 T: 173, 81 

 rs1057068 (S04) Bsh1236I G: 112, 77, 35 A: 189, 35 

     

ZNF275 rs4828775 (S01) CaiI G: 214, 150, 127 A: 277, 214 

 rs3213466 (S04) CaiI T: 81, 50, 33 C: 131, 33 

 rs6627785 (S05) Mva1269I C: 150, 100, 50 A: 200, 100 

a 
The allele that is recognized by a particular restriction enzyme (RE) gives two 

characteristic fragments (in boldface), which are produced by cleavage of a longer 

fragment (also in boldface) for the allele that is not recognized by the RE. The fragment 

(in regular font) present in both alleles is the one produced by the cleavage of an internal 

restriction site. 
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for female controls only.  This is because ZNF275 is an X-linked gene.  All of the reported P 

values for ZNF275 were controlled for age.  LD maps were generated by Haploview as 

described previously.  Haplotype analysis of the candidate genes was conducted using 

exhaustive variable-sized sliding-window strategy (Section 2.2.5.3).  Multiple comparisons 

were corrected by 10 000 permutations.  Interactions among genes were tested by MDR 

(Section 2.2.5.5).  The candidate genes were divided into two groups based on the 

experimental expression data.  Therefore, ARHGEF12, SEPT4 and ZNF275 were grouped 

together as the positively correlated cluster (increased expression correlating with increased 

vitreous chamber depth). On the other hand, COX11 and DHX40 were grouped into the 

negatively correlated cluster (decreased expression correlating with increased vitreous 

chamber depth) for MDR analysis. 

 

 

6.4 Results 

The characteristics of all subjects in this study are presented in Chapter 3 (Table 3.1).  Note 

that the discovery sample set was used for studying the positional candidate genes – the 

same as with functional candidate genes reported in Chapter 4.  Twenty-two tag SNPs were 

selected and could capture the genetic information for 94 SNPs with a mean r
2
 0.95 (Table 

6.1).  For the sake of easy referencing, the tag SNPs were named as S01, S02, and S03 so on 

and so forth from the 5’ end of the respective candidate genes.  Figures 6.1 to 6.5 show the 

chromosomal distributions of the tag SNPs in these five candidate genes. 

 

6.6.1 Single-marker analysis 

The genotypes were all in HWE in the control group (P >0.001; Table 6.3).  Therefore, all 

SNPs were included for further analyses.  The results of single-marker analysis of the 

studied positional candidate genes are summarized in Table 6.4.  (Continued after Table 6.4) 
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Figure 6.1 Distribution of five tag SNPs in the ARHGEF12 region.  The region spans a genomic region of 158.70 kb, starting from 119,710,156 and finishing 

at 119,868,855 (genome build 36, NCBI) on chromosome 11. 
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Figure 6.2 Distribution of seven tag SNPs in the COX11 region.  The examined region spans a genomic region of 22.79 kb, starting from 54,994,668 and 

finishing at 55,043,484 (genome build 36, NCBI) on chromosome 17. 
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Figure 6.3 The position of a tag SNP in the DHX40 region.   The examined region spans a genomic region of 48.82 kb, starting from 53,949,615 and 

finishing at 55,043,484 (genome build 36, NCBI) on chromosome 17. 
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Figure 6.4 Distribution of four tag SNPs in the SEPT4 region.  The region under study spans a genomic region of 11.80 kb, starting from 53,949,615 and 

finishing at 53,967,410 on chromosome 17. 
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Figure 6.5 Distribution of five tag SNPs in the ZNF275 region.  The region under study spans a genomic region of 14.18 kb, starting from 152,259,060 and 

finishing at 152,273,239 (genome build 36, NCBI) on chromosome X. 
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Table 6.3 Positional candidate genes: summary of genotype data for the discovery sample set. 

Gene SNP 
Alleles

a
 

(1 / 2) 

Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) Case Control Cases Controls 

ARHGEF12 rs793068 (S01) G / A 130/137/33 142/131/27 0.3383 0.3083 0.8093 

 rs4381380 (S02) G / A 170/109/21 158/110/32 0.2517 0.2900 0.0759 

 rs476636 (S03) A / G 269/31/0 275/22/3 0.0517 0.0467 0.0395 

 rs2305013 (S04) T / A 220/73/7 226/65/9 0.1450 0.1383 0.1789 

 rs503473 (S05) G / A 110/147/43 137/120/43 0.3883 0.3433 0.0642 

        

COX11 rs98096044 (S01) G / C 205/81/14 200/84/16 0.1817 0.1933 0.1118 

 rs4794549 (S02) C / A 223/76/1 225/65/10 0.1300 0.1417 0.1027 

 rs17209882 (S03) G / C 135/127/38 119/140/41 0.3383 0.3700 1.0000 

 rs12945393 (S04) C / T 163/109/28 159/117/24 0.2750 0.2750 0.7844 

 rs2541240 (S05) C / T 157/113/30 170/110/20 0.2883 0.2500 0.7854 

 rs1802212 (S07) T / G 203/85/12 221/70/8 0.1817 0.1433 0.4948 

 rs4793784 (S08) T / C 200/78/22 196/88/16 0.2033 0.2000 0.1993 

        

DHX40 rs7209369 (S01) A / G 90/158/52 102/132/66 0.4367 0.4400 0.0769 

        

SEPT4 rs3744111 (S01) C / T 116/145/39 147/137/16 0.3717 0.2817 0.0361 

 rs11870671 (S02) C / T 84/135/81 101/144/55 0.4950 0.4233 0.8382 

 rs12935851 (S03) G / T 216/71/13 205/83/12 0.1617 0.1783 0.4161 

 rs1057068 (S04) G / A 81/132/87 85/153/62 0.5100 0.4617 0.7598 

        

ZNF275
b
 rs4828775 (S01) G / A 60/113/47 47/77/42 0.4705 0.4849 0.3527 

 rs2097251 (S02) C / T 148/62/10 109/46/12 0.1864 0.2096 0.0346 

 rs1981446 (S03) G / C 136/65/19 89/63/15 0.2341 0.2784 0.4422 

 rs3213466 (S04) C / T 77/87/56 57/83/27 0.4523 0.4102 0.8728 

 rs6627785 (S05) C / A 153/55/12 126/33/8 0.1795 0.1467 0.0107 

a
  Allele 1 is the major allele, and allele 2 the minor allele. 

b
 For ZFN275 SNPs, the data shown (genotype counts, minor allele frequencies and P values for HWE 

testing) are for female subjects only. 
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Table 6.4 Positional candidate genes: single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for the discovery sample set. 

   Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

Gene SNP  P (allelic) P (genotypic) Pemp 
a
  P (allelic) P (genotypic) Pemp 

a
  P (allelic) P (genotypic) Pemp 

a
 

ARHGEF12 rs7933086 (S01)  0.2666 0.5316   0.8519 0.1603   0.6938 0.8722  

 rs4381380 (S02)  0.1352 0.2558   0.3286 0.5224   0.0532 0.1953  

 rs476636 (S03)  0.6888 0.1005   0.8723 0.5112   0.0639 0.2742  

 rs2305013 (S04)  0.7405 0.6722   0.4448 0.4197   0.4373 0.5115  

 rs503473 (S05)  0.1056 0.0584 0.2232
b
  0.0504 0.0364 0.1231

b
  0.3419 0.0368 0.0831 

              

COX11 rs9896044 (S01)  0.6573 0.8773   1.0000 0.8120   0.5690 0.7529  

 rs1802212 (S02)  0.6133 0.5551   0.0543 0.1403   0.5228 0.4771  

 rs2541240 (S03)  0.2773 0.4292   0.3983 0.6427   0.0107 0.0284 0.1252 

 rs12945393 (S04)  1.0000 0.7441   1.0000 0.6689   0.8386 0.4082  

 rs17209882 (S05)  0.1521 0.2764   0.2050 0.3486   0.3952 0.6191  

 rs4764549 (S06)  0.0850 0.2257   0.6253 0.0244 0.1912
c
  0.5108 0.3342  

 rs4793784 (S07)  0.9427 0.4603   0.6676 0.9290   0.5640 0.4252  
              

DHX40 rs7299369 (S01)  0.9536 0.0929   0.7862 0.1413   0.8548 0.1300  
              

SEPT4 rs3744111 (S01)  0.0011 0.0011 0.0092
d
  0.5198 0.5586   0.4403 0.6886  

 rs11870671 (S02)  0.0149 0.0326 0.0961
c
  0.5432 0.6983   0.9487 0.8785  

 rs12935851 (S03)  0.4892 0.5323   0.7170 0.0769   0.6259 0.1045  

 rs1057068 (S04)  0.1058 0.0526   0.9463 0.8737   1.0000 0.7974  
              

ZNF275 rs4828775 (S01)  0.6631 0.5185   0.7386 0.8854   1.0000 0.9801  

 rs2097251 (S02)  0.4650 0.5691   0.9179 0.9809   0.6904 0.9368  

 rs1981446 (S03)  0.1818 0.2085   0.5720 0.5559   0.6281 0.5227  

 rs3213466 (S04)  0.2721 0.0481 0.2749
c
  0.3129 0.1012   0.5866 0.1311  

 rs6627785 (S05)  0.2418 0.4214   0.2588 0.5722   0.1897 0.4387  

a Empirical P values (Pemp) are generated by 10 000 permutations within a given gene for the best result of each SNP, and indicated only when the nominal P values are <0.05. 
b Empirical P value is generated for the dominant model, which gives the best result before correction (cases  -8.00D: P = 0.0251, &  cases  -10.00D: P = 0.0155 both for S05 of ARHGEF12). 
c Empirical P value is generated for the recessive model, which gives the best result before correction (cases  -8.00D: P = 0.0146 for S02 of SEPT4, and P = 0.0333 for S04 of ZFN275; and  

cases  -10.00D: P = 0.0160 for S06 of COX11). 
d Empirical P value is generated for the allelic model, which gives the best result before correction (cases  -8.00D: P = 0.0011 for S01 of SEPT4).
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(Continued from Section 6.6.1 Single-marker analysis) 

 

Cases: Using -8.00D as the phenotypic threshold 

None of the tag SNPs of DHX40 and COX11 was associated with high myopia significantly 

(Table 6.4).  Three SNPs showed significant nominal P values under different genetic 

models, but the significance did not survive after correction of the best result for each SNP 

by 10 000 permutations (Table 6.4): rs503473 (S05 of ARHGEF12; P = 0.0251 and Pemp = 

0.2232 for the dominant model), rs11870671 (S02 of SEPT4; P = 0.0146 and Pemp = 0.0961 

for the recessive model), and rs3213466 (S04 of ZFN275; P = 0.0333 and Pemp = 0.2749 for 

the recessive model).  Of all the tag SNPs examined for the positional candidate genes, 

rs3744111 (S01 of SEPT4) exhibited significance under the allelic model and the 

significance remained after correction for multiple comparisons: P = 0.0011 and Pemp = 

0.0092. The OR for the minor allele T was 1.56 (95% CI, 1.18 – 1.92) for the allelic  model. 

The significant association between rs3744111 (S01) of SEPT4 and high myopia was still 

observed after adjustment for sex and age (Paemp = 0.0018).  The frequency of the risk allele 

was 0.3717 in cases and 0.2817 in controls (Table 6.3). 

 

Cases: Using -10.00D as the phenotypic threshold 

The total number of cases was reduced from 300 to 174 when the threshold SE for defining 

high myopia was changed from -8.00 D to -10.00 D (Table 3.1).  Two SNPs showed 

significant association with high myopia before correction for multiple testing, but not after 

correction (Table 6.4): rs503473 (S05 of ARHGEF12; P = 0.0155 and Pemp = 0.1231 for the 

dominant model) and rs4764549 (S06 of COX11; P = 0.0160 and Pemp = 0.1912 under the 

recessive model).  In brief, none of the examined tag SNPs was associated with high myopia 

with -10.00D as the threshold.  Similar results were obtained after adjustment for age and 

sex. 
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Cases: Using -12.00 as the phenotypic threshold 

The total number of cases was reduced to 76 with this more stringent threshold.  Only two 

SNPs showed association with high myopia before correction for multiple comparisons, but 

the association signals disappeared after correction for multiple testing: rs503473 (S05 of 

ARHGEF12; P = 0.0368 and Pemp = 0.0831 for the genotypic model) and rs2541240 (S03 of 

COX11; P = 0.0107 and Pemp = 0.1252 under the allelic model).  In summary, none of the 

examined tag SNPs was associated with high myopia defined by -12.00D as the threshold.  

Similar results were obtained after adjustment for age and sex. 

 

6.6.2 Haplotype analysis 

The LD maps of ARHGEF12, COX11, SEPT4 and ZNF275 were constructed as defined by 

solid spine of LD, and are shown in Figures 6.6, 6.7, 6.8 and 6.9 respectively.  No LD map 

was constructed for DHX40 because only one tag SNP was examined.  For ARHGEF12, two 

haplotype blocks (S01-S02 and S03-S04) were constructed in the case group, which spanned 

4 and 13 kb respectively (Figure 6.6).  In the control group, one haplotype block (S01–S02–

S03) was constructed, which spanned 56 kb.  For COX11, one haplotype (S02-S03) less than 

1 kb was identified in cases, and two haplotype blocks (S02-S03 and S04-S05-S06) were 

identified in the control subjects (Figure 6.7).  For the SEPT4 locus, one haplotype block 

was constructed in both cases and controls (Figure 6.8).  They differed in size.  The one 

identified in cases was made up of two markers (S02-S03), which spanned 5kb.  However, 

the haplotype block identified in controls included all four SNPs. 

 

Since ZNF275 is on the X chromosome, the LD maps were constructed separately for female 

and male subjects.  One haplotype block (S02-S03) was identified in female case subjects, 

but not in female controls (Figure 6.9).  Two haplotype blocks were constructed in the male 

subjects, but differed in size from each other within and between the case group and the 

control group. 
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Figure 6.6 The LD maps of ARHGEF12.  The LD structure in cases and controls are 

examined by Haploview.  LD values of five tag SNPs are expressed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  Two haplotype blocks, rs7933886 (S01) – rs4381380 

(S02) and rs476636 (S03) – rs2305013 (S04), are identified in the cases.  One haplotype 

block, rs7933886 (S01) – rs4381380 (S02) – rs476636 (S03), is found in the controls. 

 



 

175 

 

 

 

 

 

 

 

 

 

Figure 6.7 The LD maps of the COX11 gene.  The LD structure in cases and controls were 

examined by Haploview.  LD values of seven tag SNPs re displayed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  One haplotype block, rs4794549 (S02) – rs17209882 

(S03), is found in the cases.  Two haplotype blocks, rs4794549 (S02) – rs17209882 (S03) 

and rs12945393 (S04) – rs2541240 (S05) – rs1802212 (S06), are identified in the controls. 
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 Figure 6.8 The LD maps of the SEPT4 gene.  The LD patterns in cases and controls are 

examined by Haploview.  LD values of four tag SNPs are expressed as r
2
.  Solid spine of LD 

is used to define a haplotype block.  One haplotype block is found in the cases and controls.  

The haplotype block identified in cases is rs11870671 (S02) – rs12935851 (S03), which 

spans 2 kb.  The haplotype block identified in controls is rs3744111 (S01) – rs11870671 

(S02) – rs12935851 (S03) –rs1057068 (S04), which spans 9 kb. 
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Figure 6.9 The LD maps of the ZNF275 gene in female (A) and male subjects (B). The LD 

patterns are examined by Haploview.  LD values of five tag SNPs are expressed as r
2
.  Solid 

spine of LD is used to define a haplotype block.  Haplotype blocks are identified, except for 

the female control individuals (upper right panel).  A haplotype block is found in female 

cases.  Two haplotype blocks are identified in the male subjects. 
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In terms of haplotype analysis, no significant haplotype block was found in for COX11.  

However, significant haplotype blocks were found in ARHGEF12, SEPT4 and ZNF275. 

 

For ARHGEF12, there were 15 sliding windows for haplotype analysis (Table 6.5).  Only 

the 5-SNP window S01…S05 (rs7933086…rs503473) gave a significant P value in the 

omnibus test (Pa = 8.32×10
-5

 and Paemp = 0.0004).  There was one high-risk haplotype 

(GGAAA or 11112) that was significant within this 5-SNP window (Pa = 0.0017) and also 

after taking into all possible haplotypes of all sizes in the 15 sliding windows (Paemp = 0.0302) 

(Table 6.6). Its odds ratio was 2.54.  In addition, there were four high-risk haplotypes (OR > 

1.00) and three protective haplotypes (OR < 1.00) that were associated with high myopia 

with the 5-SNP window (Pa <0.05), but the association signals were not robust enough to 

withstand the correction for multiple comparisons of all haplotypes of all sizes (Paemp >0.05). 

Note that the frequencies of these haplotypes were 10% or less in either cases or controls. 

 

For SEPT4, there were in total 10 sliding windows for haplotype analysis (Table 6.7).  For 

windows of any given size (1 to 4 SNPs per window), there was at least one window that 

showed significant differences in haplotype frequencies between cases and controls even 

after correction for multiple comparisons involving all 10 windows with omnibus test (Paemp 

<0.05).  In total, five haplotype windows showed significant association with high myopia.  

The most significant association was revealed by the 4-SNP haplotype S01…S04 

(rs3744111…rs1057068): Pa = 1.53×10
-8

 and Paemp = 0.0001 (Table 6.7).  In this haplotype 

window, there were one protective haplotype and two high-risk haplotypes robustly 

associated with high myopia (Paemp <0.05): CCGG (1111; OR = 0.61), CTGA (1212; OR = 

5.49) and TCGG (2111; OR = 5.46) (Table 6.8).  The protective haplotype CCGG was very 

common: 40% in cases and 52% in controls. The other two high-risk haplotypes (CTGA and 

TCGG) were much less common: 6-7% in cases and 1% in controls. 
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For ZFN275, there were a total of 15 sliding windows for haplotype analysis (Table 6.9). 

After adjustment for age, at least one haplotype window of any given fixed-size exhibited 

significant differences in haplotype frequencies between cases and controls even after 

correction for multiple comparisons (Paemp <0.05).  The most significant was the 3-SNP 

haplotype window S01…S03 (rs4828775…rs1981446): Pa = 3.85×10
-6

 and Paemp = 0.0001.  

This haplotype window carried one high-risk haplotype: ACG (211) (Pa = 0.0007, Paemp = 

0.0081 and OR = 1.86) (Table 6.10).  The frequency of this high-risk haplotype was 22% in 

cases and 14% in controls.  The positive association further extended to the 4-SNP and 5-

SNP sliding windows.  However, the magnitudes of the P values were less impressive. 

 

6.6.3 MDR analysis 

Significant interaction was observed among SEPT4 and ZNF275.  The best candidate model 

was identified as S01 (SEPT4)-S02 (SEPT4)-S01 (ZNF275) with an empirical P value 

ranged from 0.0430 to 0.0440.  The empirical P values were generated based on 1 000 

permutations. 
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Table 6.5 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of 

all possible sizes across 5 ARHGEF12 SNPs for the discovery sample set with cases 

defined by spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 5  0 - -  - - - 

2 4  0 - -  - - - 

3 3  0 - -  - - - 

4 2  0 - -  - - - 

5 1  1 S01…S05 S01…S05  S01…S05 8.32×10
-5 

0.0004 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. For instance, S01…S05 represents the sliding window S01-S02-S03-

S04-S05 (rs7933086-rs4381380-rs476636-rs2305013-rs503473).  Please refer to Table 6.3 for the 

identity (the rs numbers) of the ARHGEF12 SNPs.  Every sliding window is assessed by omnibus 

test adjusted for sex and age to give the Pa value. There are a total of 15 windows (the sum of 

numbers in column 2), and multiple comparisons are corrected by running 10 000 permutations to 

obtain an empirical P value that is also adjusted for sex and age (Paemp).  For each fixed-size 

sliding window, the most significant result is detailed in the last three columns if Paemp <0.05.  

Haplotypes in these most significant sliding windows are detailed in Table 6.6.  Note that (1) 

minimum P value achievable with 10 000 permutations is 0.0001, and (2) S01...S05 provides the 

most convincing evidence for association with high myopia among all 15 windows tested. 
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Table 6.6 Details of significant ARHGEF12 haplotypes identified by exhaustive sliding window strategy.a 

Haplotypes Freq. in cases Freq. in controls Odds ratio Pa Paemp 

S01…S05 (rs7933086-rs4381380-rs476636-rs2305013-rs503473) 

Omnibus - - - 8.32×10
-5 0.0004 

GGAAA (11112) 0.0854 0.0408 2.54 0.0017
 

0.0302 

GGATG (11121) 0.0054 0.0308 0.05 0.0120
 

0.2092 

AGAAG (21111) 0.0425 0.0185 2.82 0.0179
 

0.3004 

GAAAG (12111) 0.0528 0.0930 0.55 0.0264
 

0.4096 

AGATG (21121) 0.0253 0.0065 5.03 0.0287
 

0.4358 

AAAAA (22112) 0.0705 0.1008 0.59 0.0300
 

0.4497 

GAAAA (12112) 0.0261 0.0107 3.34 0.0487
 

0.6236 

AAATA (22122) 0.0743 0.0495 1.73 0.0491 0.6271 

a
 Haplotypes in the most significant sliding windows as shown in Table 6.5 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats. Note 

that S01...S05 provides the most convincing evidence for association with high myopia among all 

15 windows tested.  The rows showing this window and its constituent haplotypes are shaded in 

gray. 

 

 



 

182 

 

 

 

 

 

 

 

 

 

 

Table 6.7 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of 

all possible sizes across 4 SEPT4 SNPs for the discovery sample set with cases defined by 

spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 4  1 S01…S01 S01…S01  S01…S01 0.0005 0.0016 

2 3  2 S01…S02 S02…S03  S01…S02 0.0002 0.0005 

3 2  1 S01…S03 S01…S03  S01…S03 9.05×10
-8

 0.0001 

4 1  1 S01…S04 S01…S04  S01…S04 1.53×10
-8 

0.0001 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. For instance, S01…S04 represents the sliding window S01-S02-S03-

S04 (rs3744111-rs1187671-rs12935851-rs1057068).  Please refer to Table 6.3 for the identity (the 

rs numbers) of the SEPT4 SNPs.  Every sliding window is assessed by omnibus test adjusted for 

sex and age to give the Pa value. There are a total of 10 windows (the sum of numbers in column 

2), and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical 

P value that is also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most 

significant result is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most 

significant sliding windows are detailed in Table 6.8.  Note that (1) minimum P value achievable 

with 10 000 permutations is 0.0001, and (2) S01...S04 provides the most convincing evidence for 

association with high myopia among all 10 windows tested. 
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Table 6.8 Details of significant SEPT4 haplotypes identified by exhaustive sliding window strategy. 
a
 

Haplotypes Freq. in cases Freq. in controls Odds ratio Pa Paemp 

S01 (rs3744111) 

Omnibus - - - 0.0005 0.0016 

T (2) 0.3717 0.2817 1.60 0.0005
 

0.0051 

C (1) 0.6283 0.7183 0.62 0.0005
 

0.0051 

S01- S02 (rs3744111-rs11870671)   

Omnibus - - - 0.0002 0.0005 

CC (11) 0.4240 0.5369 0.64 0.0004 0.0034 

TC (21) 0.0810 0.0397 2.63 0.0020 0.0186 

TT (22) 0.2907 0.2419 1.34 0.0379 0.3766 

S01…S03 (rs3744111-rs11870671-rs12935851) 

Omnibus - - - 9.05×10
-8

 0.0001 

CTG (121) 0.0845 0.0182 4.75 4.91×10
-5

 0.0005 

CCG (111) 0.4181 0.5326 0.63 0.0003 0.0023 

TCG (211) 0.0683 0.0293 2.62 0.0032
 

0.0310
 

CTT (122) 0.1163 0.1580 0.63 0.0110 0.1064 

TTT (222) 0.0239 0.0038 12.4 0.0365
 

0.3658
 

S01…S04 (rs3744111-rs11870671-rs12935851-rs1057068) 

Omnibus - - - 1.53×10
-8

 0.0001 

CCGG (1111) 0.4019 0.5185 0.61 8.97×10
-5

 0.0009 

CTGA (1212) 0.0673 0.0128 5.49 0.0002 0.0018 

TCGG (2111) 0.0559 0.0142 5.56 0.0038 0.0330 

CTTA (1222) 0.1173 0.1613 0.61 0.0068 0.0656 

TTTA (2222) 0.0214 0.0040 8.80 0.0402 0.3978 

a
 Haplotypes in the most significant sliding windows as shown in Table 6.7 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that 

S01...S04 provides the most convincing evidence for association with high myopia among all 10 

windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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Table 6.9 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of 

all possible sizes across 5 ZFN275 SNPs for the discovery sample set with cases defined by 

spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 5  2 S02 S03  S03 0.0002 0.0010 

2 4  4 S01…S02 S03…S04  S02…S03 2.19×10
-5

 0.0003 

3 3  3 S01…S03 S03…S05  S01…S03 3.85×10
-6

 0.0001 

4 2  2 S01…S04 S02…S05  S01…S04 7.49×10
-6

 0.0002 

5 1  1 S01…S05 S01…S05  S01…S05 0.0002
 

0.0009 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. For instance, S01…S04 represents the sliding window S01-S02-S03 

(rs4828775-rs2097251-rs1981446).  Please refer to Table 6.3 for the identity (the rs numbers) of 

the ZFN275 SNPs.  Every sliding window is assessed by omnibus test adjusted for age to give the 

Pa value. There are a total of 15 windows (the sum of numbers in column 2), and multiple 

comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is 

also adjusted for age (Paemp).  For each fixed-size sliding window, the most significant result is 

detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding 

windows are detailed in Table 6.10.  Note that (1) minimum P value achievable with 10 000 

permutations is 0.0001, and (2) S01...S03 provides the most convincing evidence for association 

with high myopia among all 15 windows tested. 
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Table 6.10 Details of significant ZNF275 haplotypes identified by exhaustive sliding window 

strategy.
a
 

Haplotypes Freq. in cases Freq. in controls Odds ratio Pa Paemp 

S03 (rs1981446)      

Omnibus    0.0002 0.0010 

G (1) 0.7879 0.7478 1.64 0.0002 0.0044 

      

S02…S03 (rs2097251-rs1981446)    

Omnibus    2.19×10
-5 0.0003 

CG (11) 0.6192 0.5507 1.53 0.0005 0.0089 

      

S01…S03 (rs4828775-rs2097251-rs1981446) 

Omnibus    3.85×10
-6 0.0001 

ACG (211) 0.2181 0.1386 1.86 0.0007 0.0112 

      

S01…S04 (rs4828775-rs2097251-rs1981446-rs3213466) 

Omnibus - - - 7.49×10
-6 0.0002 

ACGT (2112) 0.1656 0.0866 2.32 0.0002 0.0032 

ACCC (2121) 0.0114 0.0363 0.20 0.0046 0.0905 

GCCC (1121) 0.0821 0.0554 1.83 0.0393 0.5846 

      

S01…S05 (rs4828775-rs2097251-rs1981446-rs3213466-rs6627785) 

Omnibus    0.0002 0.0009 

ACGTC (21121) 0.1699 0.0885 2.30 0.0002 0.0036 

ACCCC (21211) 0.0117 0.0346 0.22 0.0088 0.1660 

a
 Haplotypes in the most significant sliding windows as shown in Table 6.7 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for age. 

The last column shows the Paemp values generated by 10 000 permutations and adjusted for age. Note 

that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S01...S03 

provides the most convincing evidence for association with high myopia among all 15 windows 

tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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6.5 Discussion 

Emmetropization refers to the process of coordinating ocular growth so that the image of a 

distant object is sharply focused on the retina (Wildsoet, 1997).  It requires the balance 

between axial length and optical refractive power.  Refractive error occurs when there is an 

imbalance in the ocular components involved. The selection of candidate genes in this study 

was based on the expression data in a monkey model of induced myopia and the 

chromosomal localization within MYP loci in humans, and thus was different from that 

described in previous chapters.  Monkeys are one of the best models for studying human 

diseases because of the high similarity of genetic makeup and physiology to humans (Gibbs 

et al., 2007).  Genes with expression correlating with the changes in vitreous chamber depth 

were selected.  To strengthen the selection, only genes located on chromosomal regions for 

myopia genes in humans were studied.  Five positional candidate genes were selected and 

investigated in this part of the project: ARHGEF12, COX11, DHX40, SEPT4 and ZNF275 

(Table 6.1). 

 

Tag SNPs of the five candidate genes were examined, and positive associations were 

demonstrated.  There were one single marker (rs3744111 or S01 of SEPT4, Table 6.4) and 

many more haplotypes (Tables 6.5, 6.7 and 6.9) showing significant differences in 

allele/haplotype frequencies between cases and controls. These association signals were 

robust enough to remain significant after correction for multiple comparisons within the 

respective candidate genes.  In addition, the evidence of association with high myopia was 

more convincing for haplotypes consisting of several SNPs than for alleles of single markers, 

i.e. the P values were much smaller for haplotype analyses.  These results concur with the 

general notion that haplotype analysis is generally more powerful than single-marker 

analysis (Schaid, 2004).  These results also imply that the causal variants driving the 

association signals, if replicated and confirmed, would more likely be carried by 
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chromosomes characterized by the associated haplotypes rather than the tag SNPs being 

examined. 

 

For the ARHGEF12 gene, none of the tag SNPs was significantly associated with high 

myopia (Table 6.4). However, rs503473 (S05) did give a nominal P value less than 0.05 in 

all subset analyses based on different thresholds for defining cases.  This suggested that 

rs503473 (S05) was of particular interest.  Not expectedly, it was a constituent marker of the 

most significant and the only one 5-SNP haplotype window S01…S05 showing significant 

association with high myopia even after correction for multiple testing (Paemp = 0.004, Table 

6.5). One high-risk haplotype (GGAAA) was identified in this haplotype window: OR = 

2.54 and Paemp = 0.0302 (Table 6.6).  This is the first time that the ARHGEF12 gene has been 

implicated in the genetic susceptibility to high myopia. 

 

For the SEPT4 gene, significant association was observed between a single SNP and high 

myopia: rs3744111 (S01; Pemp = 0.0092, Table 6.4;
 
OR = 1.56 for allele T for the allelic 

model).  After adjustment for age and sex, the association became more significant (Paemp = 

0.0018).  The associated SNP (S01) is located at the 5’ end of the gene (Figure 6.4), but does 

not seem to have any predicted function (http://manticore.niehs.nih.gov/snpfunc.htm).  The 

results obtained from haplotype analysis further supported the association between SEPT4 

and high myopia.  Of all 10 haplotype windows examined by exhaustive sliding-window 

strategy, 5 showed significant association with high myopia in the omnibus test (Paemp <0.05, 

Table 6.7).  The 4-SNP sliding window S01…S04 (rs3744111…rs1057068) provided the 

most convincing evidence of association: Pa = 1.53×10
-8

 and Paemp = 0.0001.  Despite this, 

the direction of association was consistent with shorter haplotypes.  All significant 

haplotypes carrying CC (11) sub-haplotype of S01-S02 were protective in nature with OR 

less than 1.00: CC of S01…S02 (OR = 0.64 and Paemp = 0.0034), CCG of S01…S03 (OR = 

0.63 and Paemp = 0.0023) and CCGG of S01…S04 (OR = 0.61 and Paemp = 0.0009) (Table 

6.8).  Note that CC of S01-S02 was the shortest haplotype that consistently and robustly 
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signified the genetic background carrying the protective allele(s) of any putative causal 

variant(s).  All haplotypes carrying CC of S01-S02 were common: 40-42% in cases and 52-

54% in controls.  In a similar fashion, all haplotypes carrying TC (21) sub-haplotype of S01-

S02 were high-risk in nature with OR greater than 1.00: TC of S01…S02 (OR = 2.63 and 

Paemp = 0.0186), TCG of S01…S03 (OR = 2.62 and Paemp = 0.0310) and TCGG of S01…S04 

(OR = 5.56 and Paemp = 0.0330) (Table 6.8).  Interestingly, haplotypes carrying TC of S01-

S02 were much less common: 6-8% in cases and 1-4% in controls. Taking one step further, 

we also note that haplotypes carrying CTG (121) sub-haplotype of S01-S02-S03 were also 

high-risk in nature with OR greater than 1.00: CTG of S01…S03 (OR = 4.75 and Paemp = 

0.0005) and CTGA of S01…S04 (OR = 5.46 and Paemp = 0.0018).  They were not common 

either: 7-8% in cases and 1-2% in controls.  This is also the first time that the SEPT4 gene 

has been identified as a susceptibility gene for high myopia. 

 

For the ZFN275 gene, no tag SNP was associated with high myopia in single-marker 

analysis as in the case of ARHGEF12 (Table 6.4).  Of all the 15 haplotype windows 

evaluated by exhaustive variable-sized sliding-window approach, 12 were found to show 

significant differences in haplotype frequencies between cases and controls in the omnibus 

test adjusted for age and corrected for multiple comparisons (Paemp <0.05, Table 6.9).  There 

was at least one significant window among the sliding windows of any given fixed-size.  

The most significant was the 3-SNPs haplotype window S01…S03 (Paemp = 0.0001).  This 

significant haplotype window harbored one high-risk haplotype (ACG or 211 with OR = 

1.86 and Paemp = 0.0081) (Table 6.10).  The second most significant haplotype window was 

the 4-SNPs window S01…S04 (Paemp = 0.0002).  In fact, the direction of association was 

consistent.  Two high-risk and one protective haplotypes were identified.  The high-risk 

haplotypes were: ACGT (2112) (OR = 2.32) and GCCC (1121) (OR = 1.83).  On the other 

hand, the protective haplotype was: ACCC (2121) (OR = 0.20).  The direction of association 

also extended to the 5-SNPs window of S01…S05.  Haplotypes ACGTC (21121) of 

S01…S05 (OR = 2.30) and ACCCC (21211) of S01…S05 (OR = 0.22) were identified as 
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significant haplotypes.  It is also interesting to note that magnitudes of the high-risk 

haplotypes were more impressive in the 4-SNP window of S01…S04 than their 

corresponding counterparts in the 3-SNPs window S01…S03.  Similar to the case of 

ARHGEF12 and SEPT4, this is also the first time that ZFN275 has been shown to be 

associated with high myopia. 

 

In summary, significant association between high myopia and three candidate genes 

(ARHGEF12, SEPT4, and ZNF275) were established for the first time while the common 

variants of COX11 and DHX40 were unlikely to play an important role in the genetic 

susceptibility to high myopia.  To validate the preliminary positive findings, a replication 

study should be conducted using an independent sample set (see Chapter 7).  All tag SNPs of 

the most significant haplotype windows for these positive genes should be investigated in 

the follow-up study: five SNPs constituting the S01…S05 window of ARHGEF12, four 

SNPs making up the S01…S04 window of SEPT4, and three SNPs defining the S01…S03 

window of ZFN275  (Tables 6.5, 6.7 and 6.9). 

 

Up to now, the candidate-gene approach had been adopted in searching for genes associated 

with high myopia.  Of the eleven candidate genes examined, two genes (VIPR2 and SEPT4) 

showed consistent signals in both single-marker and haplotype analyses.  Significant 

haplotype windows were also identified in three genes: FOS, ARHGEF12 and ZNF275.  

From our experience, the candidate-gene approach is still appropriate for searching 

susceptibility genes at the beginning.  To validate the initial signals, replication study is 

necessary.  Therefore, replication of FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275 were 

carried out.  The details of replication study are reported in Chapter 7. 
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6.6 Conclusions 

Five positional candidate genes were tested for possible association with high myopia.  One 

tag SNP, rs3744111 (S01) of SEPT4, was associated with high myopia individually (Pemp = 

0.0092 and
 

Paemp = 0.0018).  In addition, significant haplotypes were observed in 

ARHGEF12, SEPT4 and ZNF275.  The results supported the involvement of ARHGEF12, 

SEPT4 and ZNF275 in the genetic susceptibility to high myopia.  Since these three 

associated genes are located within MYP loci in humans, it should be worth validating the 

initial positive findings with an independent sample set.  In summary, this is the first study 

to establish the association of ARHGEF12, SEPT4 and ZNF275 and high myopia in Han 

Chinese. 
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Chapter 7 

Replication of association studies 

 

 

7.1 Aims 

This part of the project aimed at replicating the preliminary positive findings obtained 

previously (Chapters 4 and 6).  Five genes (FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275) 

were followed up with an independent sample set – the replication sample set. 

 

 

7.2 Introduction 

Many genes were reported as susceptibility genes for high myopia, but very few replication 

studies have been conducted to confirm the findings.  In addition, conflicting results are very 

often obtained among studies.  One of the examples is TGFB1, which was reported as a 

susceptibility gene in 2006 (Lin et al., 2006).  Following the initial discovery, replication 

studies were conducted.  Two studies failed to replicate the results (Hayashi et al., 2007; 

Wang et al., 2009b), but two studies successfully replicated the association (Zha et al., 2009; 

Khor et al., 2010).  One of the possible reasons for such inconsistency is the heterogeneity of 

samples used in different studies.  The phenotypes of the subjects are recommended to be as 

similar as possible in order to replicate the initial findings.  In Chapters 4 and 6, FOS, VIPR2, 

ARHGEF12, SEPT4 and ZNF275 were reported as susceptibility genes involved in the 

development of high myopia.  The initial findings are validated in this chapter with an 

independent sample set collected with the same criteria of subject recruitment (Section 2.2.1). 
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7.3 Methodology 

7.3.1 SNP genotyping 

Based on the previous findings, tag SNPs showing significant results in single-marker 

analysis and tag SNPs of the most significant haplotype window for each gene in haplotype 

analysis were examined using the replication sample set.  In Chapter 4, one tag SNP 

(rs2071625 or S11) of VIPR2 was found to be associated with high myopia significantly in 

single-marker analysis.  In addition, significant associations were also obtained from the 

haplotype analyses of FOS and VIPR2.  In Chapter 6, rs3744111 (S01) of SEPT4 showed 

significant association in single-marker analysis.  Moreover, significant haplotypes were also 

observed in ARHGEF12, SEPT4 and ZNF275.  In summary, significant SNPs and SNPs 

constituting the most significant haplotype windows were followed up: S03, S04 and S05 of 

FOS (Table 4.6), S10, S11, S12 and S13 of VIPR2 (Table 4.8), S01, S02, S03, S04 and S05 

of ARHGEF12 (Table 6.5), S01, S02, S03 and S04 of SEPT4 (Table 6.7), and S01, S02 and 

S03 of ZFN275 (Table 6.9).  In total, nineteen markers were genotyped.  The corresponding 

markers of each of these five genes and genotyping methods are listed in Table 7.1. 

 

7.3.2 Statistical analysis 

The genotypes of the nineteen SNPs were collected and tested for association as described 

previously (Section 2.2.5.3).  To increase the power of the study, the discovery and the 

replication sample sets were also combined directly for analysis.  For analysis of either the 

replication sample set or the combined sample set, empirical P values were generated based 

on 10 000 permutations across all nineteen SNPs.  Meta-analysis of the five candidate genes 

was conducted using PLINK.  Imputation was performed based on the sequencing data of 

194 Asian individuals from the 1000 Genomes Project to obtain more information. 
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Table 7.1 Candidate genes and their corresponding SNPs evaluated in the replication study. 

a
 The tag SNPs are listed sequentially from the 5’ end to the 3’ end of the sense strand of 

the respective gene, and are also designated in this order as S01, S02, …., etc for the 

sake of easy referencing. Note that the sequential numbering was the same as that used 

for the initial studies (Tables 4.1 and 6.1). 

b
 RFLP stands for restriction fragment length polymorphism, and MC for unlabeled probe 

melting curve analysis. 
 

Gene 
Chr 

location 
No. of SNPs 

for follow-up 
SNPs 
rs no. (sequence no)

a 
Genotyping 

method
b 

FOS 14q24.3 3 rs4645869 (S03) MC 

   rs4645874 (S04) MC 

   rs17103109 (S05) RFLP by BSaJI 

     

VIPR2 7q36.3 4 rs2071623 (S10) MC 

   rs2071625 (S11) RFLP by NspI 

   rs2730220 (S12) RFLP by BglI 

   rs885863 (S13) RFLP by HincII 

     

ARHGEF12 11q23.3 5 rs7933086 (S01) RFLP by HpyF3I 

   rs4381380 (S02) RFLP by MboI 

   rs476636 (S03) RFLP by DraI 

   rs2305013 (S04) RFLP by XapI 

   rs503473 (S05) MC 

     

SEPT4 17q22-q23 4 rs3744111 (S01) RFLP by HpyF3I 

   rs11870671 (S02) RFLP by HinfI 

   rs12935851 (S03) RFLP by Hpy8I 

   rs1057068 (S04) RFLP by Bsh1236I 

     

ZNF275 Xq28 4 rs4828775 (S01) RFLP by HphI 

   rs2097251 (S02) MC 

   rs1981446 (S03) MC 
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7.4 Results 

The ocular data of the individuals in the replication sample set are reported in Chapter 3 

(Table 3.3).  In total, 300 cases and 300 controls were included in the replication study.  

Nineteen SNPs were selected and were designated as S01, S02, S03, etc. from the 5’ end of 

the sense strand of the respective candidate genes (Table 7.1).  Note that the sequential 

numbering was the same as that used for the initial studies (Chapters 4 and 6).  The 

chromosomal distributions of the nineteen SNPs of the five candidate genes are shown in 

Figures 4.2, 4.5, 6.1, 6.4 and 6.5. 

 

7.4.1 Replication sample set 

The genotypes of the tag SNPs in the control group were in HWE (Table 7.2).  Therefore, all 

SNP were included for subsequent analysis.  In other words, there were 19 SNPs for 

association analysis. 

 

7.4.1.1 Single-marker analysis 

With -8.00D as the phenotypic threshold, seven SNPs gave significant nominal P values in 

at least one of the five genetic models tested (Table 7.3).  Of these, only two remained 

significant after correction for multiple comparisons and adjustment for sex and age: 

rs2730220 (S12) of VIPR2 (Paemp = 0.0221, allelic model) and rs3744111 (S01) of SEPT4 

(Paemp = 0.0018, allelic model).  The minor allele was protective for rs2730220 (S12) of 

VIPR2 (OR = 0.55 and 95% confidence intervals: 0.37 – 0.82 for allele A), but high-risk for 

rs3744111 (S01) of SEPT4 (OR = 1.59 and 95% confidence intervals: 1.24 – 2.04 for allele 

T) (Table 7.4).  On the other hand, none of the SNPs in FOS and ZNF275 was found to be 

significantly associated with high myopia with cases defined as -8.00D. 
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Although the total number of cases dropped to 155 with -10.00D as the phenotypic threshold 

(Table 3.3), more SNPs showed significant association with high myopia at a nominal P 

value of 0.05 (Table 7.3).  Eight SNPs gave significant nominal P values and one of these 

survived the correction for multiple testing and the adjustment for sex and age – S01 

(rs3744111) of SEPT4 (Paemp = 0.0017, allelic test).  The minor allele was high-risk for S01 

(rs3744111) of SEPT4 (OR = 1.75 and 95% confidence intervals: 1.31 – 2.35 for allele T, 

Table 7.4) – consistent with the result for cases defined as  -8.00 D.  However, no 

significant association was observed between high myopia and the tag SNPs of FOS, VIPR2, 

ARHGEF12 and ZNF275. 

 

With cases defined by spherical equivalent equal to or worse than -12.00D, the total number 

of cases reduced to 56 (Table 3.3).  Surprisingly, five markers gave significant nominal P 

values (Table 7.3).  One of these remained significant after correction for multiple testing 

and adjustment for sex and age: rs885863 (S13) of VIPR2 (Paemp = 0.0199, allelic test).  The 

minor allele was high-risk for rs885863 (S13) of VIPR2 (OR = 2.14 and 95% confidence 

intervals: 1.36 – 3.37 for allele A, Table 7.4).  On the other hand, two of the SNPs remained 

significant after correction for multiple testing and adjustment for age: rs4828775 (S01) 

(Paemp = 0.0258, allelic test) and rs2097251 (S02) (Paemp = 0.0086, allelic test) of ZNF275. 

The minor alleles were protective for rs4828775 (S01) and rs2097251 (S01) of ZNF275 (OR 

= 0.47 and 0.22; and 95% confidence intervals: 0.30 – 0.74 and 0.10 – 0.52, respectively) 

(Table 7.4). Other SNPs did not show significant results. 

 

In summary, single-marker analysis for the replications sample set identified S12 and S13 

(rs2730220 and, rs885863) of VIPR2, S01 (rs3744111) of SEPT4, and S01 and S02 

(rs4828775 and rs2097251) of ZNF275 to be significantly associated with high myopia.  

However, none of the tag SNPs of FOS and ARHGEF12 was associated with high myopia. 
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Table 7.2 “Positive” candidate genes: summary of genotype data in the replication sample set. 

Gene SNP 

Alleles
a
 

(1 / 2) 

Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) Cases Controls Cases Controls 

FOS rs4645869 (S03) G / A 214/77/9 213/75/9 0.1583 0.1550 0.5072 

 rs4645874 (S04) C / T 235/57/8 242/55/3 0.1217 0.1017 1.0000 

 rs17103109 (S05) T / G 168/114/18 158/117/25 0.2500 0.2783 0.6660 

        

VIPR2 rs2071623 (S10) G / A 132/137/31 125/130/45 0.3317 0.3667 0.2632 

 rs2071625 (S11) A / G 145/131/24 124/134/42 0.2983 0.3633 0.5349 

 rs2730220 (S12) G / A 259/41/0 232/65/3 0.0683 0.1183 0.7804 

 rs885863 (S13) G / A 186/95/19 202/91/7 0.2217 0.1750 0.5470 

        

ARHGEF12 rs7933068 (S01) G / A 123/137/40 141/128/31 0.3617 0.3167 0.7907 

 rs4381380 (S02) G / A 152/121/27 161/111/28 0.2917 0.2783 0.1949 

 rs476636 (S03) A / G 273/27/0 279/19/2 0.0450 0.0383 0.0612 

 rs2305013 (S04) T / A 208/81/11 218/78/4 0.1717 0.1433 0.4778 

 rs503473 (S05) G / A 96/143/61 125/128/47 0.4417 0.3700 0.1390 

        

SEPT4 rs3744111 (S01) C / T 121/139/40 161/119/20 0.3650 0.2650 0.8821 

 rs11870671 (S02) C / T 67/156/77 85/158/57 0.5167 0.4533 0.2970 

 rs12935851 (S03) G / T 204/92/4 196/96/8 0.1667 0.1867 0.4477 

 rs1057068 (S04) G / A 63/160/77 79/157/64 0.5233 0.4750 0.4198 

        

ZNF275
b
 rs4828775    (S01) G / A 74/97/37 43/89/42 0.4111  0.4971  0.8795 

 rs2097251 (S02) C / T 138/63/9 110/56/12 0.1929  0.2247  0.1982 

 rs1981446 (S03) G / C 123/73/14 99/64/15 0.2405  0.2640  0.3352 

a
 Allele 1 is the major allele, and allele 2 the minor allele. 

b
  For ZFN275 SNPs, the data shown (genotype counts, minor allele frequencies and P values for HWE 

testing) are for female subjects only. 
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Table 7.3 FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275: Single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for the replication sample set. 

 Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

Gene SNP P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b 

FOS rs4645869 (S03) 1.0000 1.0000    1.0000 0.7712    0.7779 0.8789   

 rs4645874 (S04) 0.2725 0.3023    0.7320 0.6918    0.1369 0.0785   

 rs17103109 (S05) 0.2653 0.4636    0.2678 0.5173    0.5661 0.8133   
                

VIPR2 rs2071623 (S10) 0.2260 0.2406    0.2731 0.3913    0.9150 1.0000   

 rs2071625 (S11) 0.0166 0.0372 0.4021c 0.2091  0.0386 0.0431 0.4437c 0.2943  0.1959 0.3504   

 rs2730220 (S12) 0.0038 0.0049 0.1182d 0.0221  0.0280 0.0880 0.5598d 0.1714  0.4220 0.7579   

 rs885863 (S13) 0.0427 0.0394 0.3984c 0.4429  0.0111 0.0240 0.2817d 0.1236  0.0017 0.0015 0.0445d 0.0199 
                

ARHGEF12 rs7933086 (S01) 0.1268 0.2909    0.2977 0.3259    0.5104 0.4858   

 rs4381380 (S02) 0.7007 0.6819    0.5357 0.4583    0.7319 0.8435   

 rs476636 (S03) 0.5671 0.1714    0.8579 0.4587    0.7901 0.6874   

 rs2305013 (S04) 0.1784 0.1634    0.0699 0.1131    0.7717 0.3769   

 rs503473 (S05) 0.0158 0.0451 0.3843 0.4050  0.0151 0.0133 0.1174e 0.3658  0.0718 0.1832   
                

SEPT4 rs3744111 (S01) 0.0002 0.0010 0.0090d 0.0018  0.0002 0.0007 0.0067 0.0017  0.0387 0.0529 0.5667 0.3823 

 rs11870671 (S02) 0.0324 0.0775 0.6257d 0.2132  0.0173 0.0414 0.3936d 0.0989  0.0631 0.1260 0.8177d 0.4491 

 rs12935851 (S03) 0.4052 0.4779    0.7172 0.8990    0.7932 0.3752   

 rs1057068 (S04) 0.1056 0.2227    0.0501 0.1215 0.7117d 0.3298  0.2579 0.4533   
                

ZNF275 rs4828775    (S01) 0.0235 0.0604 0.0523 0.0909f  0.0168 0.0391 0.3191 0.0818f  0.0044 0.0060 0.0579 0.0258f 

 rs2097251 (S02) 0.2460 0.3960    0.4070 0.5115    0.0003 0.0034 0.0101 0.0086f 

 rs1981446 (S03) 0.5066 0.7560    0.4955 0.5501    0.7825 0.3150   

a Empirical P value generated by 10 000 permutations based on the best test across all 19 SNPs, and indicated only when the nominal P values are <0.05.  
b Empirical P value generated by 10 000 permutations based on the allelic model across all 19 SNPs and adjusted for sex and age, and indicated only when the nominal P values are <0.05. 
c Empirical P value is generated based on the recessive model, which gives the best result before correction. 
d Empirical P value is generated based on the allelic model, which gives the best result before correction. 
e Empirical P value is generated based on the dominant model, which gives the best result before correction. 
f P values adjusted for age only and generated by 10 000 permutations based on the allelic test across 19 SNPs, and indicated only when the nominal P values are <0.05. 
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Table 7.4 Significant association of VIPR2, SEPT4 and ZNF275 with high myopia: details of statistics for the replication sample set. 

Characteristic / Statistic Information / Result 

Gene VIPR2 VIPR2  SEPT4 SEPT4  ZNF275 ZNF275 

SNP 
rs2730220 

(S12) 
rs885863 

(S13) 
 

rs3744111 

(S01) 
rs3744111 

(S01) 
 

rs4828775 

(S01) 
rs2097251 

(S02) 

Spherical equivalent threshold for cases -8.00 D -12.00 D  -8.00 D -10.00 D  -12.00D -12.00 D 

Allelic single-marker association analysis:
a
 P 0.0038 0.0017  0.0002 0.0002  0.0044 0.0003 

 Pemp 0.1182 0.0445  0.0090 0.0067  0.0579 0.0101 

 Pa 0.0017 0.0017  0.0001 0.0002  0.0020
b 0.0008 

b 

 Paemp 0.0221 0.0199  0.0018 0.0017  0.0258
 b 0.0086

 b 

Odds  ratio (major allele as the reference) 0.55 2.14  1.59 1.75  0.47 0.22 

95% Confidence intervals 0.37 - 0.82 1.36 - 3.37  1.24 - 2.04 1.31 - 2.35  0.30 – 0.74 0.10 - 0.52 

a
  Single-marker association analysis is performed under the allelic model by chi-square test to give P or Pemp values (without or with correction for multiple comparisons 

by 10 000 permutations), and by logistic regression with adjustment for sex and age to give Pa or Paemp values (without or with correction for multiple comparisons by 10 

000 permutations).  Note that permutation of the case-control status is carried for all 19 SNPs. 
b 

Single-marker association analysis is performed under the allelic model by logistic regression with adjustment for age only to give Pa or Paemp values (without or with 

correction for multiple comparisons by 10 000 permutations). Note that permutation of the case-control status is carried for all 19 SNPs.. 
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7.4.1.2 Haplotype analysis 

The LD maps of FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275 of the replication sample 

set were constructed by Haploview, and solid spine of LD was used to define a haplotype 

block.  The LD values between the examined SNPs were expressed as r
2
.  The maps are 

shown in Figures 7.1, 7.2, 7.3, 7.4 and 7.5 respectively. 

 

For the FOS gene, only one haplotype block, starting from rs4645874 (S04) and finishing at 

rs17103109 (S05), was found in the controls (Figure 7.1).  For the VIPR2 gene, no haplotype 

block was identified in the cases and the controls, and the LD relationships between the four 

SNPs examined were weak (Figure 7.2).  For the ARHGEF12 gene, one haplotype block was 

identified each in the cases and the controls (Figure 7.3).  In cases, the haplotype block 

covered an 81-kb region, starting at rs4381380 (S02) and finishing at rs503473 (S05).  In 

controls, the haplotype block was 70-kb in size, starting at rs7933086 (S01) and finishing at 

rs2305013 (S04).  For the SEPT4 gene, the same single haplotype block was identified in the 

cases and the controls separately (Figure 7.4).  It started at rs3744111 (S01) and finished at 

rs1057068 (S04), about 9kb in size.  Since ZNF275 lies on X chromosome, the LD maps 

were constructed separately for female and male subjects (Figure 7.5).  Interestingly, one 

haplotype block was identified in both female and male subjects.  The block started at 

rs4828775 (S02) and finished at rs1981446 (S03).   
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Figure 7.1 The LD maps of FOS in the replication study.  The LD structures in cases and 

controls are examined by Haploview.  LD values of the three tag SNPs are displayed as r
2
.  

Solid spine of LD is used to define a haplotype block.  No haplotype block is identified in 

the cases.  One haplotype block, rs4645874 (S04) – rs17103109 (S05), is found in the 

controls. 
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Figure 7.2 The LDs maps of VIPR2 in the replication study.  The LD structures in cases and 

controls are examined by Haploview.  LD values of the four tag SNPs are displayed as r
2
.  

Solid spine of LD is used to define a haplotype block.  No haplotype block is identified in 

the cases and the controls.  
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Figure 7.3 The LD maps of ARHGEF12 in the replication study.  The LD structures in cases 

and controls are examined by Haploview.  LD values of the five tag SNPs displayed as are r
2
.  

Solid spine of LD is used to define a haplotype block.  Haplotype blocks are identified in 

cases and controls.  One haplotype block, rs4381380 (S02) – rs476636 (S03) – rs2305013 

(S04) – rs503473 (S05), is found in the cases.   On the other hand, rs7933086 (S01) - 

rs4381380 (S02) – rs476636 (S03) – rs2305013 (S04), is found in the controls.  Haplotype 

blocks span 81kb and 70kb in the cases and controls respectively.    
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Figure 7.4 The LD maps of SEPT4 in the replication study.  The LD structures in cases and 

controls are examined by Haploview.  LD values of the four tag SNPs are displayed as r
2
.  

Solid spine of LD is used to define a haplotype block.  Haplotype blocks, rs3744111 (S01) – 

rs11870671 (S02) – rs12935851 (S03) – rs1057068 (S04), are identified in the cases and the 

controls.  The haplotype block spans 9kb. 
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Figure 7.5 The LD maps of ZNF275 in the replication study.  Figure A represents the LD 

relationship of the three tag SNPs in female subjects.  Figure B represents the LD 

relationship of the three tag SNPs in male subjects.  The LD structures in cases and controls 

were examined by Haploview.  LD values of the three tag SNPs displayed as are r
2
.  Solid 

spine of LD is used to define a haplotype block.  One haplotype block, rs482875 (S01) - 

rs2097251 (S02) – rs1981446 (S03), is found in the female and male subjects.     
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In Chapter 4, haplotype analysis of VIPR2 SNPs was performed for cases defined by two SE 

thresholds (-8.00D and -10.00D) (Table 4.8).  For the sake of consistency, haplotype 

analysis was also conducted for cases defined by these two thresholds for the five putatively 

positive genes studied in this Chapter (Table 7.5).  After correction for multiple comparisons 

(47 windows) and adjustment for age and sex (only for age for ZNF275), haplotype windows 

of VIPR2, ARHGEF12, SEPT4 and ZNF275 gave significant P values (Paemp <0.05) in the 

omnibus test.  However, none of the windows of FOS was associated with high myopia 

significantly.  The results were consistent for cases defined by different SE thresholds (-

8.00D and -10.00D). 

 

For VIPR2, three haplotype windows (1-SNP, 2-SNP and 4-SNP) were found to be 

significantly associated with high myopia defined as -8.00D, but only one 4-SNP haplotype 

window was found to be significantly associated with high myopia defined as  -10.00D 

(Table 7.5).  Although the total number of significant windows were different with  -8.00D 

and -10.00D as the cut-offs for cases, the most significant window was the same 4-SNP 

window S10…S13 (rs2071623...rs885863): Pa = 1.15×10
-5

 and 0.0001, and Paemp = 0.0003 

and 0.0022 for using -8.00D and -10.00D as the cut-offs, respectively (Table 7.5).  In this 

significant window, the same high-risk haplotype GAGA (1112) was the most significant for 

cases defined by these two thresholds: OR = 14.40, Pa = 1.30×10
-6

 and Paemp = 0.0001 for 

cases -8.00D, and OR = 17.30, Pa = 1.05×10
-6

 and Paemp = 0.0001 for cases -10.00D 

(Table 7.6).   The frequencies of GAGA were also very similar for cases of high myopia 

defined by these different thresholds: ~8% in cases and ~1% controls.  For cases -8.00D, 

other high-risk and protective haplotypes were found to be significant within this 4-SNP 

window, but not upon correction for multiple comparisons involving all haplotypes of all 

possible sizes for these 5 candidate genes. 
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Table 7.5 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of all possible sizes across SNPs in  FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275 for the replication 

sample set with cases of high myopia defined by spherical equivalent  -8.00D or  -10.00D. a 

 
Sliding Window 

(SW) 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

 SW with significant omnibus test Paemp <0.05  The most significant result  SW with significant omnibus test Paemp <0.05  The most significant result 

Gene SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp  No. of SW First SW Last SW  SW Pa Paemp 

FOS 1 3  0 - -  - - -  0 - -  - - - 

 2 2  0 - -  - - -  0 - -  - - - 

 3 1  0 - -  - - -  0 - -  - - - 
                   

VIPR2 1 4  1 S12…S12 S12…S12  S12…S12 0.0017 0.0335  0 - -  - - - 

 2 3  1 S11…S12 S11…S12  S11…S12 0.0010 0.0182  0 - -  - - - 

 3 2  0 - -  - - -  0 - -  - - - 

 4 1  1 S10…S13 S10…S13  S10…S13 1.15×10-5 0.0003  1 S10…S13 S10…S13  S10…S13 0.0001 0.0022 
                   

ARHGEF12 1 5  0 - -  - - -  0 - -  - - - 

 2 4  1 S01…S02 S01…S02  S01…S02 1.01×10-9 0.0001  1 S01…S02 S01…S02  S01…S02 2.38×10-7 0.0001 

 3 3  1 S01…S03 S01…S03  S01…S03 5.25×10-9 0.0001  1 S01…S03 S01…S03  S01…S03 2.78×10-6 0.0001 

 4 2  1 S01…S04 S01…S04  S01…S04 1.73×10-7 0.0001  1 S01…S04 S01…S04  S01…S04 3.71×10-5 0.0007 

 5 1  1 S01…S05 S01…S05  S01…S05 2.60×10-9 0.0001  1 S01…S05 S01…S05  S01…S05 4.55×10-7 0.0001 
                   

SEPT4 1 4  1 S01…S01 S01…S01  S01…S01 0.0001 0.0032  1 S01…S01 S01…S01  S01…S01 0.0002 0.0029 

 2 3  1 S01…S02 S01…S02  S01…S02 0.0007 0.0140  1 S01…S02 S01…S02  S01…S02 0.0007 0.0118 

 3 2  0 - -  - - -  0 - -  - - - 

 4 1  0 - -  - - -  0 - -  - - - 
                   

ZNF275 1 3  1 S01...S01 S01…S01  S01…S01 0.0003 0.0061  1 S01...S01 S01…S01  S01…S01 0.0002 0.0027 

 2 2  1 S01…S02 S01…S02  S01…S02 0.0009 0.0181  1 S01…S02 S01…S02  S01…S02 0.0004 0.0070 

 3 1  1 S01…S03 S01…S03  S01…S03 0.0007 0.0143  0 - -  - - - 

a Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last SNP of the sliding window. For instance, S10…S13 of VIPR2 represents the sliding window S10-S11-S12-S13 (rs2071623- 

rs2071625-rs2730220-rs885863).  Please refer to Table 7.2 for the identity (the rs numbers) of the SNPs.  Every sliding window is assessed by omnibus test adjusted for sex and age to give the Pa value (except for ZNF275, only 
adjusted for age). There are a total of 47 windows (the sum of numbers in column 3), and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is also adjusted for sex and age (Paemp).  

For each fixed-size sliding window, the most significant result is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding windows are detailed in Tables 7.6 to 7.9.  Note that (1) minimum P 
value achievable with 10 000 permutations is 0.0001, and (2) the most significant window of each gene is indicated in boldface for easy tracking. 
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Table 7.6 Details of significant VIPR2 haplotypes identified by exhaustive sliding window strategy for the replication sample set with cases of high myopia defined by 

spherical equivalent  -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

VIPR2 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S12 (rs2730220)       

Omnibus - - - 0.0017 0.0335  - - - - - 

G (1) 0.9314 0.8817 1.95 0.0071 0.0788  - - - - - 

A (2) 0.0686 0.1183 0.51 0.0071 0.0788  - - - - - 

S11…S12 (rs2071625-rs2730220)         

Omnibus - - - 0.0001 0.0182  - - - - - 

AG (11) 0.6491 0.5502 1.56 0.0003 0.0141  - - - - - 

AA (12) 0.0533 0.0865 0.51 0.0105 0.4081  - - - - - 

GA (22) 0.0153 0.0319 0.27 0.0197 0.6320  - - - - - 

S10…S13 (rs2071623-rs2071625-rs2730220-rs885863)       

Omnibus - - - 1.15×10
-5

 0.0003  - - - 0.0001 0.0022 

GAGA (1112) 0.0733 0.0164 14.40 1.30×10
-6

 0.0001  0.0809 0.0143 17.30 1.05×10
-6

 0.0001 

GGGA (1212) 0.0273 0.0050 82.50 0.0011 0.0528  - - - - - 

AAAG (2121) 0.0402 0.0696 0.47 0.0124 0.4663  - - - - - 

AAGG (2111) 0.1257 0.0800 1.73 0.0127 0.4757  - - - - - 

AGAG (2221) 0.0085 0.0200 0.16 0.0271 0.7451  - - - - - 

GGGG (1211) 0.1764 0.2221 0.72 0.0383 0.8554  - - - - - 

a
 Haplotypes in the most significant sliding windows of the VIPR2 gene as shown in Table 7.5 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, 

where Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as 

shown in Table 7.5 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S10...S13 provides the most 

convincing evidence for association with high myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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For ARHGEF12, significant haplotype windows were also successfully identified using the 

replication samples set.  Of the four significant windows, the 2-SNP window S01…S02 

(rs7933086…rs4381380) demonstrated the most significant association: Pa = 1.01×10
-9 

and 

2.38×10
-7

, Paemp = 0.0001 and 0.0001 for using -8.00D and -10.00D as the cut-offs for cases, 

respectively (Table 7.5).  For the full replication sample set (cases -8.00D), this 2-SNP 

window carried three significant haplotypes (Paemp <0.05):  two high-risk and one protective 

(Table 7.7).  The high-risk haplotypes were: AG (21) (OR = 2.70 and Pa = 1.01×10
-6

) and 

GA (12) (OR = 2.70 and Pa = 3.33×10
-5

).  The protective haplotype was GG (22) (OR = 0.66 

and Pa = 0.0005).  Very similar results were obtained for the subset of the replication sample 

set with cases -10.00D except that the P values were less impressive (i.e., slightly larger) 

and there were only two significant haplotypes (both high-risk).  In addition, respective 

haplotype frequencies in cases and controls were also very similar in the full sample set and 

the subset with cases -10.00D. 

 

For SEPT4, two windows gave significant P values in the omnibus test with high myopia 

defined as -8.00D or -10.00D (Table 7.5).  Of the two significant windows, the 1-SNP 

window S01 (rs3744111) demonstrated a more significant association (Pa = 0.0001
 
and 

0.0002, Paemp = 0.0032
 

and 0.0029 for using -8.00D and -10.00D as the cut-offs, 

respectively).  The significant association extended to the 2-SNP haplotype window 

S01...S02 (rs3744111…rs11870671): Pa = 0.0007 and 0.0007, Paemp = 0.0154 and 0.0118 for 

using -8.00D and -10.00D as the cut-offs, respectively.  The minor allele and the haplotype 

carrying the minor alleles of the constituent SNPs were high-risk: OR = 1.63 for allele T (2) 

of S01, and OR = 1.55 for TT or 22 of S01…S02 (Table 7.8).  The major allele and the 

haplotype carrying the major alleles of the constituent SNPs were protective: OR = 0.61 for 

allele C (1) of S01 and OR = 0.71 for CC (11) of S01…S02.  These haplotypes were mostly 

significant (Paemp <0.05) in the full replication sample set, but not for the subset with cases  

-10.00D. 
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Table 7.7 Details of significant ARHGEF12 haplotypes identified by exhaustive sliding window strategy for the replication sample set with cases of high myopia defined 

by spherical equivalent  -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

ARHGEF12 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S01…S02 (rs7933086-rs4381380)       

Omnibus - - - 1.01×10
-9

 0.0001  - - - 2.38×10
-7

 0.0001 

AG (21) 0.1716 0.0735 2.70 1.01×10
-6

 0.0001  0.1569 0.0697 2.70 3.33×10
-5

 0.0013 

GA (12) 0.1014 0.0351 2.58 0.0003 0.0140  0.1053 0.0314 2.60 0.0007 0.0277 

GG (22) 0.5391 0.6482 0.66 0.0005 0.0239  0.5431 0.6519 0.66 0.0048 0.1931 

AA (11) 0.1879 0.2432 0.68 0.0095 0.3768  0.1947 0.2469 0.69 0.0332 0.7837 

S01…S03 (rs7933086-rs4381380-rs476636)         

Omnibus - - - 5.25×10
-9

 0.0001  - - - 2.78×10
-6

 0.0001 

AGA (211) 0.1641 0.0727 2.64 3.62×10
-6

 0.0001  0.1430 0.0688 2.52 0.0002 0.0099 

GAA (121) 0.0984 0.0314 3.00 0.0002 0.0078  0.1040 0.0279 3.08 0.0003 0.0143 

GGA (111) 0.5216 0.6238 0.66 0.0007 0.0308  0.5337 0.6268 0.69 0.0113 0.4069 

AAA (221) 0.1885 0.2423 0.68 0.0098 0.3885  0.1981 0.2464 0.69 0.0401 0.8431 

S01…S04 (rs7933086-rs4381380-rs476636-rs2305013)       

Omnibus    1.73×10
-7

 0.0001     3.71×10
-5

 0.0007 

AGAA (2111) 0.1585 0.0676 2.83 2.03×10
-6

 0.0001  0.1358 0.0637 2.66 0.0002 0.0090 

GAAA (1211) 0.5245 0.6272 0.67 0.0010 0.0467  0.5374 0.6304 0.70 0.0142 0.9993 

AAAA (2211) 0.0718 0.1143 0.53 0.0044 0.1951  0.0680 0.1168 0.48 0.0077 0.3027 

GAAT (1212) 0.0515 0.0044 62.50 0.0096 0.329  0.0554 0.0026 122.00 0.0206 0.4815 

S01…S05 (rs7933086-rs4381380-rs476636-rs2305013-rs503473)       

Omnibus - - - 2.60×10
-9

 0.0001  - - - 4.55×10
-7

 0.0001 

AGAAG (21111) 0.0917 0.0128 12.90 2.58×10
-6

 0.0001  0.0730 0.0084 13.00 2.05×10
-5

 0.0008 

GGAAG (11111) 0.4600 0.5952 0.62 4.53×10
-3 

0.0017  0.4677 0.6007 0.62 0.0008 0.0347 

GAAAA (12112) 0.0387 0.0083 8.74 0.0011 0.0484  0.0357 0.0020 89.60 0.0139 0.4730 

AAAAA (22112) 0.0649 0.1099 0.49 0.0023 0.1087  0.0583 0.1125 0.41 0.0031 0.01319 

GAATA (12122) 0.0502 0.0034 97.60 0.0093 0.3707  0.0559 0.0013 331.00 0.0418 0.8534 

GGAAA (11112) 0.0634 0.0387 1.82 0.0409 0.8737  0.0727 0.0391 2.04 0.0268 0.7092 

a
 Haplotypes in the most significant sliding windows of the ARHGEF12 gene as shown in Table 7.5 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, 

where Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as 

shown in Table 7.5 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S01...S02 provides the most 

convincing evidence for association with high myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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Table 7.8 Details of significant SEPT4 haplotypes identified by exhaustive sliding window strategy for the replication sample set with cases of high myopia 

defined by spherical equivalent  -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

SEPT4 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S01 (rs3744111)       

Omnibus - - - 0.0001 0.0032  - - - 0.0002 0.0029 

T (2) 0.3645 0.2650 1.63 0.0001 0.0060  0.3871 0.2650 1.78 0.0002 0.0039 

C (1) 0.6355 0.7350 0.61 0.0001 0.0060  0.6129 0.7350 0.56 0.0002 0.0039 

S01…S02 (rs3744111-rs11870671)         

Omnibus - - - 0.0007 0.0154  - - - 0.0007 0.0118 

TT (22) 0.3548 0.2626 1.55 0.0007 0.0316  0.3770 0.2638 1.67 0.0008 0.0353 

CC (11) 0.4753 0.5452 0.71 0.0047 0.2089  0.4525 0.5459 0.63 0.0021 0.0926 

a
 Haplotypes in the most significant sliding windows of the SEPT4 gene as shown in Table 7.5 are detailed here. Only haplotypes with Pa <0.05 are listed in 

the table, where Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 

sliding windows tested as shown in Table 7.5 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  

Note that S01 provides the most convincing evidence for association with high myopia among all the windows tested.  The rows showing this window and 

its constituent haplotypes are shaded in gray. 
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For ZNF275, three windows gave significant P values in the omnibus test with high myopia 

defined as -8.00D, and two windows with high myopia defined as -10.00D (Table 7.5).  

Of these significant windows, the 1-SNP window S01 (rs4828775) demonstrated the most 

significant association (Pa = 0.0003
 
and 0.0002, Paemp = 0.0061

 
and 0.0027 for using -8.00D 

and -10.00D respectively as the cut-offs).  The significant association extended to the 2-SNP 

haplotype window S01...S02 (rs4828775…rs097251): Pa = 0.0009 and 0.0004, Paemp = 

0.0181 and 0.0070 for using -8.00D and -10.00D respectively as the cut-offs.  The G allele 

and the haplotype carrying the G allele of S01 (rs4828775) were high-risk: OR = 1.54 for 

allele G (1) of S01, and OR = 1.57 for GC or 21 of S01…S02 (Table 7.9).  The A allele of 

S01 (rs4828775) was protective: OR = 0.79 for allele A (2).  Here, the major-minor (1-2) 

coding follows that for the discovery sample set: G is the major (1) allele and A is the minor 

(2) allele. 
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Table 7.9 Details of significant ZNF275 haplotypes identified by exhaustive sliding window strategy for the replication sample set with cases of high myopia defined by 

spherical equivalent  -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

ZNF275 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S01 (rs4828775)            

Omnibus - - - 0.0003 0.0061  - - - 0.0002 0.0027 

G (1) 0.5800  0.4881  1.54 0.0003  0.0154  0.6007  0.4881  1.72 0.0002  0.0067  

A (2) 0.4200  0.5119  0.79  0.0580  0.9472   0.3993  0.5119  0.75 0.0579 0.9320 

S01…S02 (rs4828775-rs2097251)       

Omnibus - - - 0.0009 0.0181  - - - 0.0004 0.0070 

GC (11) 0.5804  0.4871  1.57 0.0002  0.0107   0.6023  0.4872  1.76 0.0001  0.0043  

S01…S03 (rs4828775-rs2097251-rs1981446)       

Omnibus - - - 0.0007 0.0143  - - - - - 

GCG (111) 0.5622  0.4750  1.56 0.0002  0.0104  - - - - - 

ACG (211) 0.0062  0.0395  0.22  0.0125  0.4743   - - - - - 

a
 Haplotypes in the most significant sliding windows of the ZNF275 gene as shown in Table 7.5 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, 

where Pa is the asymptotic P value adjusted for age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as shown in 

Table 7.5 and adjusted for age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats. The coding system is identical to the discovery sample set 

(please refer to Table 6.10).  Note that S01 provides the most convincing evidence for association with high myopia among all the windows tested.  The rows showing 

this window and its constituent haplotypes are shaded in gray. 
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7.4.2 Combined sample set 

The genotypes of the two sample sets were combined directly to increase the power of the 

study.  In total, genotypes of the nineteen markers for 600 cases and 600 controls were 

pooled for single-marker and haplotype analyses. 

 

7.4.2.1 Single-marker analysis 

The results of single-marker analysis for the combined sample set are summarized in Table 

7.10.  Seven tag SNPs gave significant nominal P values with -8.00D as the cut-off for cases 

(Table 7.10).  Among the initial signals, three of them survived the correction for multiple 

testing.  These three tag SNPs were S11 (rs2071625) of VIPR2, S01 and S02 (rs3744111 and 

rs11870671) of SEPT4 (S02 showed a marginal association).  Tag SNP S11 (rs2071625) of 

VIPR2 was found to be associated with high myopia significantly (P = 0.0003; Pemp = 

0.0121).  Both S01 and S02 (rs3744111 and rs11870671) of SEPT4 gave the most 

significant P values with trend test (P = 7.64×10
-7 

and 0.0014; Pemp = 0.0003 and 0.0503).  

Interestingly, the P values became more impressive after adjustment for age and sex, except 

for S11 (rs2071625) of VIPR2.  The G allele of S11 (rs2071625) of VIPR2 was identified as 

a protective allele (Paemp = 0.0140; OR = 0.73; 95% CI: 0.61 to 0.87) (Table 7.11).  On the 

other hand, the T alleles of S01 and S02 (rs3744111 and rs11870671) of SEPT4 was 

identified as the high risk alleles (Paemp = 0.0002 and 0.0314; OR = 1.54 and 1.30; 95% CI: 

1.29 to 1.83 and 1.11 to 1.53 for S01 and S02, respectively). 
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Table 7.10 FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275: Single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for the combined sample set.  

 Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

Gene SNP P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b 

FOS rs4645869 (S03) 0.4632 0.5675    0.5478 0.5700    0.5751 0.8640   

 rs4645874 (S04) 0.7618 0.2332    0.5622 0.3982    0.8407 0.0641   

 rs17103109 (S05) 0.4925 0.7812    0.5874 0.8414    0.9394 0.9770   
                

VIPR2 rs2071623 (S10) 0.0799 0.2389    0.0328 0.0929 0.9621 0.3278  0.2562 0.3981   

 rs2071625 (S11) 0.0003 0.0009 0.0121  0.0140   6.18×10-5 1.07×10-4 0.0031 0.0036  0.0143 0.0534 0.3776 0.4046 

 rs2730220 (S12) 0.0459 0.0476 0.5549 0.4063   0.2227 0.2631    1.0000 0.5296   

 rs885863 (S13) 0.4624 0.2037    0.6605 0.8356    0.2193 0.1891   
                

ARHGEF12 rs7933086 (S01) 0.0677 0.1759    0.0491 0.0782 0.6040 0.7527  0.9412 0.5987   

 rs4381380 (S02) 0.4648 0.3584    0.7870 0.3834    0.2856 0.5328   

 rs476636 (S03) 0.5558 0.0155 0.8799 1.0000  1.0000 0.2026    0.2951 0.6561   

 rs2305013 (S04) 0.2756 0.5047    0.0899 0.2130    0.3831 0.6158   

 rs503473 (S05) 0.0028 0.0034 0.0326 c 0.0979  0.0013 0.0004 0.0057 c 0.0866  0.0468 0.0306 0.3057 c 0.8254 
                

SEPT4 rs3744111 (S01) 1.37×10-6 2.34×10-6 0.0003 0.0002  0.0020 0.0079 0.0737  0.0221  0.0314 0.0800 0.6115 0.5845 

 rs11870671 (S02) 0.0014 0.0038 0.0503 0.0314  0.0249 0.0819 0.5814 0.3915  0.1142 0.2298   

 rs12935851 (S03) 0.2133 0.4139    0.9489 0.2456    0.6541 0.5190   

 rs1057068 (S04) 0.0244 0.0408 0.4021 d 0.3901  0.1086 0.2729    0.4518 0.4255   
                

ZNF275 rs4828775     (S01) 0.0568 0.1426    0.0563 0.1566    0.0424 0.0939 0.6285 0.2253e 

 rs2097251 (S02) 0.1603 0.2252    0.4652 0.6353    0.0083 0.0499 0.2396 0.0361e 

 rs1981446 (S03) 0.1414 0.2856    0.3440 0.3223    0.9274 0.2368   

a
 Empirical P value generated by 10 000 permutations based on the best test across all 19 SNPs, and indicated only when the nominal P values are <0.05.  

b
 Empirical P value generated by 10 000 permutations based on the allelic model across all 19 SNPs and adjusted for sex and age, and indicated only when the nominal P values are <0.05. 

c
 Empirical P value is generated based on the dominant model, which gives the best result before correction. 

d
 Empirical P value is generated based on the recessive model, which gives the best result before correction. 

e
 Empirical P value generated by 10 000 permutations based on the allelic model across all 19 SNPs and adjusted for age, and indicated only when the nominal P values are <0.05.
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Table 7.11 Significant association of VIPR2 and SEPT4 with high myopia: details of statistics for the combined sample set. 

Characteristic / Statistic Information / Result 

Gene VIPR2 VIPR2  SEPT4 SEPT4 SEPT4  ZNF275 

SNP 
rs2071625 

(S11) 

rs2071625 

(S11) 
 rs3744111 

(S01) 
rs3744111 

(S01) 
rs11870671 

(S02) 
 rs2097251 

(S02) 

Spherical equivalent threshold for cases -8.00 D -10.00D  -8.00D -10.00D -8.00D  -12.00D 

Allelic single-marker association analysis:
a
 P 0.0003 6.18×10

-5  1.37×10
-6 0.0020 0.0014  0.0083 

 Pemp 0.0121 0.0031  0.0003 0.0737 0.0503  0.2396 

 Pa 0.0008 0.0002  5.57×10
-7 0.0016 0.0019

b  0.0022
 b 

 Paemp 0.0140 0.0036  0.0002 0.0221 0.0314  0.0361 
b 

Odds  ratio (major allele as the reference) 0.73 0.65  1.54 1.38 1.30  0.51 

95% Confidence intervals 0.61 - 0.87 0.53 - 0.80  1.29 - 1.83 1.13 - 1.69 1.11 - 1.53  0.33 – 0.77 

a
  Single-marker association analysis is performed under the allelic model by chi-square test to give P or Pemp values (without or with correction for multiple comparisons by 

10 000 permutations), and by logistic regression with adjustment for sex and age to give Pa or Paemp values (without or with correction for multiple comparisons by 10 000 

permutations). Note that permutation of the case-control status is carried for all 19 SNPs. 

b 
Single-marker association analysis is performed under the allelic model by logistic regression with adjustment for age only to give Pa or Paemp values (without or with 

correction for multiple comparisons by 10 000 permutations). Note that permutation of the case-control status is carried for all 19 SNPs. 
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To increase the phenotypic effect of our cases, the threshold was adjusted to -10.00D.  Six 

tag SNPs demonstrated significant nominal P values (Table 7.10).  Two tag SNPs survived 

correction for multiple testing.  These two tag SNPs were S11 (rs2071625) of VIPR2 (P = 

6.18×10
-5

; Pemp = 0.0031) and S05 (rs503473) of ARHGEF12 (P = 0.0004; Pemp = 0.0057).  

However, the significant association of S05 (rs503473) of ARHGEF12 disappeared after 

adjustment for age and sex.  An opposite pattern was observed in the analysis of S01 

(rs3744111) of SEPT4.  It was found to be associated with high myopia significantly only 

after adjustment.  The G allele of S11 (rs2071625) of VIPR2 was identified as a protective 

allele (Paemp = 0.0036; OR = 0.65 and 95% CI: 0.53 to 0.80) (Table 7.11).  On the other hand, 

the T allele of S01 (rs3744111) of SEPT4 was identified as a high-risk allele (Paemp = 0.0221; 

OR = 1.38 and 95% CI: 1.13 to 1.69). 

 

With cases defined by  -12.00D, four tag SNPs gave significant nominal P values in single-

marker analysis.  However, none remained significant after correction for multiple testing.  

Similar results were obtained after adjustment for age and sex.  One significant association 

was observed for S02 (rs2097251) of ZNF275 using -12.00D as the cut-off for cases.  It gave 

the most significant P values using the allelic test (P = 0.0083; Pemp = 0.2396), the empirical 

values became significant after adjustment for age.  The minor allele of S02 (rs2097251) of 

ZNF275 was identified as the protective allele (Paemp = 0.0361; OR = 0.51 and 95% CI: 0.33 

to 0.77) (Table 7.11). 

 

Based on the results obtained from single-marker analysis, significant associations between 

high myopia and polymorphisms of VIPR2, SEPT4 and ZNF275 were established.  However, 

none of the FOS SNPs was associated with high myopia significantly. 
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7.4.2.2 Haplotype analysis 

For the combined sample set, haplotype analysis was also performed using -8.00D and -

10.00D as the cut-offs for cases (Table 7.12).  The results were consistent with each other.  

Significant haplotype windows of VIPR2, ARHGEF12, SEPT4 and ZNF275 were observed 

using two different phenotypic thresholds for cases. 

 

For the VIPR2 gene, the most significant window was the 4-SNP haplotype window 

S10…S13 (rs2071623...rs885863): Pa = 9.10×10
-10 

and 2.30×10
-6

; and Paemp = 0.0001 and 

0.0001 (with 10 000 permutations) for using -8.00D and -10.00D, respectively, as the cut-

offs.  One protective haplotype and one high-risk haplotype were common to both case 

definitions (Table 7.13).  The protective haplotype was GGGG (1211): Pa = 3.37 × 10
-6

 and 

4.66 ×10
-5

; Paemp = 0.0003 and 0.0036; and OR = 0.52 and 0.48 for using -8.00D and -

10.00D, respectively, as the cut-offs for cases.  The high-risk haplotype was GAGA (1112): 

Pa = 0.0001 and 0.0003; Paemp = 0.0066 and 0.0185; and OR = 4.68 and 5.37 for using -

8.00D and -10.00D, respectively, as the cut-off for cases.  The frequencies of these 

significant haplotypes were very similar for both case definitions: ~10% in cases and ~16% 

in controls for GGGG (1211), and ~3% in cases and ~1% in controls for GAGA (1112).  

Interestingly, one more high-risk haplotype was observed with -10.00D as the cut-off: 

GAGG (1111) (Pa = 0.0004, Paemp = 0.0254, and OR = 1.43) (Table 7.13). 

 

For the ARHGEF12 gene, four significant windows were observed in haplotype analysis for 

the combined sample set (Table 7.12).  The overall conclusions were the same for different 

cut-offs for cases.  Of the four significant windows, the 5-SNP window S01…S05 

demonstrated the strongest association with either -8.00D or -10.00D as the cut-off for cases: 

Pa = 3.19×10
-14

 and 8.21×10
-12

; Paemp = 0.0001 and 0.0001 for -8.00D and -10.00D, 

respectively, as the cut-offs.  There were three high-risk and one protective haplotypes of 

S01…S05 (rs7933086…rs503473) (Table 7.14).  The high-risk haplotypes were: AGAAG 
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(21111) (Pa = 2.27×10
-8 

and 5.81×10
-6

; Paemp = 0.0001
 
and 0.0007; and OR = 6.19 and 5.48 

for using -8.00D and -10.00D, respectively, as the cut-offs for cases), GAAAA (12112) (Pa 

= 6.23×10
-5 

and 1.49×10
-4

; Paemp = 0.0039 and 0.0110; OR = 7.75 and 9.45 for using -8.00D 

and -10.00D, respectively, as the cut-offs), and GGAAA (11112) (Pa = 0.0002 and 0.0002; 

Paemp = 0.0101 and 0.0137; and OR = 2.21 and 2.35 for using -8.00D and -10.00D, 

respectively, as the cut-offs).  The protective haplotype was AAAAA (22112): Pa = 0.0001 

and 0.0029; Paemp = 0.0068 and 0.1727 (not significant); and OR = 0.52 and 0.56 for using -

8.00D and -10.00D, respectively, as the cut-offs.  The frequencies of significant haplotypes 

were also very similar for both case definitions: ~6% in cases and ~1% in controls for 

AGAAG (21111), ~3% in cases and <1% in controls for GAAAA (12112), and ~8% in 

cases and ~4% in controls for GGAAA (11112) (Table 7.14). 

 

For SEPT4, significant windows were observed in haplotype analysis using different cut-

offs for cases.  The total numbers of significant windows and the most significant windows 

were different with different cut-offs for cases (Table 7.12).  Using -8.00D as the cut-off for 

cases, eight haplotype windows of SEPT4 were found to be significantly associated with 

high myopia.  Of these, the 4-SNP window S01…S04 (rs3744111...rs1057068) showed the 

strongest association in the omnibus test (Pa = 3.78×10
-9

; Paemp = 0.0001).  However, only 

one window (S01…S01) of SEPT4 was found to be significantly associated with high 

myopia when -10.00D was used as the cut-off for cases (Table 7.12).  The 1-SNP window 

S01…S01 (rs3744111) gave the most significant P value in the omnibus test (Pa = 0.0016 

and Paemp = 0.0376). 

 

Two significant haplotypes of S01…S04 (rs3744111...rs1057068) of SEPT4 were identified 

using -8.00D as the cut-off for cases: one protective and one high-risk (Table 7.15).  The 

protective haplotype was CCGG (1111): Pa = 5.11×10
-6

, Paemp = 0.0001 and OR = 0.67.  The 

high-risk haplotype was TCGG (2111): Pa = 5.16×10
-5

; Paemp = 0.0028 and OR = 6.36. 
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Table 7.12 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows of all possible sizes across SNPs in  FOS, VIPR2, ARHGEF12, SEPT4 

and ZNF275 for the combined sample set with cases of high myopia defined by spherical equivalent  -8.00D or  -10.00D. 
a
 

 Sliding Window (SW) 
 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

 SW with significant omnibus test Paemp <0.05  The most significant result  SW with significant omnibus test Paemp <0.05  The most significant result 

Gene SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp  No. of SW First SW Last SW  SW Pa Paemp 

FOS 1 3  0 - -  - - -  0 - -  - - - 

 2 2  0 - -  - - -  0 - -  - - - 

 3 1  0 - -  - - -  0 - -  - - - 
                   

VIPR2 1 4  1 S11…S11 S12…S12  S11…S11 0.0009 0.0221  0 S11…S11 S11…S11  S11…S11 0.0002 0.0053 

 2 3  1 S10…S11 S11…S12  S10…S11 7.51×10-5 0.0017  2 S10…S11 S11…S12  S10…S11 8.16×10-5 0.0019 

 3 2  2 S10…S12 S11…S13  S11…S13 6.51×10-5 0.0015  2 S10…S12 S11…S13  S11…S13 1.73×10-4 0.0040 

 4 1  1 S10…S13 S10…S13  S10…S13 9.10×10-10 0.0001  1 S10…S13 S10…S13  S10…S13 2.30×10-6 0.0001 
                   

ARHGEF12 1 5  0 - -  - - -  0 - -  - - - 

 2 4  1 S01…S02 S01…S02  S01…S02 4.76×10-7 0.0001  1 S01…S02 S01…S02  S01…S02 9.81×10-5 0.0024 

 3 3  1 S01…S03 S01…S03  S01…S03 2.09×10-6 0.0001  1 S01…S03 S01…S03  S01…S03 0.0006 0.0137 

 4 2  1 S01…S04 S01…S04  S01…S04 6.56×10-9 0.0001  1 S01…S04 S01…S04  S01…S04 4.54×10-6 0.0001 

 5 1  1 S01…S05 S01…S05  S01…S05 3.19×10-14 0.0001  1 S01…S05 S01…S05  S01…S05 8.21×10-12 0.0001 
                   

SEPT4 1 4  2 S01…S01 S02…S02  S01…S01 2.47×10-7 0.0001  1 S01…S01 S01…S01  S01…S01 0.0016 0.0376 

 2 3  3 S01…S02 S03…S04  S01…S02 1.50×10-7 0.0001  0 - -  - - - 

 3 2  2 S01…S03 S02…S04  S01…S03 6.66×10-9 0.0001  0 - -  - - - 

 4 1  1 S01…S04 S01…S04  S01…S04 3.78×10-9 0.0001  0 - -  - - - 
                   

ZNF275 1 3  3 S01…S01 S03…S03  S02…S02 7.36×10-6 0.0001  3 S01…S01 S03…S03  S01…S01 1.02×10-4 0.0020 

 2 2  2 S01…S02 S02…S03  S02…S03 1.25×10-7 0.0001  2 S01…S02 S02…S03  S02…S03 7.07×10-6 0.0001 

 3 1  1 S01…S03 S01…S03  S01…S03 1.89×10-6 0.0001  1 S01…S03 S01…S03  S01…S03 7.39×10-6 0.0016 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last SNP of the sliding window. For instance, S10…S13 of VIPR2 represents the sliding window 

S10-S10-S12-S13 (rs2071623- rs2071625-rs2730220-rs885863).  Please refer to Table 7.2 for the identity (the rs numbers) of the SNPs.  Every sliding window is assessed by omnibus test 

adjusted for sex and age to give the Pa value. There are a total of 47 windows (the sum of numbers in column 3), and multiple comparisons are corrected by running 10 000 permutations to 

obtain an empirical P value that is also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most significant result is detailed in the last three columns if Paemp <0.05.  

Haplotypes in these most significant sliding windows are detailed in Tables 7.13 to 7.16.  Note that (1) minimum P value achievable with 10 000 permutations is 0.0001, and (2) the most 

significant window of each gene is indicated in boldface for easy tracking. 
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Table 7.13 Details of significant VIPR2 haplotypes identified by exhaustive sliding window strategy for the combined sample set with cases of high myopia defined by 

spherical equivalent -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

VIPR2 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S11 (rs2071625)       

Omnibus - - - 0.0009 0.0221     0.0002 0.0053 

G (2) 0.2878 0.3564 0.75 0.0009 0.0588  0.2653 0.3564 0.67 0.0002 0.0154 

A (1) 0.7122 0.6436 1.34 0.0009 0.0588  0.7347 0.6436 1.49 0.0002 0.0154 

S10…S11 (rs2071623-rs2071625)       

Omnibus - - - 7.51×10-5 0.0017  - - - 8.16×10-5 0.0019 

GA (11) 0.5191 0.4343 1.41 3.91×10-5 0.0022  0.5403 0.4320 1.54 1.26×10-5 0.0009 

GG (12) 0.1420 0.1918 0.67 0.0009 0.0542  0.1361 0.1940 0.64 0.0026 0.1559 

AG (22) 0.1457 0.1647 0.87 0.2440 1.0000  0.1292 0.1624 0.73 0.0428 0.9347 

S11…S13 (rs2071625-rs2730220-rs885863)       

Omnibus - - - 6.51×10-5 0.0015  - - - 1.73×10-4 0.0040 

GGG (211) 0.1293 0.1769 0.67 1.28×10-4 0.0078  0.1233 0.1811 0.62 2.70×10-5 0.0024 

AGG (111) 0.5017 0.4235 1.38 0.0012 0.0731  0. 5354 0.4281 1.52 0.0020 0.1249 

AGA (112) 0.0230 0.0384 0.49 0.1430 0.6216  0.0259 0.0365 0.61 0.148 1.0000 

S10…S13 (rs2071623-rs2071625-rs2730220-rs885863)       

Omnibus - - - 9.10×10-10 0.0001  - - - 2.30×10-6 0.0001 

GGGG (1211) 0.0982 0.1608 0.52 3.37×10-6 0.0003  0.0951 0.1669 0.48 4.66×10-5 0.0036 

GAGA (1112) 0.0368 0.0145 4.68 0.0001 0.0066  0.0339 0.0127 5.37 0.0003 0.0185 

GAGG (1111) 0.4707 0.4132 1.27 0.0049 0.2854  0.5099 0.4194 1.43 0.0004 0.0254 

AAGA (2112) 0.0475 0.0698 0.55 0.0055 0.3430  0.0569 0.0740 0.66 0.0884 0.9957 

GGGA (1212) 0.0309 0.0164 2.54 0.0083 0.4363  0.0265 0.0153 2.27 0.0560 0.9771 

AGAG (2221) 0.0238 0.0385 0.53 0.0272 0.8368  0.0283 0.0373 0.70 0.2620 1.0000 

AAAG (2121) 0.0265 0.0392 0.58 0.0459 0.9469  0.0318 0.0419 0.68 0.2190 1.0000 

a
 Haplotypes in the most significant sliding windows of the VIPR2 gene as shown in Table 7.12 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, where 

Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as shown in 

Table 7.12 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S10...S13 provides the most convincing 

evidence for association with high myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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Table 7.14 Details of significant ARHGEF12 haplotypes identified by exhaustive sliding window strategy for the combined sample set with cases of high myopia defined by 

spherical equivalent -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

ARHGEF12 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S01…S02 (rs7933086-rs4381380)       

Omnibus - - - 4.76×10-7 0.0001  - - - 9.81×10-5 0.0024 

AG (21) 0.1725 0.1024 1.85 1.73×10-6 0.0002  0.1664 0.0992 1.86 3.28×10-5 0.0027 

AA (11) 0.1757 0.2098 0.77 0.0100 0.4948  0.1910 0.2130 0.82 0.1250 0.9995 

GG (22) 0.5574 0.6138 0.56 0.0179 0.6976  0.5560 0.6170 0.80 0.0260 0.8178 

S01…S03 (rs7933086-rs4381380-rs476636)       

Omnibus - - - 2.09×10-6 0.0001  - - - 0.0006 0.0137 

AGA (211) 0.1698 0.1006 1.86 2.47×10-6 0.0003  0.1610 0.0970 1.84 7.11×10-5 0.0058 

AAA (221) 0.1766 0.2107 0.75 0.0095 0.4794  0.1937 0.2144 0.83 0.1330 0.9999 

GGA (111) 0.5293 0.5849 0.82 0.0201 0.7378  0.5355 0.5890 0.82 0.0557 0.9704 

S01…S04 (rs7933086-rs4381380-rs476636-rs2305013)       

Omnibus - - - 6.56×10-9 0.0001  - - - 4.54×10-5 0.0001 

AGAA (2111) 0.1407 0.0803 2.02 2.49×10-6 0.0003  0.1358 0.0637 1.93 0.0002 0.0163 

AAAA (2211) 0.0765 0.1187 0.54 7.21×10-5 0.0043  0.0853 0.1225 0.59 0.0038 0.2182 

GAAT (1212) 0.0262 0.0073 4.45 0.0025 0.1626  0.0264 0.0062 6.95 0.0008 0.0524 

GGAT (1112) 0.0038 0.0173 0.07 0.0053 0.3042  0.0047 0.0179 0.08 0.0327 0.8828 

S01…S05 (rs7933086-rs4381380-rs476636-rs2305013-rs503473)       

Omnibus - - - 3.19×10-14 0.0001  - - - 8.21×10-12 0.0001 

AGAAG (21111) 0.0693 0.0160 6.19 2.27×10-8 0.0001  0.0556 0.0124 5.48 5.81×10-6 0.0007 

GAAAA (12112) 0.0314 0.0078 7.75 6.23×10-5 0.0039  0.0318 0.0060 9.45 0.0001 0.0110 

AAAAA (22112) 0.0679 0.1077 0.52 0.0001 0.0068  0.0753 0.1085 0.56 0.0029 0.1727 

GGAAA (11112) 0.0761 0.0394 2.21 0.0002 0.0101  0.0860 0.0384 2.35 0.0002 0.0137 

GGAAG (11111) 0.4651 0.5496 0.76 0.0010 0.0604  - - - - - 

GAAAG (12111) 0.0313 0.0570 0.57 0.0080 0.4241  0.0244 0.0555 0.39 0.0049 0.2770 

GAATA (12122) 0.0242 0.0016 507.00 0.0158 0.6545  - - - - - 

a
 Haplotypes in the most significant sliding windows of the ARHGEF12 gene as shown in Table 7.12 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, 

where Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as 

shown in Table 7.12 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S01...S05 provides the most 

convincing evidence for association with high myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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Table 7.15 Details of significant SEPT4 haplotypes identified by exhaustive sliding window strategy for the combined sample set with cases of high myopia defined by spherical 

equivalent -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

SEPT4 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S01 (rs3744111)            

Omnibus - - - 2.47×10-7 0.0001  - - - 0.0016 0.0376 

T (2) 0.3666 0.2738 1.62 2.47×10-7 0.0001  0.3635 0.2930 1.40 0.0016 0.0996 

C (1) 0.6334 0.7262 0.62 2.47×10-7 0.0001  0.6365 0.7070 0.71 0.0016 0.0996 

S01…S02 (rs3744111-rs11870671)       

Omnibus - - - 1.50×10-7 0.0001  - - - - - 

CC (11) 0.4473 0.5401 0.67 6.49×10-6 0.0006  - - - - - 

TC (21) 0.0477 0.0208 2.98 1.12×10-4 0.0070  - - - - - 

TT (22) 0.3190 0.2530 1.44 0.0002 0.0138  - - - - - 

S01…S03 (rs3744111-rs12935851)       

Omnibus - - - 6.66×10-9 0.0001  - - - - - 

CCG (111) 0.4480 0.5361 0.68 7.30×10-6 0.0008  - - - - - 

TCG (211) 0.0414 0.0155 2.87 0.0005 0.0289  - - - - - 

CTG (121) 0.0487 0.0168 2.47 0.0005 0.0322  - - - - - 

TTG (221) 0.3140 0.2539 1.36 0.0009 0.0557  - - - - - 

CTT (122) 0.1371 0.1672 0.74 0.0118 0.5530  - - - - - 

S01…S04 (rs3744111-rs1187068)       

Omnibus - - - 3.78×10-9 0.0001  - - - - - 

CCGG (1111) 0.4425 0.5268 0.67 5.11×10-6 0.0001  - - - - - 

TCGG (2111) 0.0361 0.0072 6.36 5.16×10-5 0.0028  - - - - - 

CTGA (1212) 0.0405 0.0155 2.34 0.0019 0.1254  - - - - - 

TTGA (2212) 0.3163 0.2555 1.34 0.0028 0.1779  - - - - - 

a
 Haplotypes in the most significant sliding windows of the SEPT4 gene as shown in Table 7.12 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, where 

Pa is the asymptotic P value adjusted for sex and age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as shown in 

Table 7.12 and adjusted for sex and age . Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S01 and S01…S04 provide the most 

convincing evidence for association with high myopia among all the windows tested, depending on the cut-off refractive error defining high myopia.  The rows showing this 

window and its constituent haplotypes are shaded in gray. 
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For the ZNF275 gene, significant haplotype windows were indentified using -8.00D and -

10.00D as the cut-offs for cases (Table 7.12).  After adjustment for age, all the sliding 

windows gave significant results.  The results were consistent with each other for different 

cut-offs.  Of these, the 2-SNP window S02...S03 (rs2097251…rs1981446) showed the 

strongest association: Pa = 1.25×10
-7 

and 7.07×10
-6

, and Paemp = 0.0001 and 0.0001 for -

8.00D and -10.00D, respectively, as the cut-offs (Table 7.12).  One high-risk haplotype CG 

(11) was identified: Pa = 9.01×10
-6 

and 0.0007; Paemp = 0.0003 and 0.0425; OR = 1.46 and 

1.40 for -8.00D and -10.00D, respectively, as the cut-offs (Table 7.16).  The frequency of 

haplotype CG (11) was ~59% in cases and ~53% in controls for both case definitions. 
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Table 7.16 Details of significant ZNF275 haplotypes identified by exhaustive sliding window strategy for the combined sample set with cases of high myopia defined by 

spherical equivalent -8.00D or  -10.00D. 
a
 

 Cases: spherical equivalent  -8.00D  Cases: spherical equivalent  -10.00D 

ZNF275 haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp  Freq in cases Freq in controls Odds ratio Pa Paemp 

S02 (rs2097251)           

Omnibus    7.36×10
-6 0.0001     1.81×10

-4 0.0030 

C                         (1) 0.4458 0.5022 1.50 7.36×10
-6 0.0005  0.8082 0.7764 1.52 1.81×10

-4 0.0070 

T                         (2) 0.5542 0.4978 0.89 0.2710 1.0000  0.1918 0.2236 0.93 0.5720 1.0000 

            

S02…S03 (rs2097251-rs1981446)       

Omnibus - - - 1.25×10
-7 0.0001     7.07×10

-5 0.0001 

CG              (11) 0.5932 0.5291 1.46 9.01×10
-6 0.0003  0.5777 0.5296 1.40 0.0007 0.0425 

TC              (22) 0.0056 0.0158 0.20 0.0330 0.0893  0.0075 0.0163 0.34 0.1570 0.9998 

S01…S03 (rs4828775- rs2097251-rs1981446)       

Omnibus - - - 1.89×10
-6 0.0001     7.39×10

-5 0.0016 

GCG            (111) 0.4860 0.4484 1.36 0.0004 0.0277  0.4815 0.4492 1.37 0.0025 0.1493 

ACG            (211) 0.1114 0.0875 1.41 0.0272 0.8461  0.1034 0.0871 1.24 0.2180 1.0000 

a
 Haplotypes in the most significant sliding windows of the ZNF275 gene as shown in Table 7.12 are detailed here. Only haplotypes with Pa <0.05 are listed in the table, 

where Pa is the asymptotic P value adjusted for age. The column Paemp shows the P values generated by 10 000 permutations for all 47 sliding windows tested as shown in 

Table 7.12 and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that S02...S03 provides the most convincing 

evidence for association with high myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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7.4.3 Meta-analysis 

The outcomes of meta-analysis of FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275 are listed 

in Table 7.17.  The threshold for significance was adjusted to P = 0.0026, which was 

obtained by dividing the nominal P value (0.05) by the total number of tag SNPs (n=19) that 

had been examined.  The overall conclusions of meta-analysis (Table 7.17) were similar to 

those obtained from the combined analysis (Table 7.10), except S05 (rs503473) of 

ARHGEF12 and S02 (rs2097251) of ZNF275.  With -8.00D as the threshold for defining 

high myopia, three tag SNPs were significantly associated with high myopia by meta-

analysis:  S11 (rs2071625) of VIPR2, S01 and S02 (rs3744111 and rs11870671) of SEPT4.  

With -10.00D as the threshold for high myopia, S11 (rs2071625) of VIPR2, S05 (rs503473) 

of ARHGEF12 and S01 (rs3744111) of SEPT4 showed significant association by meta-

analysis.  However, no significant association was observed for SNPs from FOS and 

ZNF275. 
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Table 7.17 Summary of meta-analysis for five candidate genes under fixed-effect models. 

  
Cases: spherical 

equivalent  -8.00D 
 

Cases: spherical 

equivalent  -10.00D 
 

Cases: spherical 

equivalent  -12.00D 

Gene Marker P value 
a
 OR

 b
  P value 

a
 OR

 b
  P value

 a
 OR

 b
 

FOS rs4645869 (S03) 0.4308 0.91  0.5129 0.92  0.5330 0.89 

 rs4645874 (S04) 0.7541 0.96  0.5031 0.91  0.8308 1.04 

 rs17103109 (S05) 0.4842 0.94  0.5628 0.94  0.7938 0.96 

          

VIPR2 rs2071623 (S10) 0.0741 0.86  0.0306 0.80  0.2950 0.86 

 rs2071625 (S11) 0.0003 0.73  8.08×10
-5

 0.65  0.0136 0.69 

 rs2730220 (S12) 0.0496 0.76  0.2507 0.82  0.9957 1.00 

 rs885863 (S13) 0.4625 1.08  0.5261 1.08  0.1173 1.31 

          

ARHGEF12 rs7933086 (S01) 0.0620 1.18  0.0480 1.23  0.9370 1.01 

 rs4381380 (S02) 0.4544 0.93  0.7922 0.97  0.2757 0.84 

 rs476636 (S03) 0.5369 1.13  0.9012 0.97  0.4667 0.74 

 rs2305013 (S04) 0.2547 1.14  0.0744 1.27  0.4182 1.16 

 rs503473 (S05) 0.0027 1.29  0.0010 1.39  0.0418 1.33 

          

SEPT4 rs3744111 (S01) 1.24×10
-6

 1.54  0.0020 1.38  0.0453 1.33 

 rs11870671 (S02) 0.0013 1.30  0.0968 1.21  0.3049 1.19 

 rs12935851 (S03) 0.1948 0.87  0.2057 0.87  0.4658 0.89 

 rs10579899 (S04) 0.0219 1.21  0.0472 1.21  0.2418 1.17 

          

ZNF275 rs4828775 (S01) 0.0129 0.80  0.0210 0.78  0.0251 0.71 

 rs2097251 (S02) 0.0350 0.79  0.1459 0.82  0.0104 0.57 

 rs1981446 (S03) 0.0693 0.83  0.2889 0.88  0.9094 0.98 

a
 The threshold of significance is adjusted to 0.0026, which is calculated from the nominal P value 

divided by total number of markers genotyped (n=19). Significant SNPs and their corresponding results 

are shown in boldface. 

b
 OR represents odds ratio. 
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7.4.4 Imputation 

In the previous sections, associated SNPs were identified.  As mentioned in the introduction, 

the identified SNPs may only mirror the associations of the causal variants.   Imputation was 

performed by BEAGLE to infer for the combined sample set (n = 1 200) the genotypes of 

variants that had not been genotyped experimentally (see Section 2.2.5.4).  The genotypes of 

thirteen tag SNPs in the combined sample set were used to predict the genotypes of 1884 

variants (Table 7.18).  Association analysis of the imputed variants of VIPR2, ARHGEF12 

and SEPT4 was performed by BEAGLE as described before (see Section 2.2.5.4).  Note that 

Beagle cannot handle markers on X chromosome, and thus no imputation was performed for 

ZNF275.  Significant associations were observed for 51 imputed SNPs (Table 7.19).  The 

most significant P value was obtained from markers lie within ARHGEF12 and SEPT4 (Pemp 

= 0.0003).  A web-based tool (http://manticore.niehs.nih.gov/snpfunc.htm) was used to 

predict the possible function of the associated SNPs, and nine SNPs (from ARHGEF12 and 

SEPT4) were predicted to be functional SNPs.  None of the associated markers of VIPR2 

were predicted to be functional.  Two markers from ARHGEF12 were predicted to be 

functional:  rs2305009 may act as exotic splicing enhancer or suppressor (Pemp = 0.0183 and 

MAF = 0.04) and rs3740740 may cause a change in the binding of microRNA (Pemp = 

0.0183 and MAF = 0.02).  Seven markers (rs12939703, rs12942018, rs2068710, rs4793952, 

rs11869828, rs12453049 and rs2009948) from SEPT4 were predicted to cause changes in 

the transcriptional factor binding sites.  The MAF of these seven SNPs ranged from 0.01 to 

0.45 and the empirical P values ranged from 0.0138 to 0.0352. 

http://manticore.niehs.nih.gov/snpfunc.htm
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Table 7.18 Details of genotype imputation in the combined sample set (n = 1 200). 

Gene Total no. of markers included Total no. of genotyped markers 

VIPR2 1418 4 

ARHGEF12 405 5 

SEPT4 61 4 
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Table 7.19 Summary of imputed markers of VIPR2, ARHGEF12 and SEPT4 showing significant association with high myopia for the combined sample set. 

Gene   Allele P value
b
    

(chr location) Marker Position
a
 (Major/Minor) Allelic Dominant Over-dominant Pemp value

c
 MAF

d
 Predicted function

e
 

VIPR2 rs10268921 158823717 C/T 0.0005 0.0109 0.6400 0.0267 0.43 – 

(7q36.3)          

ARHGEF12 rs75765077 120279051 C/G 6.69×10
-7

 1.38×10
-6

 1.92×10
-5

 0.0003 0.04 – 
(11q23.3) rs74596881 120300559 G/A 6.69×10

-7
 1.38×10

-6
 1.92×10

-5
 0.0003 0.04 – 

 rs74387821 120302629 T/C 6.69×10
-7

 1.38×10
-6

 1.92×10
-5

 0.0003 0.04 – 
 rs12417273 120307596 A/G 6.69×10

-7
 1.38×10

-6
 1.92×10

-5
 0.0003 0.02 – 

 rs7117285 120313138 C/T 1.36×10
-6

 1.75×10
-5

 0.0009 0.0003 0.04 – 
 rs57912596 120306759 T/C 0.0045 0.0004 5.87×10

-5
 0.0046 0.06 – 

 rs10502236 120307742 A/G 0.0045 0.0004 5.87×10
-5

 0.0046 0.04 – 
 rs7948299 120316589 T/C 0.0003 0.0002 0.0004 0.0183 0.05 – 
 rs78955928 120320807 C/T 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs7110955 120323909 A/G 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs12421291 120328384 A/T 0.0003 0.0002 0.0004 0.0183 0.03 – 
 rs2305009 120330019 T/G 0.0003 0.0002 0.0004 0.0183 0.04 Splicing 

 rs77935342 120333526 A/C 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs77674396 120309443 C/T 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs3758693 120344774 T/G 0.0003 0.0002 0.0004 0.0183 0.03 – 
 rs74518328 120347940 A/G 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs7120040 120349142 A/G 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs7120174 120349310 A/C 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs12362794 120350393 G/T 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs3740739 120351874 A/G 0.0003 0.0002 0.0004 0.0183 0.03 – 
 rs79508370 120352376 A/G 0.0003 0.0002 0.0004 0.0183 0.04 – 
 rs12418325 120353072 A/C 0.0003 0.0002 0.0004 0.0183 0.03 – 
 rs3740740 120356067 C/G 0.0003 0.0002 0.0004 0.0183 0.02 miRNA 
 rs79820276 120356832 A/G 0.0005 0.0003 0.0005 0.0206 0.02 – 
 rs79425731 120357341 G/A 0.0005 0.0003 0.0005 0.0206 0.02 – 
 rs59462166 120363407 G/A 0.0005 0.0003 0.0005 0.0206 0.03 – 
 rs4938806 120274353 C/A 0.0007 0.0034 0.0775 0.0430 0.36 – 
 rs6589813 120293490 A/G 0.0007 0.0034 0.0775 0.0430 0.17 – 
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Table 7.19 Summary of imputed markers of VIPR2, ARHGEF12 and SEPT4 showing significant association with high myopia for the combined sample set 

(Continued) 

Gene   Allele P value
b
    

(chr location) Marker Position
a
 (Major/Minor) Allelic Dominant Over-dominant Pemp value

c
 MAF

d
 Predicted function

e
 

ARHGEF12 rs7115714 120294861 G/A 0.0007 0.0034 0.0775 0.0430 0.18 – 
 rs4938800 120209386 G/A 0.0050 0.0017 0.0008 0.0478 0.10 – 
 rs56406822 120267537 A/G 0.0050 0.0017 0.0008 0.0478 0.05 – 
 rs11217854 120267537 A/G 0.0050 0.0017 0.0008 0.0478 0.10 – 
 rs34616770 120279132 G/C 0.0050 0.0017 0.0008 0.0478 0.05 – 
 rs11604012 120292040 T/C 0.0050 0.0017 0.0008 0.0478 0.10 – 
 rs55869319 120302729 C/T 0.0050 0.0017 0.0008 0.0478 0.05 – 
 rs2305011 120338040 A/G 0.0050 0.0017 0.0008 0.0478 0.04 – 
 rs556572 120364486 G/A 0.0050 0.0017 0.0008 0.0478 0.22 – 
          

SEPT4 rs758377 56607124 C/T 2.18×10
-5

 0.0002 0.0030 0.0018 0.12 – 
(17q23) rs758378 56607746 C/G 2.18×10

-5
 0.0002 0.0030 0.0018 0.05 – 

 rs9901693 56606915 C/T 0.0003 0.0027 0.1580 0.0138 0.29 – 
 rs9903173 56607358 A/G 0.0003 0.0027 0.1580 0.0138 0.29 – 
 rs12939703 56611090 C/G 0.0003 0.0027 0.1580 0.0138 0.29 TFBS 

 rs12942018 56613277 C/T 0.0003 0.0027 0.1580 0.0138 0.22 TFBS 

 rs8073754 56618030 C/T 0.0003 0.0027 0.1580 0.0138 0.29 – 

 rs2068710 56594535 C/G 0.0008 0.0025 0.0094 0.0282 0.01 TFBS 

 rs4793952 56608465 C/T 0.0011 0.0289 0.5640 0.0352 0.49 TFBS 

 rs11869828 56609525 A/G 0.0011 0.0289 0.5640 0.0352 0.45 TFBS 

 rs12453049      56611372 C/T 0.0011 0.0289 0.5640 0.0352 0.40 TFBS 

 rs2009948 56611920 A/C 0.0011 0.0289 0.5640 0.0352 0.40 TFBS 

 rs6503866    56619581 C/T 0.0011 0.0289 0.5640 0.0352 0.40 – 

a
 The chromosomal positions are based on the 1000 Genomes database (released on August 2010), which uses NCBI genome build 37 (hg19). 

b
 The P values are obtained by  Fisher’s exact test for three genetic models: allelic, dominant and over-dominant.  Association analysis is performed by Beagle. 

c
 Empirical P values  (Pemp) are obtained by 10 000 permutations for the genetic model with the most significant test across all imputed and genotyped SNPs of a particular gene. 

d
 MAF stands for minor allele frequency obtained from the HapMap database for Han Chinese. 

e
 The possible functions of SNPs are predicted by a web-based tool (http://manticore.niehs.nih.gov/snpfunc.htm).  Splicing stands for exotic splicing enhancer or suppressor.  

miRNA stands for changes in the microRNA binding sites.  TFBS stands for changes in the transcriptional factor binding sites. 

http://manticore.niehs.nih.gov/snpfunc.htm
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7.5 Discussion 

FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275 were found to be involved in the genetic 

susceptibility to the development of high myopia in previous chapters (Chapters 4 and 6).  

To verify the identified genes, replication study was performed.  Associated markers of the 

five putative susceptibility genes were selected and investigated using an independent 

sample set collected with the same inclusion and exclusion criteria as the discovery sample 

set.  The data obtained from the replication sample set were analyzed independently.  To 

obtain more information, the data obtained from the discovery and the replication sample 

sets were pooled together for analysis.  Moreover, meta-analysis was also performed to 

combine the results obtained from the two sample sets. 

 

7.5.1 FOS 

FOS was identified as a susceptibility gene for high myopia because of the identification of 

significant haplotypes in Chapter 4.  The 3-SNP haplotype window S03…S05 (rs4645869-

rs4645874-rs17103109) was significantly associated with high myopia in the discovery 

sample set (Pa = 6.43×10
-5

 and Paemp = 0.0001; Section 4.4.2 and Table 4.6).  However, the 

results could not be replicated using the replication sample set (Tables 7.3 and 7.5).  The 

most significant sliding window identified in the replication sample set was the 2-SNP 

window S04…S05 (rs4645874-rs17103109).  However, the association did not survive 

correction for multiple comparisons by 10 000 permutations (Pa = 0.0358 and Paemp = 0.4890; 

results not shown in Table 7.5).  Neither was significant association observed with single-

marker and haplotype analyses of the combined sample set (Tables 7.10 and 7.12).  In 

addition, no significant association was observed in the meta-analysis using different 

phenotypic thresholds (Table 7.17).  Since significant haplotypes were only observed in the 

discovery sample set, it seems that the role of FOS in the genetic susceptibility to high 

myopia development is relatively minor, if any. 
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7.5.2 VIPR2 

VIPR2 was considered as a susceptibility gene for high myopia because of the establishment 

of significant tag SNP and haplotypes in Chapter 4.  The tag SNP S11 (rs2071625) was 

found to be associated with high myopia defined by -10.00D as the phenotypic threshold 

(Pemp = 0.0113, Paemp = 0.0176 and OR = 0.59; Tables 4.4 and 4.5).  This association was 

supported by the findings that many haplotype windows also showed significant association 

with high myopia and that all these significant haplotype windows included S11 (rs2071625) 

as one of the constituent SNPs (Table 4.8).   With high myopia defined by -8.00D, the most 

significant association was revealed by the 4-SNP haplotype window S10…S13 (rs2071623-

rs2071625-rs2730220-rs885863): Pa = 8.47×10
-8

 and Paemp = 0.0001.  With high myopia 

defined by -10.00D, the most significant association was found in the 3-SNP haplotype 

window S11…S13 (rs2071625-rs2730220-rs885863): Pa = 1.77×10
-6

 and Paemp = 0.0001.  

Therefore, these four tag SNPs – S10, S11, S12 and S13 (rs2071623, rs2071625, rs2730220 

and rs885863, respectively) – were selected and examined using the replication samples set.  

In single-marker analysis, two SNPs were found to be significantly associated with high 

myopia: S12 (rs2730220: P = 0.0038; Paemp = 0.0221; OR = 0.55 and 95% CI: 0.37 to 0.82, 

with -8.00D as the cut-off for defining high myopia) and S13 (rs885863:  P = 0.0017; Paemp = 

0.0199; OR = 2.14 and 95% CI: 1.36 to 3.37 with -12.00D as the cut-off for high myopia) 

(Tables 7.3 and 7.4).  However, only S11 (rs2071625), demonstrated significant association 

in the combined sample set (Paemp = 0.0140 and 0.0036; OR = 0.73 and 0.65; and 95% CI: 

0.61 to 0.87 and 0.53 to 0.80 for using -8.00D and -10.00D, respectively, as the cut-offs for 

high myopia) (Tables 7.10 and 7.11).  It should be noted the results obtained from the 

combined sample set were highly consistent to those of meta-analysis.  In meta-analysis, 

only S11 (rs2071625) was significantly associated with high myopia: P = 0.0003 and 

8.08×10
-5

; and OR = 0.73 and 0.65 for using -8.00D and -10.00D as the cut-offs for defining 

high myopia (Table 7.17). 
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As shown in Chapter 4 (Table 4.8), the 4-SNP window S10…S13 (rs2071623-rs2071625-

rs2730220-rs885863) of VIPR2 demonstrated the strongest association.  The protective 

haplotype GGGG (1211) was the most significant 4-SNP haplotype identified previously (Pa 

= 1.85×10
-6

, Paemp = 0.0001 and OR = 0.18, with -8.00D as the cut-off for high myopia; 

Table 4.9).  With the replication sample set, three significant haplotype windows of VIPR2 

(1-SNP, 2-SNP and 4-SNP) were identified with -8.00D as the cut-off for cases (Table 7.5).  

However, only one significant haplotype window of VIPR2 (4-SNP) was found with -

10.00D as the cut-off for cases.  With the replication sample set, haplotype GAGA (1112) of 

the S10…S13 window was the most significant haplotype: Pa = 1.30×10
-6 

and 1.05×10
-6

; 

Paemp = 0.0001 and 0.0001; and OR = 14.40 and 17.30 with -8.00D and -10.00D, 

respectively, as the cut-offs (Table 7.6).  Considering the combined sample set, the 4-SNP 

window S10…S13 of VIPR2 also gave the most significant P values in the omnibus test 

using -8.00D and -10.00D as the cut-off for cases: Pa = 9.10×10
-10 

and 2.30×10
-6

; Paemp = 

0.0001 and 0.0001 for using -8.00D and -10.00D, respectively, as the cut-offs (Table 7.12).  

In this 4-SNP window, two haplotypes were found significant: the high-risk haplotype 

GAGA (1112) with OR = 14.40 and 4.68, respectively, for the replication and the combined 

sample sets for using -8.00D as the cut-off for cases (17.30 and 5.37 for using -10.00D as the 

cut-off for cases) (Tables 7.6 and 7.13); and the protective haplotype GGGG (1211) with OR 

= 0.18, 0.72 and 0.52, respectively, for the discovery, the replication and the combined 

sample sets for using -8.00D as the cut-off for cases (Tables 4.9, 7.6 and 7.13).  In addition, 

all the significant haplotypes were identified in either the discovery or replication sample set. 

 

The consistency of the association signals suggests the involvement of VIPR2 in the genetic 

susceptibility to high myopia.  To obtain more information, imputation was done 

computationally.  One more SNP, rs10268921, was predicted as significantly associated 

with high myopia (Table 7.19).  The SNP is located within 2.70 kb downstream of S11 

(rs2071625) with an MAF of 0.43.  However, the imputed SNP was predicted as a non-
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functional sequence variation.  To follow the signals obtained from VIPR2, exhaustive 

genotyping of SNPs in LD with the associated SNPs is required. Details of the possible 

susceptibility region of VIPR2 will be discussed in Chapter 10. 

 

7.5.3 ARHGEF12 

For ARHGEF12, significant haplotypes were identified (Tables 6.5 and 6.6) as reported in 

Chapter 6, as in the case for FOS reported in Chapter 4.  None of the SNPs of ARHGEF12 

showed significant association individually in the discovery and the replication studies 

(Tables 6.4 and 7.3).  Interestingly, one tag SNP (S05 or rs503473) was found to be 

associated with high myopia individually in the combined sample set (Table 7.10): P = 

0.0028 and 0.0004; Pemp = 0.0326 and 0.0057; and OR = 1.29 (95% CI: 1.09 to 1.52) and 

1.38 (95% CI: 1.14 to 1.68) for using -8.00D and -10.00D, respectively, as the cut-offs for 

cases.  However, the association became not significant after adjustment for age and sex 

(Paemp = 0.0979 and 0.0866
 
for using -8.00D and -10.00D as the cut-offs for cases).  This 

could be explained by the influence of confounding factors.  In our case, the confounding 

factors were age and sex.  Although the P value obtained from meta-analysis reached the 

significance (P = 0.0010 and OR = 1.39 using -10.00D as the cut-off for cases, Table 7.17), 

the P value was not adjusted for age and sex. 

 

Strong evidence for the involvement of ARHGEF12 in the genetic susceptibility to high 

myopia came from the consistent haplotype association signals.  The discovery sample set 

revealed only one ARHGEF12 haplotype window to be associated with high myopia: the 5-

SNP window S01…S05 (rs7933086-rs4381380-rs476636-rs2305013-rs503473) (Pa = 

8.3210
-5

 and Paemp = 0.004; Table 6.5).  The replication sample set identified four 

significant haplotype windows, one for each window size of 2 – 5 SNPs per window with 

the 5-SNP window S01…S05 being the second most significant (Pa = 2.6010
-9

 and Paemp = 

0.0001; Table 7.5).  The combined sample set also revealed four significant haplotype 
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windows, but with the 5-SNP window S01…S05 being the most significant (Pa = 3.1910
-14

 

and Paemp = 0.0001; Table 7.12).  Within the significant 5-SNP haplotype window S01…S05, 

there were different numbers of significant haplotypes (Paemp <0.05) in different sample sets: 

one for the discovery sample set (Table 6.6), three for the replication sample set (Table 7.7) 

and four for the combined sample set (Table 7.14) – a finding not unexpected in view of the 

unrelatedness of all the subjects in the two independent sample sets and the bigger sample 

size of the combined sample set.  However, the most convincing was the consistent direction 

of association for the haplotypes identified in these sample sets. We illustrate this with the 

four significant haplotypes (three high-risk and one protective) revealed in the combined 

sample set for high myopia defined as -8.00D.  These haplotypes were AGAAG (OR = 

2.82, 12.90 and 6.19), GAAAA (OR = 3.34, 8.74 and 7.75), GGAAA (OR = 2.54, 1.82 and 

2.21) and AAAA (OR = 0.59, 0.49 and 0.52) with the odds ratios (OR) indicated for the 

discovery, the replication and the combined sample sets respectively (Tables 6.6, 7.7 and 

7.14). 

 

Because of the LD relationship, the observed signals may only mirror the significance of the 

causal variants.  Imputation was done to infer the genotypes of other variants in ARHGEF12.  

With the reference genotype data downloaded from the 1000 Genomes Project, 37 SNPs out 

of 405 SNPs were predicted to be significantly associated with high myopia in the combined 

data set.  The magnitude of the significance of the 37 imputed SNPs ranged from Pemp = 

0.0003 to Pemp = 0.0478 (Table 7.19).  It should be noted that some SNPs were reported to be 

monomorphic in the HapMap database, but it was not the case in our combined sample set.  

Of the 37 imputed SNPs, two markers were predicted to be functional.  One marker 

(rs2305009, Pemp = 0.0183) may act as exotic splicing enhancer or suppressor and the other 

marker (rs3740740, Pemp = 0.0183) may cause a change in the binding of microRNA.  In fact, 

rs3740740 is located within the 3’UTR of ARHGEF12.  The results obtained from 

imputation provide a crude assessment of the association between the ARHGEF12 variants 
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and high myopia.  Thus, the investigation of rs2305009 and rs3740740 should be in the top 

priority in the follow-up study as they were predicted to be functional.  Details of the 

possible susceptibility region of ARHGEF12 will be discussed in Chapter 10. 

 

7.5.4 SEPT4 

For SEPT4, the preliminarily findings were similar to those of VIPR2.  A significant tag SNP 

and significant haplotypes were identified in Chapter 6 (Tables 6.4 and 6.7).  In single- 

marker analysis, S01 (rs3744111) was found to be significantly associated with high myopia: 

Pemp = 0.0092, Paemp = 0.0018, and OR = 1.48 (95% CI: 1.16 to 1.89) for the risk allele T 

(see Section 6.6.1 under the subheading “Cases: Using -8.00D as the phenotypic threshold”).  

The 4-SNP haplotype window S01…S04 (rs3744111-rs11870671-rs12935851-rs1057068) 

gave the most significant P value in the omnibus test (Pa = 1.53×10
-8

 and Paemp = 0.0001; 

Table 6.7).  These preliminary findings were replicated by examining the four tag SNPs in 

the replication sample set.  The results were successfully replicated.  Significant association 

was demonstrated between high myopia and S01 (rs3744111) with the OR for the risk allele 

T equal to 1.48, 1.59 and 1.54, respectively, for the discovery, the replication and the 

combined sample sets for using -8.00D as the cut-off for cases (Tables 7.4 and 7.11).  The 

odds ratios obtained across the three sample sets were consistent.  The magnitude of 

significance for S01 (rs3744111) reached the highest in the combined sample set: Pa = 

5.57×10
-7

 and Paemp = 0.0002 (Table 7.11).  This is expected as the sample size was the 

largest for the combined sample set.  In addition, S02 (rs11870671) was also found to be 

significantly associated with high myopia with an increase in the sample size: Paemp = 0.0961, 

0.2132 and 0.0314 (Tables 6.4, 7.3 and 7.10); and OR = 1.34, 1.29 and 1.30 (for the risk 

allele T), respectively, for the discovery, the replication and the combined sample sets 

(results not shown in any table). 
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The results of SEPT4 haplotype analysis also demonstrated high consistency.  Although the 

4-SNP haplotype window S01…S04 (rs3744111-rs11870671-rs12935851-rs1057068) were 

not significant in the replication sample set (Pa = 0.0178 and Paemp = 0.3020), it was found to 

be the most significant window in the combined sample set (Pa = 3.7810
-9

 and Paemp = 

0.0001) (Tables 7.5 and 7.12).  (Note that association was significant for haplotype windows 

up to 2 SNPs per window in the replication sample set.)  Within the 4-SNP window 

S01…S04, there were three significant haplotypes (CCGG, CTGA and TCGG with Paemp 

<0.05, Table 6.8) in the discovery sample set and only two significant haplotypes (CCGG 

and CTGA with Paemp <0.05, Table 7.15) in the combined sample set. Despite this difference, 

the direction of association was consistent for these three 4-SNP haplotypes: CCGG (OR = 

0.61 and 0.67), TCGG (OR = 5.56 and 6.36) and CTGA (OR = 5.49 and 2.34) with the ORs 

indicated for the discovery and the combined sample sets, respectively.  What is more 

interesting is the consistent significant association of the 2-SNP haplotype window 

S01…S02 (rs3744111-rs11870671) (Tables 6.7, 7.5 and 7.12) and the consistent direction of 

association of the constituent haplotypes (Tables 6.8, 7.8 and 7.15) across different sample 

sets.  More specifically, the ORs were 0.64, 0.71 and 0.67 for haplotype CC, and 1.34, 1.55 

and 1.44 for haplotype TT for the discovery, the replication and the combined sample sets, 

respectively.  It is also important to note that this 2-SNP window S01…S02 was always the 

most significant among all 2-SNP windows in the respective sample sets.  All these findings 

provide strong evidence for the involvement of SEPT4 polymorphisms in the genetic 

susceptibility to high myopia development. 

 

Although S01 (rs3744111) was significantly associated with high myopia in all sample sets, 

it is unlikely to be the causal variant.  To infer the genotypes of untyped variants in SEPT4, 

imputation was performed.   Based on the results obtained from imputation, analyses were 

performed.  Thirteen more SNPs were predicted to be significantly associated with high 

myopia (Table 7.19).  The empirical P values of these imputed SNPs ranged from 0.0018 to 

0.0352.  Seven of them (rs12939703, rs12942018, rs2068710, rs4793952, rs11869828, 
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rs12453049 and rs2009948) were predicted to cause changes in the transcriptional factor 

binding sites.  It is recommended that the investigation of these seven SNPs in the combined 

sample set should be given a top priority.  If association can be established between potential 

functional SNPs and high myopia, functional study should be followed up to reveal the role 

of SEPT4 in high myopia.  Follow-up work to investigate the role of SEPT4 in high myopia 

will be discussed briefly in Chapter 10.  It should be noted that the seven potential functional 

SNPs all cluster near the 5’end of SEPT4. Therefore, it is suggested that the casual variants 

may be located near the 5’end of SEPT4.  Details of the possible susceptibility region of 

SEPT4 will be discussed in Chapter 10. 

 

7.5.5 ZNF275 

ZNF275 was selected for follow-up because of the identification of significant haplotypes in 

the discovery sample set (Table 6.9).  Among the significant haplotype windows, the 3-SNP 

S01…S03 (rs4828775-rs2097251-rs1981446) demonstrated the strongest association in the 

omnibus test (P = 3.85×10
-6

; Paemp = 0.0001 and OR = 1.86) in Chapter 6 (Table 6.10).  To 

test if the above association could be established using an independent sample set, these 

three tag SNPs were examined in this Chapter.  Interestingly, S01 (rs4828775) and S02 

(rs2097251) were associated with high myopia individually in the replication sample set 

using -12.00D as the cut-off for cases (Table 7.3).  However, only S02 (rs2097251) was 

significantly associated with high myopia in the combined sample set using -12.00D as the 

cut-off for cases (Table 7.10).  There is a discrepancy between the results of association 

analysis with adjustment for age (Table 7.10) and the meta-analysis without adjustment for 

age (Table 7.17).  The discrepancy may be explained by the adjustment of age. 

 

Positive associations were observed in the haplotype analysis.  Using exhaustive sliding- 

window haplotype analysis, the most significant haplotype window was S01 (rs4828775) for 

the replication sample set: Pa = 0.0003 and Paemp = 0.0061 for -8.00D as the cut-off for cases, 
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and Pa=0.0002 and Paemp = 0.0027 for -10.00D as the cut-off for cases (Table 7.5).  By 

contrast, the most significant haplotypes were S01…S03 (rs4828775-rs2097251-rs1981446) 

for the discovery sample set (Table 6.9) and S02…SS03 (rs2097251-rs1981446) for the 

combined sample set (Table 7.12).  Intriguingly, the 3-SNP haplotype window S01…S03 

(rs4828775-rs2097251-rs1981446) was significant for all these sample sets.  However, the 

direction of association for the haplotype ACG (211) was not consistent: OR = 1.86, 0.22 

and 1.41 for the discovery, the replication and the combined sample sets with -8.00D as the 

cut-off for cases (Tables 6.10, 7.9 and 7.16).  Since the direction of association was not 

identical across these sample sets, the identified haplotype may not be a true signal.  

Although the combined sample set still produced some association signals, there existed 

discrepancies between the discovery and the replication sample sets.  This discrepancy 

remains to be resolved.  Therefore, the involvement of ZNF275 as a susceptibility gene for 

high myopia requires further study. 

 

 

In this study, we successfully replicated the results of VIPR2, ARHGEF12 and SEPT4 with 

an independent sample set.  However, and the replication of FOS and ZNF275 failed.  The 

replication study further supports the roles of VIPR2, ARHGEF12 and SEPT4 in the genetic 

susceptibility to high myopia.  Because of the LD relationship, the SNPs found to be 

associated with high myopia may not be the casual variants of the susceptibility genes.  To 

have a better understanding of the identified association, imputation was done.  More SNPs 

were predicted to be associated SNPs.  To prioritize the imputed SNPs, the functions of 

those SNPs were predicted.  We identified nine possible functional SNPs from ARHGEF12 

and SEPT4.  To verify whether these SNPs are functional or not, the first step is to establish 

significant association by additional studies using the combined sample set.  Once 

association is established, specific functional studies can be explored.  The possible regions 

and the characteristics of the LD patterns of these associated genes are discussed in Chapter 

10.  With a traditional hypothesis-driven approach, three novel genes were identified as 
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susceptibility genes for high myopia.  The associations were successfully replicated.  To 

discover more susceptibility genes and variants for high myopia, a hypothesis-free approach 

was used as well.  The results obtained from the hypothesis-free approach are reported in the 

coming Chapter. 

 

 

7.6 Conclusions 

In summary, five candidate genes (FOS, VIPR2, ARHGEF12, SEPT4 and ZNF275) were 

chosen for replication.  Significant associations between high myopia and three tag SNPs 

(S11 or rs2017625 of VIPR2, S05 or rs503473 of ARHGEF12, and S01 or rs3744111 of 

SEPT4) were demonstrated with the combined sample set.  In addition, significant 

haplotypes windows were identified in VIPR2, ARHGEF12 and SEPT4.  However, the 

association of FOS and ZNF275 could not be replicated.  It seems that the role of FOS and 

ZNF275 in the genetic susceptibility to high myopia is relatively minor, if any. This study 

verifies the initial findings and provides strong evidence for the involvement of VIPR2, 

ARHGEF12 and SEPT4 as susceptibility genes for high myopia in Han Chinese.  With 

imputation and an online prediction tool, potential functional SNPs were suggested.  To our 

knowledge, this is the first study to report and verify the association between high myopia 

and VIPR2, ARHGEF12 and SEPT4 in Han Chinese.  Further work should be focused on the 

fine mapping of the identified regions of the three susceptibility genes to reveal the putative 

causal variants predisposing to the development of high myopia. 
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Chapter 8 

Genome-wide association study 

 

 

8.1 Aims 

A pilot GWAS was conducted using 100 high myopes and 100 emmetropes selected from 

our collection of case-control study subjects to identify susceptibility genes for high myopia. 

 

 

8.2 Introduction 

The exhaustive search for susceptibility genes and/or variants by GWAS has made a great 

impact on the genetics of complex diseases.  It is a hypothesis-free approach, which tests 

tens of hundreds to a few millions of genetic markers (both SNPs and CNVs) at the same 

time, dependent on the platform used.  This powerful approach enables novel gene(s) and/or 

variant(s) to be identified.  In fact, several GWAS’s have been conducted to discover 

susceptibility genes for high myopia (Table 1.8).  Several loci and genes were identified as 

susceptibility regions or genes for high myopia.  To discover novel gene(s) and/or variant(s) 

for high myopia, a pilot GWAS was conducted by our group.  The GWAS was based on the 

genotype data of 100 cases and 100 controls.  Among the 200 GWAS samples, 64 cases and 

70 controls were included in the discovery sample set.  On the other hand, none of the 

GWAS samples was included in the replication sample set.  To compensate for the limited 

sample size, subjects with extreme phenotypes had been selected.  The mean SE and AL 

were -13.51 D and 29.12 mm for cases, and -0.14 D and 23.77 mm for controls, respectively 

(Table 3.4).  The preliminary results obtained from GWAS were followed up in several 
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stages with a larger sample size.  Candidate gene(s) and SNPs were selected for validation.  

Exhaustive genotyping was carried out for potential casual regions.  Both discovery and 

replication sample sets were used for replicating the initial findings. 

 

 

8.3 Methodology 

8.3.1 SNP Selection 

This part of the study was divided into five stages.  The workflow is summarized in Figure 

8.1.  The first stage was the GWAS, no SNP selection was required.  The GWAS sample set 

included 100 controls and 100 cases (Table 3.4).  In the second stage, top-ranking SNPs 

were selected.  To facilitate the follow-up study, only SNPs located within known MYP loci 

(Table 1.6) or with potential ocular functions were chosen.  Twenty candidate SNPs were 

examined in the second stage.  One candidate region was chosen for validation – the third 

stage.  Candidate SNPs were selected for replication using the replication sample set in the 

fourth stage.  Nine more SNPs that were in LD with the initial positive SNPs were included.  

The fifth stage was the refinement of the causal region, and imputation was performed to 

obtain more information.  One non-synonymous SNP was genotyped based on the results 

obtained from imputation.  Moreover, replication of positive signals obtained from the 

previous stage was carried out.  Details of the SNPs examined in different stages are listed in 

Table 8.1.  

 

8.3.2 SNP Genotyping 

For the first stage, the GWAS sample set was sent out for genotyping.  High-density SNP 

genotyping was conducted by deCODE genetics, Inc (Iceland).  All cases and controls were 

assayed using microarray platform from Illumina (Human610-Quad BeadChip; see Section 

2.1.3).  The DNA concentration of GWAS samples was measured and a minimum 
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Figure 8.1 The workflow of GWAS.  This study was divided into five stages.  The aims and 

the SNPs included into each stage were different. 

 

Stage 1 

GWAS 

(GWAS Sample Set) 

> 620 000 SNPs 

Stage 2 

Follow-up Study 

(Augmented Discovery Sample Set) 

20 SNPs 

Stage 4 

Replication of positive signals 

(Replication Sample Set) 

5 SNPs 

Stage 3 

Validation of the potential causal region 

(Discovery Sample Set) 

8 SNPs 

Stage 5 

Refinement of the casual region 

(Discovery Sample Set) 

1 SNP 
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concentration of 50 ng/L was required.  The rest of the samples were processed once 

verification was finished.  The platform used was the Human610-Quad BeadChip, which 

contains more than more than 600 000 SNPs.  The principle of genotyping is based on allele-

specific hybridization that is coupled with single base extension and fluorophore labeling 

(see Section 1.6.3.5).  The genotypes of SNPs are identified by measuring fluorescent 

intensities. 

 

For the second stage, genotyping of the selected twenty SNPs was sent to the Genome 

Research Centre of a local university as a contract service.  Sequenom MassARRAY 

technology platform with the iPLEX GOLD chemistry (Sequenom, San Diego, CA; see 

Section 1.6.3.4) was used.  The augmented discovery sample set was used to obtain the 

genotypes of these twenty SNPs.  Collection of genotypes of SNPs in the third, fourth and 

fifth stages were performed in-house.  Three SNPs were genotyped by RFLP (Section 

2.2.4.1) and the remaining SNPs by unlabeled probe melting curve analysis (Section 2.2.4.2).  

Details of the genotyping methods are summarized in Table 8.2.  Sequences of the primers 

and probes used in Stages 2, 3, 4 and 5 are listed in Table A4 in Appendix. 

 

8.3.3 Statistical analysis 

The genotype data were cleaned before analyses.  PLINK was used to filter out SNPs and 

individuals.  SNPs of the following categories were filtered out: call rates less than 95%, 

MAF less than 10%, and HWE violated (P < 0.001) in the control group.  Approximately 

620 000 SNPs were included in data analysis.  Individuals with ambiguous sex were 

excluded based on the genotypes on the X chromosome.  There were 97 cases and 96 

controls after data filtering, in which 73 of them were male and 120 female. 
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Table 8.1 Details of SNPs selected from GWAS of high myopia for follow-up study. 

   Stage   

Chra Positionb SNP 2 3 4 5 Nearby Gene c Distance (bp) 

4 58703169 rs10517437 (S01) √    SRIL||LPHN3 -38518||-3342265 

         

6 38576865 rs4316001 (S02) √    BTBD9 332660||139037 

6 38554612 rs12200371 (S03) √    BTBD9 310407||161290 

6 38530730 rs16890715 (S04) √    BTBD9 286525||185172 

         

7 67054161 rs6460415 (S05) √    STAG3L4||AUTS2 -630213||-1648094 

7 67061656 rs11763596 (S06) √    STAG3L4||AUTS2 -637708||-1640599 

7 69584020 rs2214714 (S07) √    AUTS2 881765||311770 

         

8 1789795 rs13278409 (S08) √  √  ARHGEF10 30239||104419 

8 115544463 rs4242562 (S09) √    CSMD3||TRPS1 -1026045||-945437 

8 115573610 rs7836298 (S10) √    CSMD3||TRPS1 -1055192||-916290 

8 115622285 rs7823554 (S11) √    CSMD3||TRPS1 -1103867||-867615 

8 115637602 rs7836963 (S12) √    CSMD3||TRPS1 -1119184||-852298 

         

11 117825763 rs629470 (S13) √    MLL 13348||75383 

11 117864371 rs572126 (S14) √    MLL 51956||36775 

11 117868079 rs537975 (S15) √    MLL 55664||33067 

         

17 32324262 rs8082436 (S16) √    LOC727862||LHX1 -14539||-44350 

17 32324419 rs8082616 (S17) √    LOC727862||LHX1 -14696||-44193 

17 45645685 rs2103273 (S18) √  √  COL1A1||SUMO2P7 -11686||-22520 

17 45647724 rs1406012 (S19)  √   COL1A1||SUMO2P7 -13725||-20481 

17 45648080 rs2696278 (S20)  √ √  COL1A1||SUMO2P7 -14081||-20125 

17 45648766 rs2586503 (S21)  √   COL1A1||SUMO2P7 -14767||-19439 

17 45652768 rs4794111 (S22)  √   COL1A1||SUMO2P7 -18769||-15437 

17 45653965 rs1000068 (S23) √  √  COL1A1||SUMO2P7 -19966||-14240 

17 45655825 rs12945422 (S24)  √   COL1A1||SUMO2P7 -21826||-12380 

17 45660967 rs12600690 (S25)  √   COL1A1||SUMO2P7 -26968||-7238 

17 45664442 rs11079899 (S26)  √ √  COL1A1||SUMO2P7 -30443||-3763 

17 45667828 rs4794119 (S27)  √   COL1A1||SUMO2P7 -33829||-377 

17 45668229 rs62063032 (S28)    √ LOC100131823 24||263 

17 52863276 rs9912487 (S29) √    MSI2 174346||249022 

a The SNPs are arranged down the column in the sequential order of the (1) chromosome number (Chr), and (2) physical 

position along a given chromosome with the numbering based on the genome build 37.3. These 29 SNPs are designated as 

S01, S02, …., and S29 as shown for the sake of easy referencing. 
b The official name of the genes are shown below in the order of appearance in the table:  

 SRIP1 = sorcin pseudogene 1 

 LPHN3 = latrophilin 3 
 BTBD9 = BTB (POZ) domain containing 9 
 STAG3L4 = stromal antigen 3-like 4 

  AUTS2 = autism susceptibility candidate 2 
 ARHGEF10 = Rho guanine nucleotide exchange factor (GEF) 10 
 CSMD3 = CUB and Sushi multiple domains 3 

 TRPS1 = trichorhinophalangeal syndrome I 
 MLL = myeloid/lymphoid or mixed-lineage leukemia (trithorax homolog, Drosophila) 
 LHX1 = LIM homeobox 1 
 COL1A1 = collagen (type I) alpha 1 

 SUMO2P7 = SMT3 suppressor of mif two 3 homolog 2 (S. cerevisiae) pseudogene 7 

 MSI2 = musashi homolog 2 (Drosophila) 
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The filtered data set was analyzed with PLINK as described previously (Section 2.2.6.2).  To 

increase the power of the study, the discovery and the replication sample sets were combined 

directly for analysis.  Empirical P values were generated from 10 000 permutations across 

all of the examined SNPs.  Moreover, empirical P values adjusted for both age and sex were 

reported in order to control the confounding factors.  Meta-analysis of the candidate SNPs 

was conducted by PLINK.  Imputation was performed by BEAGLE (Section 2.2.5.4). 

 

 

8.4 Results 

The characteristics of the sample sets used are described in Chapter 3.  In total, four sample 

sets were used in this study: GWAS sample set (Table 3.4), augmented discovery sample set 

(Table 3.2), discovery sample set (Table 3.1) and replication sample set (Table 3.3).   

 

8.4.1 GWAS (Stage 1) 

For the first stage of this study, the overall call rate of Human610-Quad was over 99.50%.  

There were 97 cases and 96 controls after filtering, of which 73 were male and 120 were 

female.  Figures 8.2, 8.3, 8.4 and 8.5 are the Manhattan plots for single-marker analysis 

under different genetic models.  Figure 8.6 is the Manhattan plot for single marker analysis 

(trend test) corrected for population stratification using EIGENSTRAT.  The genomic 

inflation factor (λ) was 1.0260 (λ < 1.1), which indicated absence of population stratification 

(Wellcome Trust Case Control Consortium, 2007).  The most significantnominal P value 

was obtained for rs10821487 on chromosome 9 (P = 1.16×10
-6

 under allelic genetic model), 

but it did not reach the genome-wide significance level (P < 5.00×10
-8

).  The corresponding 

Q-Q plots are shown in Figure 8.7.  Most of the points fell on the reference line (45 degree 

diagonal), indicating that the samples came from same population.  With P = 0.0001 (i.e., -

logP = 4) as a threshold, an aggregate list of top-ranking SNPs was generated.  The 
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threshold of P = 0.0001 (i.e., -logP = 4) was used as this threshold was adopted by other 

GWAS that successfully identified disease variants (Sladek et al, 2007).  There were 71 

SNPs in the list – SNPs that gave a P value less than 0.0001 in at least one of the genetic 

models tested.  The chromosomal positions and the corresponding alleles of the top-ranking 

SNPs are listed in Table 8.3.  Of the 71 top-ranking SNPs, 20 SNPs were selected for 

follow-up in the second stage for further examination (Section 8.3.1). 
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Table 8.2 Details of in-house genotyping methods for SNPs examined in Stages 3, 4 and 5. 

Chr
a Position SNP Genotyping methods

b Banding patterns
c 

8 1789795 rs13278409 (S08) RFLP by Hin1II T allele: 137, 91, 56 

C allele: 193, 91 

17 45647724 rs1406012 (S19) MC
 

- 

17 45648080 rs2696278 (S20) MC - 

17 45648766 rs2586503 (S21) MC - 

17 45652768 rs4794111 (S22) MC - 

17 45655825 rs12945422 (S24) MC - 

17 45660967 rs12600690 (S25) RFLP by BanI C allele: 81, 47, 25 

A allele: 133, 25 

17 45664442 rs11079899 (S26) MC - 

17 45667828 rs4794119 (S27) RFLP by HinfI T allele: 92, 50, 33 

A allele: 142, 33 

17 45668229 rs62063032 (S28) MC - 

a
 Chr stands for chromosome. 

b
 MC stands for unlabeled probe melting curve analysis and RFLP stands for restriction 

fragment length polymorphism. 

c
 For RFLP, the allele that is recognized by a particular restriction enzyme (RE) gives two 

characteristic fragments (in boldface), which are produced by cleavage of a longer 

fragment (also in boldface) for the allele that is not recognized by the RE. The fragment 

(in regular font) present in both alleles is the one produced by the cleavage of an internal 

restriction site. 
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Figure 8.2 The Manhattan plot for GWAS of high myopia based on single-marker analysis under allelic models. There are 46 SNPs with P values less than 

0.0001, and rs10821487 (indicated by an arrow) on chromosome 9 gives the most significant P value (1.16×10
-6

). 
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Figure 8.3 The Manhattan plot for GWAS high myopia based on single-marker analysis under genotypic models. There are 39 SNPs with P values less than 

0.0001, and rs122002371 (indicated by an arrow) on chromosome 6 gives the most significantmost significant P value (1.36×10
-6

). 
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Figure 8.4 The Manhattan plot for GWAS of high myopia based on single-marker analysis under dominant models.  There are 22 SNPs with P values less 

than 0.0001, and rs12200371 (indicated by an arrow) on chromosome 6 gives the most significant P value (1.36×10
-6

). 
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Figure 8.5 The Manhattan plot for GWAS of high myopia based on single-marker analysis under additive models (by trend tests).  There are 42 SNPs with P 

values less than 0.0001, and rs122002371 (indicated by an arrow) on chromosome 6 gives the most significant P value (1.35×10
-6

). 
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Figure 8.6The Manhattan plot for GWAS of high myopia corrected for population stratification using EIGENSTRAT under the additive models (by trend 

tests).   
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Figure 8.7 The Q-Q plots for GWAS of high myopia. The x-axis shows the expected P 

values while the y-axis shows the observed P values obtained under different genetic models.  

Note that P values are expressed as –logP values in both axes. 
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Table 8.3 Single-marker analysis of GWAS for high myopia: summary of SNPs with 

nominal P <0.0001 under at least one genetic model. 

    Genetic models with P <0.0001
b
 

Chr Position
a
 SNP Allele A G D AD Lowest P value 

1 104382080 rs1330402 A/G y   Y 9.44×10
-5

 

1 158909075 rs9330293 C/T y   Y 6.42×10
-5

 
         

2 68572526 rs7419739 C/T Y    9.49×10
-5

 

2 100025841 rs13402299 C/T  Y   1.21×10
-5

 

2 100037881 rs4851244 C/T  Y   3.84×10
-5

 

2 122696350 rs4848758 A/G Y y y y 3.09×10
-5

 

2 122733168 rs4848761 G/T Y   y 8.56×10
-5

 

2 217386244 rs7598172 G/T Y    9.14×10
-5

 

2 217391024 rs2712184 A/C Y    9.14×10
-5

 

2 217415771 rs1922001 A/G Y y y y 1.52×10
-5

 

2 217421144 rs1179707 A/G  y Y  6.43×10
-5

 

2 238411619 rs1198819 G/T  Y   7.16×10
-5

 
         

3 67307707 rs4856997 G/T y y y Y 2.40×10
-5

 

3 72588006 rs9870697 A/G Y   y 5.43×10
-5

 

3 109506655 rs2016469 G/A  Y   8.29×10
-5

 
         

4 166053095 rs12511116 C/T  Y   3.09×10
-5

 

4 174956412 rs10520267 C/T  Y   6.77×10
-5

 
         

5 16905734 rs7719940 C/T  Y   9.59×10
-5

 

5 89581865 rs12518099 A/G Y y y y 1.30×10
-6

 

5 89588130 rs2366402 A/G Y y  y 4.08×10
-6

 
         

6 12836804 rs491451 T/C Y   y 7.30×10
-5

 

6 38554612 rs12200371 A/G y y y Y 1.35×10
-6

 

6 38576865 rs4316001 C/T y Y y y 1.59×10
-6

 

6 82794239 rs2039669 A/G Y    8.84×10
-5

 

6 82797619 rs6933646 G/T   Y  7.43×10
-5

 

6 123268276 rs9398707 C/T  Y   9.96×10
-5

 

6 165198353 rs2136940 A/G Y    5.70×10
-5

 

         
         

7 26713589 rs2299102 C/T Y    3.92×10
-5

 

7 26820459 rs3823934 T/C y  Y  8.29×10
-5

 

7 26926536 rs2712242 A/G Y   y 5.11×10
-5

 

7 26932851 rs2462904 A/G Y   y 5.11×10
-5

 

7 67054161 rs6460415 C/T  Y   4.01×10
-6

 

7 67061656 rs11763596 C/T  Y   2.28×10
-6

 
         

8 1789795 rs13278409 C/T  Y   5.70×10
-6

 

8 115544463 rs4242562 G/T y y y Y 1.52×10
-5

 

8 115568175 rs6469525 A/G    Y 7.64×10
-5

 

8 115573610 rs7836298 C/T   y Y 1.13×10
-5

 

8 115579946 rs7813002 A/G    Y 7.64×10
-5

 

8 115601532 rs1390810 T/C    Y 7.64×10
-5

 

8 115622285 rs7823554 A/C y y  Y 1.98×10
-5

 

8 115637602 rs7836963 A/G y y  Y 1.98×10
-5
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Table 8.3 Single-marker analysis of GWAS for high myopia: summary of SNPs with 

nominal P <0.0001 under at least one genetic model (Continued). 

    Genetic models with P <0.0001
b
 

Chr Position
a
 SNP Allele A G D AD Lowest P value 

9 91794953 rs10821487 A/C Y y y y 1.16×10
-6

 

9 91816515 rs601472 C/T Y y y y 3.11×10
-6

 

9 91817716 rs679273 A/G y y Y y 2.76×10
-6

 

9 91834541 rs636460 T/C y y Y y 2.54×10
-5

 

9 92751925 rs12341958 A/G y y  Y 7.64×10
-5

 

9 138238894 rs3780190 A/G y y  Y 2.35×10
-5

 
         

10 12442707 rs2997068 A/C Y y y y 6.32×10
-6

 

10 28945085 rs332176 A/G Y    6.63×10
-5

 

10 28953315 rs332185 C/T Y    6.63×10
-5

 

10 89353761 rs7894717 C/T    Y 6.74×10
-5

 
         

11 2176538 rs3922756 C/T Y    9.42×10
-5

 

11 94502834 rs503612 C/A y   Y 2.67×10
-5

 

11 94521927 rs10831311 A/C y   Y 2.15×10
-5

 
         

12 12140491 rs2448050 G/A   Y y 4.39×10
-5

 

12 21207219 rs4149028 C/T Y y y y 9.45×10
-6

 

12 21208619 rs4149031 C/G Y y y y 2.97×10
-6

 

12 21217081 rs2291073 G/T Y y y y 1.95×10
-5

 

12 37854158 rs7300022 A/G Y   y 6.89×10
-5

 
         

14 58681427 rs2185445 G/A Y   y 1.55×10
-5

 

14 83507138 rs1756291 T/C Y   y 3.18×10
-5

 

14 86287347 rs8015527 C/T   Y  7.60×10
-5

 
         

15 39972086 rs1618332 C/T  Y   4.74×10
-5

 
         

16 76123560 rs6564447 A/G  Y   2.85×10
-5

 
         

17 32324262 rs8082436 A/G y y  Y 7.95×10
-6

 

17 32324419 rs8082616 A/G y y  Y 2.40×10
-5

 

17 45645685 rs2103273 C/T Y    9.34×10
-5

 

17 52863276 rs9912487 A/G    Y 8.86×10
-5

 

17 70540347 rs4789127 A/G  Y   4.06×10
-5

 
         

18 4331519 rs4624288 T/C  Y   7.19×10
-5

 
         

X 25814367 rs5944204 A/G y  y Y 6.97×10
-5

 

a
 The chromosomal positions are based on the genome build 36.3. 

b
 A “y” is indicated in the column for the corresponding genetic model (allelic, A; 

genotypic, G; dominant, D; and additive, AD) if the nominal P value is <0.0001.  For 

each SNP, the genetic model is indicated by a “Y” (UPPERCASE and boldface) if the 

model gives the lowest P value (most significant), which is shown in the last column. 
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8.4.2 Follow-up study (Stage 2) 

In following up the pilot GWAS, 20 SNPs were genotyped using the augmented discovery 

sample set (Figure 8.1 and Table 8.1 – Stage 2), and their genotypes are shown in Table 8.4.  

All SNPs were in HWE, except S02 (rs4316001).  Therefore, only P value obtained from 

trend test was reported for S02 (rs4316001).  The results of single-marker analysis of these 

20 SNPs for high myopia defined by different thresholds are shown in Table 8.5. 

 

Using -8.00D as the threshold for cases 

Two SNPs on chromosome 17 showed significant association: S18 (rs2103273; Paemp = 

0.0079; OR (T) = 1.37; and 95% CI: 1.11 to 1.70) and S23 (rs1000068; Paemp = 0.0064; OR 

(T) = 1.40; and 95% CI: 1.13 to 1.73) (Tables 8.5 and 8.6).  No significant association was 

observed for the remaining 18 SNPs.  

 

Using -10.00D as the threshold for cases 

Four SNPs were found to be significantly associated with high myopia (Tables 8.5 and 8.6).  

One association signal was found on chromosome 8: S08 (rs13278409; Paemp = 0.0222; OR = 

1.59; and 95% CI: 1.19 to 2.14).  One association signal was identified on chromosome 11: 

S13 (rs629470; Paemp = 0.0176; OR = 0.62; and 95% CI: 0.48 to 0.79).  Two SNPs on 

chromosome 17 showed significant association with high myopia: S18 (rs2103273; Paemp = 

0.0313; OR = 1.39; and 95% CI: 1.08 to 1.79) and S23 (rs1000068: Paemp = 0.0236; OR = 

1.44; and 95% CI: 1.21 to 1.85). 
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Table 8.4 SNPs genotyped for following up GWAS results: summary of genotype data in the augmented discovery sample set (Stage 2), the discovery sample set (Stages 3 

and 5) and the replication sample set (Stage 4). 

   Augmented discovery sample set (Stage 2)/ Discovery sample set (Stage 3/5)  Replication sample set (Stage 4) 

Chr SNP 

Alleles 

(1 / 2)a 

Genotype counts (11/12/22) Minor allele freq 
P value (HWE for 

controls) 

 Genotype counts (11/12/22) Minor allele freq 
P value (HWE 

for controls) Cases Controls Cases Controls  Cases Controls Cases Controls 

Augmented discovery sample set (Stage 2)          

4 rs10517437 (S01) G/A 146/158/42 141/141/65 0.3497 0.3905 0.0068       

6 rs4316001 (S02) C/T 345/0/2 337/0/4 0.0058 0.0117 4.97×10-10       

6 rs12200371 (S03) A/G 301/49/3 270/71/5 0.0779 0.1171 0.3674       

6 rs16890715 (S04) T/C 285/65/2 260/79/9 0.0980 0.1384 0.7971       

7 rs6460415 (S05) C/T 127/178/45 158/135/58 0.3565 0.3530 0.0024       

7 rs11763596 (S06) T/C 160/159/35 143/150/56 0.3575 0.3547 0.1373       

7 rs2214714 (S07) G/A 126/178/49 159/135/58 0.3754 0.3763 0.0025       

8 rs13278409 (S08) T/C 183/157/11 223/98/15 0.1905 0.1821 0.2936  176/106/18 186/94/20 0.2367 0.2233 0.0966 

8 rs4242562 (S09) T/G 222/121/15 209/126/15 0.2229 0.2245 0.5384       

8 rs7836298 (S10) T/C 221/111/6 207/120/16 0.2216 0.2277 0.8764       

8 rs7823554 (S11) A/C 225/119/5 207/128/16 0.2279 0.2271 0.5477       

8 rs7836963 (S12) A/G 227/122/4 208/125/12 0.2227 0.2243 0.5390       

11 rs629470 (S13) A/G 129/174/53 102/175/77 0.4647 0.4581 0.9151       

11 rs572126 (S14) G/A 132/166/55 111/163/77 0.4516 0.4424 0.2376       

11 rs537975 (S15) T/C 120/172/62 102/167/80 0.4685 0.4592 0.4538       

17 rs8082436 (S16) G/A 97/182/63 87/170/85 0.4971 0.4833 0.9141       

17 rs8082616 (S17) A/G 95/195/61 89/174/78 0.4839 0.4965 0.7453       

17 rs2103273 (S18) C/T 115/166/72 141/165/45 0.3632 0.4842 0.8179  100/151/45 107/149/42 0.4017 0.3883 0.0465 

17 rs1000068 (S23) C/T 114/163/77 138/167/45 0.4477 0.3671 0.6472  104/147/46 101/145/47 0.3983 0.3983 0.0718 

17 rs9912487 (S29) G/A 210/127/14 201/123/30 0.2208 0.2585 0.0950       
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Table 8.4 SNPs genotyped for following up GWAS results: summary of genotype data in the augmented discovery sample set (Stage 2), the discovery sample set (Stage 3) and 

the replication sample set (Stage 4) (Continued) 

   Augmented discovery sample set (Stage 2)/Discovery sample set (Stage 3/5)  Replication sample set (Stage 4) 

Chr SNP 

Alleles 

(1 / 2) 

Genotype counts (11/12/22) Minor allele freq 
P value (HWE for 

controls) 

 Genotype counts (11/12/22) Minor allele freq 
P value (HWE 

for controls) Case Control Cases Controls  Case Control Cases Controls 

Discovery sample set (Stage 3)          

17 rs1406012 (S19) G/T 94/135/71 114/136/50 0.4478 0.3855 0.0709       

17 rs2696278 (S20) A/G 100/123/77 126/132/42 0.4617 0.3933 0.3977  105/151/45 100/155/45 0.4017 0.4083 0.2819 

17 rs2586503 (S21) T/C 120/111/69 125/131/44 0.4150 0.3650 0.3201       

17 rs4794111 (S22) A/T 102/143/55 108/157/35 0.4217 0.3783 0.0653       

17 rs12945422 (S24) C/G 91/137/72 115/128/55 0.4683 0.3993 0.0709       

17 rs12600690 (S25) C/G 90/149/61 107/146/47 0.4517 0.4000 0.9043       

17 rs11079899 (S26) G/A 92/119/89 110/144/46 0.4950 0.3933 1.0000  103/154/45 107/148/45 0.4067 0.3967 0.6311 

17 rs4794119 (S27) A/G 102/132/66 123/127/51 0.4400 0.3817 0.0863       

Discovery sample set (Stage 5)          

17 rs62063032 (S28) C/T 223/70/7 225/71/4 0.1400 0.1317 0.7995       

a
 Allele 1 is the major allele, and allele 2 the minor allele. 
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Using -12.00D as the threshold for cases 

With -12.00D as the phenotypic threshold for cases, interesting results were observed (Table 

8.5).  Five SNPs were significantly associated with high myopia (Tables 8.5 and 8.6).  S11 

(rs7823554) on chromosome 8 displayed significant association: Paemp = 0.0335; OR = 0.53; 

and 95% CI: 0.33 to 0.85.  On chromosome 11, two SNPs were significantly associated with 

high myopia: S13 (rs629470; Paemp = 0.0043; OR = 0.49; and 95% CI: 0.34 to 0.79), and S14 

(rs572126; Paemp = 0.0254; OR = 0.53; and 95% CI: 0.37 to 0.75).  On chromosome 17, two 

SNPs exhibited significant association: S18 (rs2103273; Paemp = 0.0002; OR = 1.88; and 

95% CI: 1.34 to 2.63) and S23 (rs1000068; Paemp = 0.0002; OR = 2.03; and 95% CI: 1.45 to 

2.83). 

 

Based on the results obtained from single-marker analysis, six tag SNPs were associated 

with high myopia significantly: two on chromosome 8 (S08 and S11), two on chromosome 

11 (S13 and S14), and two on chromosome 17 (S18 and S23).  S18 (rs2103273) and S23 

(rs1000068) demonstrated very consistent association signals with cases defined by different 

thresholds (Table 8.5). The remaining 14 tag SNPs were not associated with high myopia 

significantly. 

 

To further explore the association between the examined tag SNPs and high myopia, 

haplotype analysis was performed for SNPs on chromosomes 4, 6, 7, 8, 11 and 17.  In total, 

49 sliding windows were constructed from these 20 SNPs on six chromosomes.  Permutation 

test was performed across these 49 sliding windows to obtain Paemp values.  Variable-sized 

sliding-window strategy did not reveal any significant haplotype windows for SNPs on 

chromosomes 4, 6, 7, 8 and 11 (results not shown).  Significant haplotype windows were 

demonstrated only for SNPs on chromosome 17 (Tables 8.7 and 8.8).  Note that haplotype 

analysis produced significant association signals only for cases defined by SE  -12.00 D, 

but not for other cut-offs. 
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With sliding-window haplotype analysis of five SNPs on chromosome 17, sliding windows 

S23 (rs1000068), S17-S18 (rs8082616-rs2103273), S16-S17-S18 (rs8082436-rs8082616-

rs2103273), and S16-S17-S18-S23 (rs8082436-rs8082616-rs2103273-rs100068) showed the 

most significant P values in their respective window size in the omnibus test (Table 8.7).  Of 

the eight significant windows, S23 gave the strongest signal (Pa = 5.67×10
-5

 and Paemp = 

0.0007).  Both high-risk and protective S23 (rs1000068) haplotypes (alleles) were identified: 

T (2) (Pa = 5.67×10
-5

, Paemp = 0.0011 and OR = 2.29) and C (1) (Pa = 5.67×10
-5

, Paemp = 

0.0011 and OR = 0.44) (Table 8.8).  Similarly, high-risk and protective S17-S18 

(rs8082616-rs2103273) haplotypes were identified: AT (12) (Pa = 0.0010, Paemp = 0.0290 

and OR = 2.34) and GC (21) (Pa = 0.0001, Paemp = 0.033 and OR = 0.29).  For the haplotype 

window S16-S17-S18 (rs8082436-rs8082616-rs2103273), there were one high-risk 

haplotype and one protective haplotype: AAT (212) (Pa = 0.0002, Paemp = 0.0074 and OR = 

2.59), and GGC (121) (Pa = 0.0001, Paemp = 0.0033 and OR = 0.30).  For the significant 4-

SNP haplotype window S16-S17-S18-S23 (rs8082436-rs8082616-rs2103273-rs1000068), 

the high-risk haplotype was AATT (2122) (Pa = 0.0002, Paemp = 0.0039 and OR = 2.65), and 

the protective haplotype was GGCC (1211) (Pa = 0.0001, Paemp = 0.0033 and OR = 0.30).  

The frequencies of significant haplotypes are listed in Table 8.8. 

 

In summary, 20 candidate SNPs were chosen for following up the pilot GWAS results with 

the augmented discovery sample set.  SNPs S08, S11, S13, S14, S18 and S23 (rs13278409, 

rs7823554, rs629470, rs572126, rs2103273 and rs1000068) were associated with high 

myopia individually under different phenotypic thresholds.  Among these six tag SNPs, 

consistent association was demonstrated by S18 and S23 (rs2103273 and rs1000068) on 

chromosome 17.  In addition, significant haplotypes were demonstrated SNPs on 

chromosome 17 only.  Therefore, S18 and S23 (rs2103273 and rs1000068) were chosen 

for validation in the next stage. 
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Table 8.5 Single-marker association analysis of SNPs on six chromosomes with cases of high myopia defined by different thresholds for the augmented discovery sample set 

(Stage 2). 
a
 

   Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

Chr SNP  P  Model Pemp Pa Paemp  P Model Pemp Pa Paemp  P Model Pemp Pa Paemp 

4 rs10517437 (S01)  0.0495 G 0.4320 0.2213   0.0107 G 0.1092 0.6320   0.0912 A  0.0865  
                    

6 rs4316001 (S02)  0. 4000 AD  - -  0.1280 AD  - -  0.3129 AD  - - 

6 rs12200371 (S03)  0.0145 D 0.3346 0.0180 0.2020  0.0178 AD 0.4140 0.0176 0.2063  0.0247 AD 0.4943 0.0179 0.1990 

6 rs16890715 (S04)  0.1760 AD  0.0243 0.2660  0.0286 G 0.5538 0.0568   0.0801 AD  0.0830  
                    

7 rs6460415 (S05)  0.0053 G 0.2878 0.1622   0.0022 D 0.5851 0.0187 0.2163  0.0015 D 0.0655 0.0126 0.1451 

7 rs11763596 (S06)  0.0042 A 0.4536 0.2301   0.0058 G 0.1729 0.0550   0.0049 D 0.1402 0.0492 0.4805 

7 rs2214714 (S07)  0.0404 A 0.3954 0.1210   0.1168 A  0.3750   0.0354 G 0.3155 0.1991  
                    

8 rs13278409 (S08)  0.0001 G 0.0059 0.0064 0.0774  8.49×10
-5

 D 0.0034 0.0017 0.0222  0.0014 G 0.1525 0.0426 0.4303 

8 rs4242562 (S09)  0.0643 G  0.1015   0.0711 AD  0.0499 0.4804  0.0898 G  0.0674  

8 rs7836298 (S10)  0.0613 AD  0.0615   0.0221 AD 0.4629 0.0116 0.1405  0.0300 AD 0.5519 0.0284 0.3080 

8 rs7823554 (S11)  0.0301 G 0.5140 0.0254 0.2752  0.0135 AD 0.3460 0.0052 0.0671  0.0065 AD 0.2090 0.0029 0.0335 

8 rs7836963 (S12)  0.0247 G 0.2630 0.0595   0.0291 AD 0.6215 0.0186 0.2152  0.0509 AD  0.0336 0.3605 
                    

11 rs629470 (S13)  0.0065 AD 0.2053 0.0152 0.1728  0.0002 A 0.0060 0.0012 0.0176  7.94×10
-5

 A 0.0046 0.0005 0.0043 

11 rs572126 (S14)  0.0237 A 0.4969 0.0467 0.4506  0.0023 A 0.0739 0.0123 0.1466  0.0004 A 0.0125 0.0023 0.0254 

11 rs537975 (S15)  0.0600 AD  0.1222   0.0064 A 0.1706 0.0278 0.3079  0.0008 A 0.0244 0.0046 0.0533 
                    

17 rs8082436 (S16)  0.0782 AD  0.0510   0.0663 A  0.0595   0.0067 D 0.1790 0.0067 0.0774 

17 rs8082616 (S17)  0.1913 G  0.1387   0.1326 AD  0.1144   0.0173 AD 0.4101 0.0138 0.1560 

17 rs2103273 (S18)  0.0040 A 0.1325 0.0007 0.0079  0.0102 AD 0.2432 0.0025 0.0313  0.0002 G 0.0032 1.10×10
-5

 0.0002 

17 rs1000068 (S23)  0.0024 A 0.0575 0.0006 0.0064  0.0047 AD 0.0827 0.0018 0.0236  5.63×10
-6

 G 0.0002 3.77×10
-6

 0.0002 

17 rs9912487 (S29)  0.0489 G 0.4054 0.0898   0.0781 AD  0.0818   0.0935 AD  0.0700  

a
 For each case definition, the following results are indicated: P, the nominal P value for the most significant test under one of the four genetic models tested (allelic, A; 

genotypic, G; dominant, D; and additive, AD [by trend test]); Pemp, empirical P value generated by 10 000 permutations based on the best test; Pa, nominal P value adjusted for 

sex and age; and Paemp, empirical P value generated by 10 000 permutations and adjusted for sex and age.  Permutation of the case-control status is carried for all 20 SNPs 

examined in Stage 2 for this part of the study.  Note that Pemp values are shown only when the corresponding P values are <0.05; and Paemp values are shown only when the 

corresponding Pa values are <0.05. 



 

263 

 

 

 

 

Table 8.6 Significant association with high myopia: details of statistics for the augmented discovery sample set (Stage 2). 

Characteristic / 

Statistic 
Information / Result 

Chromosome 8 8 11 11 11 17 17 17 17 17 17 

SNP 
rs13278409 

(S08) 

rs7823554 

(S11) 

rs629470  

(S13) 

rs629470  

(S13) 

rs572126 

(S14) 

rs2103273  

(S18) 

rs2103273  

(S18) 

rs2103273  

(S18) 

rs1000068  

(S23) 

rs1000068  

(S23) 

rs1000068  

(S23) 

Threshold 

for cases 
-10.00 D -12.00D -10.00D -12.00D -12.00D -8.00D -10.00D -12.00D -8.00D -10.00D -12.00D 

Allelic
a
 P 0.0022 0.0161 0.0002 7.94×10

-5
 0.0004 0.0040 0.0040 0.0002 0.0024 0.0024 4.48×10

-5
 

Pemp 0.0423 0.1314 0.0060 0.0046 0.0125 0.1325 0.1401 0.0282 0.0575 0.0750 0.0016 

Pa 0.0017 0.0029 0.0012 0.0005 0.0023 0.0007 0.0025 1.10×10
-5

 0.0006 0.0018 3.77×10
-6

 

Paemp 0.0222 0.0335 0.0176 0.0043 0.0254 0.0079 0.0313 0.0002 0.0064 0.0236 0.0002 

Odds  ratio
b
 1.59 0.53 0.62 0.49 0.53 1.37 1.39 1.88 1.40 1.44 2.03 

95% CI 1.19 – 2.14 0.33 – 0.85 0.48 – 0.79 0.34 – 0.70 0.37 – 0.75 1.11 – 1.70 1.08 – 1.79 1.34 – 2.63 1.13 – 1.73 1.21 - 1.85 1.45 – 2.83 

a
  Single-marker association analysis is performed under the allelic model by chi-square test to give P or Pemp values (without or with correction for multiple comparisons by 

10 000 permutations), and by logistic regression with adjustment for sex and age to give Pa or Paemp values (without or with correction for multiple comparisons by 10 000 

permutations). Note that permutation of the case-control status is carried for all 20 SNPs examined using the augmented discovery sample set (Stage 2). 

b
 The odds ratio is for the minor allele (allele 2) with reference to the major allele (allele 1). 
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Table 8.7 Summary of exhaustive haplotype analysis based on omnibus tests for sliding 
windows of all possible sizes across 5 SNPs on chromosome 17 for the augmented 

discovery sample set (Stage 2) with cases defined by spherical equivalent  -

12.00D.
a
 

SW  SW with significant omnibus Test Paemp < 0.05  The most significant result 

SNPs 
No. of 

SW 
 
No. of 

SW 
First SW Last SW  SW Pa Paemp 

1 5  2 S18 S23  S23 5.67×10
-5

 0.0007 

2 4  3 S17-S18 S23-S29  S17-S18 0.0003 0.0026 

3 3  2 S16-S17-S18 S17-S18-S23  S16-S17-S18 0.0002 0.0022 

4 2  1 S16-S17-S18-S23 S16-S17-S18-S23  S16-S17-S18-S23 0.0001 0.0032 

5 1  0 - -  - - - 

Please refer to Table 8.5 for the identity (rs number) of the 5 SNPs on chromosome 17 under study.  

Every sliding window (SW) is assessed by omnibus test adjusted for sex and age to give the Pa value.  

There are a total of 15 windows (sum of numbers in column 2) for the 5 SNPs on chromosome 17.  

However, multiple comparisons are corrected for by running 10 000 permutations across 49 sliding 

windows constructed in Stage 2 to obtain an empirical P value that is also adjusted for sex and age 

(Paemp).  For each fixed-size sliding window, the most significant result is detailed in the last three 

columns if Paemp <0.05. Haplotypes in these most significant sliding windows are detailed in Table 8.8.  

Note that S23 provides the most convincing evidence for association with high myopia among all 46 

windows tested. 
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Table 8.8 Details of significant haplotypes on chromosome 17 identified by exhaustive 
sliding window strategy for the augmented discovery sample set (Stage 2).

a
 

Haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp 

S23 (rs1000068) 

Omnibus - - - 5.67×10
-5

 0.0007 

T (2) 0.4477 0.3671 2.29 5.67×10
-5

 0.0011 

C (1) 0.5523 0.6329 0.44 5.67×10
-5

 0.0011 

S17-S18 (rs8082616-rs2103273)   

Omnibus - - - 0.0003 0.0026 

GC (21) 0.5504 0.6303 0.29 0.0001 0.0033 

AT (12) 0.4308 0.3581 2.34 0.0010 0.0290 

S16-S17-S18 (rs8082436-rs8082616-rs2103273) 

Omnibus - - - 0.0002 0.022 

GGC (121) 0.2268 0.1745 0.30 0.0001 0.0033 

AAT (212) 0.2125 0.1866 2.59 0.0002 0.0074 

S16-S17-S18-S23 (rs8082436-rs8082616-rs2103273-rs1000068) 

Omnibus - - - 0.0001 0.0032 

GGCC (1211) 0.2287 0.2955 0.30 0.0001 0.0033 

AATT (2122) 0.2281 0.1712 2.65 0.0002 0.0039 

a
 Haplotypes in the most significant sliding windows as shown in Table 8.7 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note 

that S23 provides the most convincing evidence for association with high myopia among all the 

windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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8.4.3 Validation of a putative region (Stage 3) 

In the second stage, consistent association was demonstrated by S18 and S23 (rs2103273 

and rs1000068) in the single-marker and haplotype analyses (Tables 8.5 to 8.8).  To validate 

the roles of S18 and S23 (rs2103273 and rs1000068) in the genetic susceptibility to the 

development of high myopia, SNPs in LD with S18 and S23 (rs2103273 and rs1000068) 

were selected with the criteria of r
2
 > 0.8 and MAF > 0.05.  In total, eight more SNPs were 

examined: S19, S20, S21, S22, S24, S25, S26 and S27 (Figure 8.1 and Table 8.1 – Stage 3).  

The genotype frequencies of these eight SNPs are presented in Table 8.4.  Since all SNPs 

were in HWE, all eight SNPs were included for further analysis. 

 

Tables 8.9 and 8.10 present the results of single-marker analysis based on different 

phenotypic thresholds.  A stringent threshold of significance was applied in the third stage, 

and 10 000 permutations were performed across all 28 SNPs.  The discovery sample set used 

in Stage 3 was a subset of the augmented discovery sample set used in Stage 2: 300 cases 

and 300 controls were common to both sample sets (Tables 3.1 and 3.2).  Therefore, only the 

genotypes obtained from the discovery sample set were analyzed, and the empirical P values 

were generated for the common samples (300 cases and 300 controls) across all 28 SNPs 

(S01 to S27 plus S29; Table 8.1). 

 

An interesting pattern was observed in the subset analysis: the number of significant SNPs 

increased with the stringency for defining high myopia.  With -8.00D and -10.00 D as the 

thresholds for cases, only one SNP was found to be significantly associated with high 

myopia: S26 (rs11079899; OR = 1.34 and 1.49 for the -8.00D and -10.00D, respectively, as 

the thresholds) (Tables 8.9 and 8.10).  Surprisingly, all eight SNPs demonstrated significant 

association with -12.00 D as the threshold for defining high myopia with the empirical P 

values (Paemp) ranging from 0.0001 to 0.0245.  The directions of association were identical 

for all eight SNPs, and their odds ratios ranged from 1.54 to 1.96 (Table 8.10). 



 

267 

 

 

In total, 13 SNPs on chromosome 17 had been genotyped in Stages 2 and 3: S16 to S27 and 

S29.  Note that S28 were genotyped only in Stage 5 (Table 8.1).  Haplotype analysis was 

performed across all 28 SNPs typed in Stages 2 and 3.  In other words, a total of 125 sliding 

windows were tested and significant haplotypes were identified.  Significant windows of one 

to twelve SNPs per window were identified on chromosome 17 (Table 8.11).  The 

magnitude of significance was stronger than those obtained in the second stage.  After 

adjustment for sex and age, the most significance empirical P value was 0.0007 in the 

second stage (Table 8.7).  Here, the empirical P values after adjustment ranged from 0.0251 

to 0.0001 for 10 000 permutations (Table 8.11).  Interestingly, S26 (rs11079899) was 

included in 29 out of 37 significant windows (Table 8.11).  Of all the significant sliding 

windows, the most significant was the 4-SNP window S23…S26 (rs1000068-rs12945422-

rs12600690-rs11079899) (Pa = 7.72×10
-6

 and Paemp = 0.0001).  There was one protective 

haplotype in this window: CCCG (1111; Pa = 3.21×10
-5

, Paemp = 0.0019 and OR = 0.61) 

(Table 8.12).  This haplotype was very common: 54% in controls and 41% in cases. Details 

of all significant haplotypes and their frequencies are shown in Table 8.12. 
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Table 8.9 Single-marker association analysis of 8 SNPs on chromosome 17 with cases of high myopia defined by different thresholds for the discovery 

sample set (Stage 3).
a
 

  Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

SNP  P  Model Pemp Pa Paemp  P  Model Pemp Pa Paemp  P  Model Pemp Pa Paemp 

rs1406012 (S19)  0.0294 AD 0.6646 0.0071 0.1100  0.0730 AD  0.0262 0.3468  0.0020 AD 0.0286 0.0001 0.0015 

rs2696278 (S20)  0.0196 A 0.4935 0.0055 0.0849  0.1010 A  0.0431 0.5003  0.0024 A 0.0818 0.0002 0.0023 

rs2586503 (S21)  0.0256 G 0.3684 0.0191 0.2639  0.0187 G 0.3679 0.0554   0.0003 G 0.0121 0.0001 0.0014 

rs4794111 (S22)  0.0708 G  0.0061 0.4627  0.0520 G  0.0984   0.0040 G 0.0405 0.0009 0.0118 

rs12945422 (S24)  0.0168 A 0.4533 0.0397 0.0948  0.0290 A 0.6111 0.0143 0.2128  0.0013 A 0.0422 0.0001 0.0014 

rs12600690 (S25)  0.0696 AD  0.0001 0.4656  0.1109 AD  0.0588   0.0040 G 0.0602 0.0018 0.0245 

rs11079899 (S26)  3.60×10
-5

 R 0.0015 0.0173 0.0016  0.0001 R 0.0031 0.0009 0.0156  4.45x10
-6

 R 0.0002 5.12×10
-6

 0.0001 

rs4794119 (S27)  0.0460 A 0.7641 0.0071 0.2441  0.1486 A  0.0672   0.0041 A 0.1326 0.0003 0.0037 

a
 For each case definition, the following results are indicated: P, the nominal P value for the most significant test under one of the four genetic models tested (allelic, A; 

genotypic, G; dominant, D; recessive, R; and additive, AD [by trend test]); Pemp, empirical P value generated by 10 000 permutations based on the best test; Pa, nominal P 

value adjusted for sex and age; and Paemp, empirical P value generated by 10 000 permutations across all 28 SNPs genotyped in Stages 2 and 3, and adjusted for sex and age.  

Permutation of the case-control status is carried for all 28 SNPs examined in Stages 2 and 3 for this part of the study.  Note that Pemp values are shown only when the 

corresponding P values are <0.05; and Paemp values are shown only when the corresponding Pa values are <0.05. 
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Table 8.10 Significant association of 8 SNPs on chromosome 17 with high myopia: details of statistics for the discovery sample set (Stage 3). 

Characteristic / 

Statistic 
Information / Result 

SNP 
rs1406012 

(S19) 

rs2696278 

(S20) 

rs2586503 

(S21) 

rs4794111 

(S22) 

rs12945422 

(S24) 

rs12600690 

(S25) 

rs11079899 

(S26) 

rs11079899 

(S26) 

rs11079899 

(S26) 

rs4794119 

(S27) 

Threshold 

for cases 
-12.00D -12.00D -12.00D -12.00D -12.00D -12.00D -8.00D -10.00D -12.00D -12.00D 

Allelic
a
 P 0.0021 0.0024 0.0029 0.0161 0.0013 0.0213 0.0005 0.0354 0.0003 0.0041 

Pemp 0.0434 0.0818 0.0553 0.3183 0.0422 0.3543 0.0104 0.1125 0.0129 0.1326 

Pa 0.0001 0.0002 0.0001 0.0009 0.0001 0.0018 0.0173 0.0009 5.12×10
-6

 0.0003 

Paemp 0.0015 0.0023 0.0014 0.0118 0.0014 0.0245 0.0016 0.0156 0.0001 0.0037 

Odds  ratio
b
 1.77 1.76 1.74 1.56 1.81 1.54 1.34 1.49 1.96 1.71 

95% CI 1.24 – 2.54 1.23 – 2.52 1.22 – 2.49 1.09 – 2.23 1.26 – 2.59 1.08 – 2.20 1.07 – 1.69 1.14 – 1.95 1.37 – 2.80 1.19 – 2.44 

a
  Single-marker association analysis is performed under the allelic model by chi-square test to give P or Pemp values (without or with correction for multiple comparisons by 

10 000 permutations), and by logistic regression with adjustment for sex and age to give Pa or Paemp values (without or with correction for multiple comparisons by 10 000 

permutations).  Note that permutation of the case-control status is carried for all 28 SNPs genotyped in Stages 2 and 3. 

b
 The odds ratio is for the minor allele (allele 2) with reference to the major allele (allele 1). 
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Table 8.11 Summary of exhaustive haplotype analysis based on omnibus tests for sliding 
windows of all possible sizes across 13 SNPs on chromosome 17 for the discovery 

sample set (Stages 2 and 3) with cases defined by spherical equivalent -8.00D.
a
 

SW SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW No. of SW First SW Last SW  SW Pa Paemp 

1 13 1 S26 S26  S26 9.32×10
-5

 0.0014 

2 12 2 S25...S26 S26…S27  S25...S26 1.48×10
-5

 0.0002 

3 11 3 S23…S25 S25…S27  S23…S25 3.21×10
-5

 0.0003 

4 10 4 S22…S25 S25…S29  S23…S26 7.72×10
-6 

0.0001
 

5 9 4 S21…S25 S24…S29  S22…S26 1.27×10
-5 

0.0002
 

6 8 4 S20…S25 S23…S29  S21…S26 1.15×10
-5 

0.0001
 

7 7 4 S19…S25 S22…S29  S21…S27 2.09×10
-5 

0.0003
 

8 6 4 S18…S25 S21…S29  S20…S27 1.89×10
-5 

0.0003 

9 5 4 S17…S25 S20…S29  S19…S27 2.23×10
-5 

0.0003 

10 4 4 S16…S25 S19…S29  S18…S27 0.0001 0.0020 

11 3 2 S16…S26 S17…S27  S17…S27 0.0001 0.0034 

12 2 1 S16…S27 S16…S27  S16…S27 0.0012 0.0251 

13 1 0 - -  - - - 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last SNP of 

the sliding window. For instance, S23…S26 represents the sliding window S23-S24-S25-S26 

(rs1000068-rs12945422-rs12600690-rs11079899).  Please refer to Table 8.1 for the identity (the rs 

numbers) of the SNPs on chromosome 17.  Every sliding window is assessed by omnibus test adjusted for 

age to give the Pa value. There are a total of 125 windows for 28 SNPs on 6 chromosomes (Stages 2 and 

3), and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical P value 

that is also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most significant 

result is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding 

windows are detailed in Table 8.12.  Note that S23...S26 provides the most convincing evidence for 

association with high myopia among all 125 windows tested. 
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Table 8.12 Details of significant haplotypes on chromosome 17 identified by exhaustive 
sliding window strategy for the discovery sample set (Stages 2 and 3).

a
 

Haplotypes 
Freq in 

cases 
Freq in 

controls 
Odds 

ratio 
Pa Paemp 

S26 (rs11079899)      

Omnibus    9.32×10
-5 0.0014 

G (1) 0.5050 0.6067 0.63 9.32×10 0.0056 

A (2) 0.4950 0.3933 1.59 9.32×10 0.0056 

S25...S26 (rs12600690-rs11079899) 
Omnibus - - - 1.48×10

-5
 0.0002 

CG (11) 0.4417 0.5624 0.61 3.05×10
-5 

0.0016 
CA (12) 0.1067 0.0376 3.01 3.32×10

-5 
0.0019 

      

S23…S25 (rs1000068-rs12945422-rs12600690)   
Omnibus - - - 3.21×10

-5 0.0003 
CCC (111) 0.4389 0.5402 0.65 0.0004 0.0236 
TGC (221) 0.0515 0.0073 6.70 0.0005 0.0277 
TCG (212) 0.0067 0.0130 0.22 0.0495 0.9915 
      
S23…S26 (rs1000068-rs12945422-rs12600690-rs11079899) 
Omnibus - - - 7.72×10

-6 
0.0001

 

CCCG (1111) 0.4133 0.5384 0.61 3.21×10
-5

 0.0019 
TGCA (2212) 0.0499 0.0060 7.96 0.0011 0.0645 
CGGA (1222) 0.0170 0.0099 9.68 0.0132 0.6494 
CCCA (1112) 0.0412 0.0191 2.55 0.0197 0.8147 
CGCG (1211) 0.0088 0.0233 0.30 0.0307 0.9384 
      
S22…S26 (rs4794111-rs1000068-rs12945422-rs12600690-rs11079899)

 

Omnibus - - - 1.27×10
-5 

0.0002
 

ACCCG (11111) 0.0503 0.0235 0.61 3.25×10
-5

 0.0019 
TTGCA (22212) 0.3606 0.3495 6.80 0.0025 0.1496 
ACCCA (11112) 0.0406 0.0156 3.06 0.0111 0.5785 
ACGCG (11211) 0.0089 0.0228 0.28 0.0365 0.9686 
      
S21…S26 (rs2586503-rs4794111-rs1000068-rs12945422-rs12600690-rs11079899) 
Omnibus - - - 1.15×10

-5
 0.0001 

TACCCG (111111) 0.4355 0.5549 0.61 4.44×10
-5 0.0028 

CTTGCA (222212) 0.0434 0.0039 9.17 0.0031 0.1884 
TACCCA (111112) 0.0406 0.0170 2.75 0.0183 0.7872 
TACGCG (111211) 0.0062 0.0213 0.20 0.0214 0.8455 
TACCGG (111121) 0.0514 0.0217 2.00 0.0449 0.9867 
      
S21…S27 (rs2586503-rs4794111-rs1000068-rs12945422-rs12600690-rs11079899-

rs4794119) 
Omnibus - - - 2.09×10

-5 0.0003 
TACCCGA (1111111) 0.4389 0.5510 0.64 0.0001 0.0067 
TACCCAA (1111121) 0.0412 0.0101 4.50 0.0032 0.1930 
CTTGCAG (2222122) 0.0441 0.0037 8.89 0.0032 0.1932 
TACGCGA (1112111) 0.0074 0.0226 0.24 0.0252 0.8915 
TACCGGA (1111211) 0.0517 0.0194 2.13 0.0343 0.9609 
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Table 8.12 Details of significant haplotypes on chromosome 17 identified by exhaustive 
sliding window strategy for the discovery sample set (Stages 2 and 3).

a 

Haplotypes 
Freq in 

cases 
Freq in 

controls 
Odds 

ratio 
Pa Paemp 

S20…S27 (rs2696278-rs2586503- rs4794111- rs1000068-rs12945422-rs12600690-

rs11079899-rs4794119) 
Omnibus - - - 1.89×10

-5 
0.0003

 

ATACCCGA (11111111) 0.4660 0.5671 0.63 8.95×10
-5 

0.0052
 

ATACCCAA (11111121) 0.0432 0.0104 4.37 0.0041 0.2441 
GCTTGCAG (22222122) 0.3415 0.3272 7.35 0.0068 0.3925 
ATACGCGA (11112111) 0.0064 0.0231 0.19 0.0185 0.7930 
ATACCGGA (11111211) 0.0520 0.0181 2.19 0.0349 0.9629 
      
S19…S27 (rs1406012-rs2696278-rs2586503- rs4794111- rs1000068-rs12945422-

rs12600690-rs11079899-rs4794119) 
Omnibus - - - 2.23×10

-5 0.0003 
GATACCCGA (111111111) 0.4656 0.5681 0.64 0.0001 0.0064 
GATACCCAA (111111121) 0.0435 0.0106 4.33 0.0043 0.2545 
TGCTTGCAG (222222122) 0.0434 0.0042 6.96 0.0069 0.3954 
GATACGCGA (111112111) 0.0063 0.0232 0.19 0.0177 0.7729 
GATACCGGA (111111211) 0.0524 0.0184 2.18 0.0351 0.9635 
      
S18…S27 (rs2103273-rs1406012-rs2696278-rs2586503- rs4794111- rs1000068-

rs12945422-rs12600690-rs11079899-rs4794119) 
Omnibus - - - 0.0001 0.0020 
CGATACCCGA (1111111111) 0.2034 0.2795 0.55 0.0003 0.0178 
TTGCTTGCAG (2222222122) 0.0290 0.0012 60.90 0.0219 0.8528 
TGATACGCGA (2111112111) 0.0063 0.0187 0.20 0.0308 0.9396 
      
S17…S27 (rs8082616-rs2103273-rs1406012-rs2696278-rs2586503- rs4794111- 

rs1000068-rs12945422-rs12600690-rs11079899-rs4794119) 
Omnibus - - - 0.0001 0.0034 
GCGATACCCGA (21111111111) 0.2091 0.2838 0.55 0.0003 0.0193 
ATTGCTTGCAG (12222222122) 0.0299 0.0026 18.10 0.0117 0.6026 
ATGATACGCGA (12111112111) 0.0066 0.0191 0.20 0.0318 0.9463 
      
S16…S27 (rs8032436-rs8082616-rs2103273-rs1406012-rs2696278-rs2586503- rs4794111- 

rs1000068-rs12945422-rs12600690-rs11079899-rs4794119) 
Omnibus - - - 0.0001 0.0251 
AGCGATACCCGA (221111111111) 0.2036 0.2893 0.51 6.79×10

-5 
0.0043

 

GATTGCTTGCAG (112222222122) 0.0283 0.0029 13.40 0.0168 0.7514 
GATGATACGCGA (112111112111) 0.0413 0.0069 5.81 0.0169 0.734 

a
 Haplotypes in the most significant sliding windows as shown in Table 8.11 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that 

S23...S26 provides the most convincing evidence for association with high myopia among all the 

windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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8.4.4 Replication of putative signals (Stage 4) 

Based on the results obtained from the previous three stages, five SNPs were chosen for 

replication with the replication sample set (Figure 8.1 and Table 8.1 – Stage 4).  The tag 

SNPs selected from the second stage were S08, S18 and S23 (rs13278409, rs2103273 and 

rs1000068) (Table 8.5).  Given that ARHGEF12 is identified as a susceptibility gene in high 

myopia previously (Chapters 6 and 7), genes of the ARHGEF family are of great interest.  

Since S08 is located in the ARHGEF10 gene (a member of the ARHGEF family), it is 

selected for replication.  Two more SNPs were selected based on the results obtained in the 

third stage.  Two markers were found to be associated with high myopia (-8.00D) if the 

multiple corrections were performed across the eight SNPs genotyped in Stage 3: S20 

(rs2696278, Pemp = 0.0054) and S26 (rs11079899, Pemp = 0.0005).  The genotype data of 

these five SNPs for the replication sample set are shown in Table 8.4; S08 is on 

chromosome 8 and the remaining four SNPs are on chromosome 17 (Table 8.1).  All five tag 

SNPs were in HWE (Table 8.4 – the rightmost column) and were thus included for genetic 

analysis. 

 

Shown in Table 8.13 are the results of single-marker analysis for the replication sample set 

with -8.00D, -10.00D and -12.00D as the thresholds for defining high myopia.  None of the 

SNPs was associated with high myopia in the replication sample set. 

 

However, two SNPs demonstrated significant association individually with high myopia in 

the combined sample set (combining the discovery and the replication sample sets) (Table 

8.14).  S08 (rs13078409) on chromosome 8 was found to be associated with high myopia 

using -8.00D as the threshold (Pa = 0.0163), but the significant association disappeared after 

adjustment for sex and age (Paemp = 0.1205) (Table 8.14).  Intriguingly, S26 (rs11079899) on 

chromosome 17 was found to be associated with high myopia under different thresholds: 

Paemp = 0.0096, 0.0297 and 0.0275; OR = 1.24, 1.25 and 1.36; and 95% CI: 1.06 to 1.46, 
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1.03 to 1.52 and 1.00 to 1.72 for using -8.00D, -10.00D and -12.00D as the cut-offs for cases 

(Tables 8.14 and 8.15). 

 

Similar to the previous stages, haplotype analysis was performed.  The results are listed in 

Tables 8.16 and 8.17.  Significant haplotypes were identified only in the combined sample 

set, but not in the replication sample set.  Four sliding windows gave significant P values in 

the omnibus test with Paemp ranging 0.0297 to 0.0012 (Table 8.16).  The 2-SNP window S23-

S26 (rs1000068-rs11079899) showed the strongest association signal (Paemp = 0.0012).  

Significant high-risk and protective haplotypes of S23-S26 (rs1000068-rs11079899) were 

identified: CA (12; Pa = 0.0003, Paemp = 0.0038 and OR = 2.33) and CG (11; Pa = 0.0011, 

Paemp = 0.0144 and OR = 0.76).  The direction of association was consistent across 

haplotypes of different window sizes.  For the 3-SNP haplotypes of S20-S23-S26 

(rs2696278-rs1000068-rs11079899), high-risk and protective haplotypes were identified.  

The high risk haplotypes were: ACA (112) (OR = 2.33) and GCA (212) (OR = 2.35).  On 

the other hand, the protective haplotype was ACG (111) (OR = 0.78).  Similar pattern was 

also observed in the 4-SNP haplotypes of S18- S20-S23-S26 (rs2103273-rs2696278-

rs1000068-rs11079899).  The high-risk haplotypes were CACA (1112) (OR = 4.08) and 

TGCA (2212) (OR =2.24).  The protective haplotype was CACG (1111) (OR = 0.77) (Table 

8.17).  The haplotype frequencies are shown in Table 8.17.  In general, the frequency of the 

protective haplotypes was higher in our population. 
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Table 8.13 Single-marker association analysis of SNPs on chromosomes 8 and 17 with cases of high myopia defined by different thresholds for the 

replication sample set (Stage 4). 

  Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

SNP  P Model Pa  P Model Pa  P Model Pemp Pa 

rs13278409 (S08)  0.4526 D 0.6490  0.7286 AD 0.7313  0.6957 AD  0.7185 

rs2103273 (S18)  0.5590 AD 0.4784  0.6710 AD 0.5818  0.2109 G  0.3218 

rs2696278 (S20)  0.7158 AD 0.7832  0.6025 D 0.6904  0.1288 G  0.2392 

rs1000068 (S23)  0.8455 AD 0.8903  0.6040 D 0.7409  0.3965 AD  0.4333 

rs11079899 (S26)  0.7974 D 0.8640  0.8359 D 0.8119  0.0446 G 0.2304 0.1923 

a
 For each case definition, the following results are indicated: P, the nominal P value for the most significant test under one of the four genetic models tested (allelic, A; 

genotypic, G; dominant, D; and additive, AD [by trend test]); Pemp, empirical P value generated by 10 000 permutations based on the best test; Pa, nominal P value 

adjusted for sex and age.  Permutation of the case-control status is carried for all 5 SNPs examined in Stage 4 for this part of the study.  Pemp values are shown only 

when the corresponding P values are <0.05.  Since no Pa value is <0.05, the corresponding adjusted P value (Paemp) is not shown either. 



 

276 

 

 

 

 

 

 

 

Table 8.14 Single-marker association analysis of the 5 SNPs with cases of high myopia defined by different thresholds for the combined sample set. 

   Cases:  spherical equivalent ≤ -8.00D  Cases:  spherical equivalent ≤ -10.00D  Cases:  spherical equivalent ≤ -12.00D 

SNP  P Model Pemp Pa Paemp  P Model Pemp Pa Paemp  P Model Pemp Pa Paemp 

rs13278409 (S08)  0.0014 G 0.0163 0.0337 0.1205  0.0074 G 0.0985 0.0918   0.0270 G 0.1849 0.1462  

rs2103273 (S18)  0.1720 D  0.1345   0.1998 AD  0.0838   0.2372 AD  0.0932  

rs2696278 (S20)  0.1491 AD  0.0724   0.2972 G  0.2173   0.1079 AD  0.0360 0.1286 

rs1000068 (S23)  0.1002 AD  0.0644   0.1747 AD  0.1411   0.0301 AD 0.1037 0.0167 0.0645 

rs11079899 (S26)  0.0029 R 0.0226 0.0031 0.0096  0.0024 R 0.0231 0.0077 0.0297  0.0048 R 0.0764 0.0077 0.0275 

a
 For each case definition, the following results are indicated: P, the nominal P value for the most significant test under one of the four genetic models tested (allelic, A; 

genotypic, G; dominant, D; recessive, R; and additive, AD [by trend test]); Pemp, empirical P value generated by 10 000 permutations based on the best test; Pa, nominal P 

value adjusted for sex and age; and Paemp, empirical P value generated by 10 000 permutations and adjusted for sex and age.  Permutation of the case-control status is 

carried for all 5 SNPs examined in this part of the study.  Note that Pemp values are shown only when the corresponding P values are <0.05; and Paemp values are shown only 

when the corresponding Pa values are <0.05. 
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Table 8.15 Significant association of SNPs chromosome 17 with high myopia: details of 

statistics for the combined sample set.
a
 

Characteristic / Statistic Information / Result 

SNP rs11079899 (S26) rs11079899 (S26) rs11079899 (S26) 

Threshold for cases -8.00D -10.00D -12.00D 

Allelic
a
 P 0.0093 0.0082 0.0304 

Pemp 0.0226 0.0231 0.0764 

Pa 0.0031 0.0077 0.0077 

Paemp 0.0096 0.0297 0.0275 

Odds  ratio
b
 1.24 1.25 1.32 

95% CI 1.06 – 1.46 1.03 – 1.52 1.00 – 1.72 

a
  Single-marker association analysis is performed under the allelic model by chi-square test to give P 

or Pemp values (without or with correction for multiple comparisons by 10 000 permutations), and by 

logistic regression with adjustment for sex and age to give Pa or Paemp values (without or with 

correction for multiple comparisons by 10 000 permutations). Note that permutation of the case-

control status is carried for all 5 SNPs. 

b
 The odds ratio is for the minor allele (allele 2) with reference to the major allele (allele 1). 

 

 



 

278 

 

 

 

 

 

 

 

 

 

 

Table 8.16 Summary of exhaustive haplotype analysis based on omnibus tests for sliding 
windows of all possible sizes across 4 SNPs on chromosome 17 in combined sample 

set with cases defined by spherical equivalent  -8.00D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs 
No. of 

SW 

 No. of 

SW 
First SW Last SW 

 
SW Pa Paemp 

1 4  1 S26 S26  S26 0.0031 0.0170 

2 3  1 S23-S26 S23-S26  S23-S26 0.0003 0.0012 

3 2  1 S20- S23-S26 S20- S23-S26  S20- S23-S26 0.0034 0.0193 

4 1  1 S18- S20- S23-S26 S18- S20- S23-S26  S18- S20- S23-S26 0.0054 0.0297 

a
 Please refer to Table 8.1 for the identity (rs number) of the 5 SNPs on chromosome 17 under study.  

Every sliding window (SW) is assessed by omnibus test adjusted for sex and age to give the Pa value.  

There are a total of 11 windows (sum of numbers in column 2 plus one window for S08 (rs13278409) on 

chromosome; see Table 8.14), and multiple comparisons are corrected for by running 10 000 

permutations to obtain an empirical P value that is also adjusted for sex and age (Paemp).  For each fixed-

size sliding window, the most significant results is detailed in the last three columns if Paemp <0.05. 

Haplotypes in these most significant sliding windows are detailed in Table 8.17.  Note that the 2-SNP 

window S23-S26 provides the most convincing evidence for association with high myopia among all 10 

windows tested. 
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Table 8.17 Details of significant haplotypes on chromosome 17 identified by exhaustive 
sliding window strategy for the combined sample set.

a
 

Haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp 

S26 (rs11079899) 
Omnibus - - - 0.0031 0.0170 
A (2) 0.4475 0.3950 1.28 0.0031 0.0422 
G (1) 0.5525 0.6050 0.78 0.0031 0.0422 

      
S23-S26 (rs1000068-rs11079899) 
Omnibus    0.0003 0.0012 
CA (12) 0.0521 0.0238 2.33 0.0003 0.0038 
CG (11) 0.5176 0.5791 0.76 0.0011 0.0144 
      

S20-S23-S26 (rs2696278-rs1000068-rs11079899)   
Omnibus - - - 0.0034 0.0193 

ACG (111) 0.5093 0.5636 0.78 0.0027 0.0365 
ACA (112) 0.0273 0.0133 2.33 0.0083 0.1203 
GCA (212) 0.0249 0.0111 2.35 0.0112 0.1580 
      
S18-S20-S23-S26 (rs2103273-rs2696278-rs1000068-rs11079899) 
Omnibus - - - 0.0054 0.0297 
CACG (1111) 0.4155 0.4571 0.77 0.0024 0.0312 
CACA (1112) 0.0171 0.0064 4.08 0.0056 0.0802 
TGCA (2212) 0.0199 0.0097 2.24 0.0387 0.4644 

a
 Haplotypes in the most significant sliding windows as shown in Table 8.16 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note 

that the 2-SNP S23...S26 provides the most convincing evidence for association with high myopia 

among all the windows tested.  The rows showing this window and its constituent haplotypes are 

shaded in gray. 
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8.4.5 Refinement of a putative region (Stage 5) 

Significant SNPs and haplotypes were identified in the previous stages (Stages 2 and 3).  It 

seems the region carrying S18 to S26 (rs2103273 to rs11079899) on chromosome 17 is a 

putative susceptibility region for high myopia.  However, the region bound by S18 and S26 

(rs2103273 and rs11079899) are not located within any known human gene.  The nearest 

genes within this particular region are collagen, type I, alpha 1 (COL1A1) and SMT3 

suppressor of mif two 3 homolog 2 (S. cerevisiae) pseudogene 7 (SUMO2P7) (Table 8.1; 

also see Figure 8.9).  Imputation was used to infer the genotypes of variants that had not 

been genotyped and that are within this region.  In total, the genotype data of ten examined 

SNPs (S18 to S27) in the discovery sample set were used to predict the genotypes of 264 

variants for the discovery sample set.  Genetic association analysis of these 264 variants was 

performed as described previously.  Of these 264 variants, 24 were predicted as significantly 

associated with high myopia (Table 8.18).  A web-based tool 

(http://manticore.niehs.nih.gov/snpfunc.htm) was used to predict the possible functions of 

the associated variants; four variants were predicted to be functional.  One of these five 

functional SNPs, S28 (rs62063032), was predicted to cause a change in the transcription 

factor binding site.  In addition, S28 (rs62063032) was also predicted to be a non-

synonymous SNP that causes a change in amino acid from glycine to arginine.  Therefore, 

S28 (rs62063032) was selected for genotyping using the discovery sample set.  The 

genotype frequency of S28 (rs62063032) is summarized in Table 8.4.  However, it turned 

out that S28 (rs62063032) was not associated with high myopia (Table 8.19) –  an 

experimental finding that did not agree with the results based on computational imputation 

(Table 8.18). 

 

The LD maps of the examined SNPs located on chromosome 17 were constructed by 

Haploview for the discovery sample set (Figure 8.8).  Three haplotype blocks were 

identified in cases with the solid spine of LD as the block definition.  Block 1 started from 

http://manticore.niehs.nih.gov/snpfunc.htm
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S16 (rs8082436) and finished at S17 (rs8082616), which was the smallest block.  Block 2 

was found to be the biggest block.  It started from S19 (rs1406012) and finished at S24 

(rs12945422), which spanned approximately 8 kb.  Block 3 spanned approximately 3 kb, 

starting from S26 (rs11079899) and finishing at S27 (rs4794119).  On the other hand, two 

haplotype blocks were identified in controls.  Block 1 started from S16 (rs8082436) and 

finished at S17 (rs8082616).  Block 2 was found to be the biggest block.  It started from S19 

(rs1406012) and finished at S27 (rs12945422), which spanned approximately 20 kb.   

 

Up to now, 20 SNPs had been genotyped for the augmented discovery sample set (Stage 2), 

8 SNPs for the discovery sample set (Stage 3) and 1 SNP for the discovery sample set (Stage 

5) (Figure 8.1, and Tables 8.1 and 8.4 – Stages 2, 3 and 5).  Note that the discovery sample 

set was a subset of the augmented discovery sample set (see Section 3.2).  By removing the 

extra 56 cases and 56 controls from the augmented discovery sample set, we now had 

complete genotype data for 29 SNPs for the discovery sample set. Comprehensive sliding-

window haplotype analysis was again applied to this complete genotype data, significant 

haplotype windows were identified (Table 8.20).  There were a total of 139 sliding windows 

of all possible sizes across 29 SNPs on 6 chromosomes.  As expected (see Section 8.4.2), no 

significant haplotype window was identified for SNPs on chromosomes 4, 6, 8 and 11.  

Significant haplotype windows were demonstrated only for SNPs on chromosome 17 (Table 

8.20).   

 

In stage 5, the most significant association was demonstrated by the 4-SNP haplotype 

window S23…S26 (rs1000068…rs11079899) (Pa = 7.72×10
-6

 and Paemp = 0.0002; Table 

8.20) as expectedly also identified in stage 3 (Pa = 7.72×10
-6

 and Paemp = 0.0001; Table 8.11).   

One significant protective haplotype of S23…S26 (rs100068…rs11079899) was identified: 

CCCG (1111; Pa = 3.25×10
-5

, Paemp = 0.0013 and OR = 0.61) (Table 8.12). 
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Expectedly, the results of exhaustive sliding-window haplotype analysis for SNPs on 

chromosome 17 as of Stage 5 (14 SNPs; Table 8.20) were highly consistent with those as of 

Stage 3 (13 SNPs; Table 8.11).  The long significant haplotype window had 12 SNPs 

(S16…S27) in Stage 3, but 13 SNPs (S16…S28) in Stage 5.  Details of significant 13-SNP 

haplotypes are shown in Table 8.21.   Of 37 significant haplotype windows in Stage 3, 36 

carried S25 (rs12600690), 29 harbored S26 (rs11079899), and 28 contained both S25 and 

S26.  Of 42 significant haplotype windows in Stage 5, 51 carried S25, 37 harbored S26, and 

36 contained both S25 and S26. 

 

In summary, the region harbored by the most significant haplotype window S23…S26 (i.e. 

rs1000068-rs12945422-rs12600690-rs11079899) could be considered as a susceptibility 

region for high myopia. 
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Table 8.18 Summary of significant variants imputed and analyzed by Beagle for the discovery 

sample set. 

Marker Positiona 

Allele 

(1/2)b 

P values for association under different 

models c 

Pemp 
d MAFe 

Predicted 

Functionf Allelic Dominant Overdominant 

rs2277632 48263903 A/G 0.0004 0.0157 0.6830 0.0427 0.34 - 

rs2075557 48268443 C/A 0.0004 0.0157 0.6830 0.0427 0.33 - 

rs2075556 48269021 C/G 0.0004 0.0157 0.6830 0.0427 0.33 - 

rs2696247 48269903 A/G 0.0004 0.0157 0.6830 0.0427 0.17 - 

rs2253369 48272055 C/T 0.0004 0.0157 0.6830 0.0427 0.38 - 

rs2734281 48273439 A/G 0.0004 0.0157 0.6830 0.0427 0.43 - 

rs35544418 48284017 C/T 0.0004 0.0160 0.6820 0.0419 - - 

rs2246839 48288396 C/T 0.0004 0.0160 0.6820 0.0419 0.48 - 

rs1569117 48290061 A/G 0.0004 0.0160 0.6820 0.0419 0.43 - 

rs1881142 48291281 C/T 0.0004 0.0160 0.6820 0.0419 0.42 - 

chr17:48303690 48303690 G/C 0.0003 0.0014 0.0073 0.0347 - - 

rs12948827 48303915 A/T 2.52×10-5 0.0005 0.0449 0.0032 - - 

rs76227251 48304321 G/T 0.0003 0.0014 0.0073 0.0347 - - 

rs2696303 48305291 A/G 0.0003 0.0014 0.0073 0.0347 - - 

rs115799418 48305759 C/T 0.0003 0.0014 0.0073 0.0347 - - 

rs2463501 48306522 A/G 0.0004 0.0027 0.0294 0.0426 0.18 - 

rs116518527 48307370 G/T 0.0003 0.0014 0.0073 0.0347 - - 

rs2586446 48308046 C/T 0.0004 0.0027 0.0294 0.0426 0.21 - 

rs115465685 48309378 A/T 0.0003 0.0014 0.0073 0.0347 - - 

rs76494721 48309746 C/T 0.0003 0.0014 0.0073 0.0347 - - 

rs2696301 48310055 A/G 0.0003 0.0014 0.0073 0.0347 0.00 TFBS 

rs2696300 48310200 A/G 0.0003 0.0014 0.0073 0.0347 0.00 TFBS 

rs62063032 g 48313230 A/G 0.0002 0.0002 0.1180 0.0215 0.25 TFBS 

rs2412225 48313614 A/G 0.0002 0.0002 0.1180 0.0215 - TFBS 

a The chromosomal position was based on the 1000 Genomes database released on August 2010. 
b Allele 1 is the major allele, and allele 2 the minor allele. 
c  The P Value is obtained by  Fisher’s exact test by Beagle.   
d The empirical P Value is based on 10 000 permutations on the most significant test for each variant across 264 

imputed variants. 
e MAF stands for minor allele frequency obtained from the HapMap database.  “Not available” is indicated as “-”. 
f The possible function of SNPs is predicted by a web-based tool.  TFBS stands for changes in the transcriptional 

factor binding sites. 
g The SNP rs62063032 is also predicted to cause an amino acid change (Gly>Arg corresponding to GGA>AGA) 

although its location falls within the pseudogene SUMO2P7. 
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Table 8.19 Single-marker association analysis of S28 (rs62063032) for the discovery 

sample set. 

 P values for different models  

Cut-off Additive Genotypic Allelic Dominant Pa value
a
 

-8.00D 0.6734 0.7452 0.7362 0.9252 0.9837 

-10.00D 0.2592 0.3963 0.2875 0.3883 0.4831 

-12.00D 0.9977 0.1875 1.0000 0.7652 0.6790 

a
 P value adjusted for age and sex. 
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Figure 8.8 The LD maps of S16 to S29 (rs8082436 to rs9912487) in the discovery sample set.  The LD structure in cases and controls are examined by 

Haploview.  LD values of 14 tag SNPs are expressed as r
2
.  Solid spine of LD is used to define a haplotype block.  Three haplotype blocks, rs8082436 (S16) – 

rs8082616 (S17), rs1406012 (S19) – rs2696278 (S20) – rs2586503 (S21) – rs4794111 (S22) – rs1000068 (S23) – rs12945422 (S24), and rs11079899 (S26) – 

rs4794119 (S27), are identified in the cases. Two haplotype block, rs8082436 (S16) – rs8082616 (S17) and rs1406012 (S19) – rs2696278 (S20) – rs2586503 

(S21) – rs4794111 (S22) – rs1000068 (S23) – rs12945422 (S24) – rs12600690 (S25) rs11079899 (S26) – rs4794119 (S27), are found in the controls. 
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Table 8.20 Summary of exhaustive haplotype analysis based on omnibus tests for sliding 

windows of all possible sizes across 14 SNPs on chromosome 17 for the 
discovery sample set (Stages 2, 3 and 5) with cases defined by spherical 

equivalent  -8.00D. 
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 14  1 S26 S26  S26 9.32×10
-5

 0.0018 

2 13  2 S25...S26 S26...S27  S25...S26 1.48×10
-5

 0.0004 

3 12  3 S23…S25 S25…S27  S23…S25 3.21×10
-5

 0.0004 

4 11  4 S22…S25 S25…S28  S23…S26 7.72×10
-6 

0.0002
 

5 10  5 S21…S25 S25…S29  S22…S26 1.27×10
-5 

0.0003
 

6 9  5 S20…S25 S24…S29  S21…S26 1.15×10
-5 

0.0003
 

7 8  5 S19…S25 S23…S29  S21…S27 2.09×10
-5 

0.0004 

8 7  4 S19…S26 S22…S29  S20…S27 1.89×10
-5 

0.0004
 

9 6  4 S18…S26 S20…S28  S20…S28 2.23×10
-5 

0.0004
 

10 5  4 S17…S26 S20…S29  S18…S27 0.0001 0.0022 

11 4  2 S16…S26 S19…S29  S17…S27 0.0001 0.0027 

12 3  2 S16…S27 S17…S28  S16…S27 0.0012 0.0271 

13 2  1 S16…S28 S16…S28  S16…S28 0.0011 0.0248 

14 1  0 - -  - - - 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. For instance, S23…S26 represents the sliding window S23-S24-S25-

S26 (rs1000068-rs12945422-rs12600690-rs11079899).  Please refer to Table 8.1 for the identity 

(the rs numbers) of the SNPs on chromosome 17.  Every sliding window is assessed by omnibus test 

adjusted for age to give the Pa value. There are a total of 105 windows (the sum of numbers in 

column 2).  Multiple comparisons are corrected by running 10 000 permutations across 139 sliding 

windows formed by 29 tag SNPs on 6 different chromosomes to obtain an empirical P value that is 

also adjusted for sex and age (Paemp).  Tabulated here are the results for sliding windows on 

chromosome 17.  For each fixed-size sliding window, the most significant result is detailed in the 

last three columns if Paemp <0.05.  Haplotypes in some of these most significant sliding windows are 

detailed in Table 8.21.  Note that S23...S26 provides the most convincing evidence for association 

with high myopia among all 139 sliding windows tested. 
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Table 8.21 Details of significant 13-SNP haplotypes identified in stage 5. 

Haplotype
a
 

Freq in 

cases 

Freq in 

controls 

Odds 

ratio 
Pa Paemp 

S16-S17-S18-S19-S20- S21-S22-S23-S24-S25-S26-S27-S28 

(rs8082436-rs8082616-rs2103273-rs1406012-rs2696278-rs2586503- rs4794111- rs1000068-

rs12945422-rs12600690-rs11079899-rs4794119-rs62063032) 

Omnibus - - - 0.0010 0.0235 

CGGCTAACCCGAC (2222221112111) 0.1891 0.2606 0.52 0.0003 0.0214 

GAACTAACCAGAC (1112221111111) 0.0037 0.0060 6.34 0.0263 0.9315 

GAATGGTTGCAGC (1111112221221) 0.2879 0.0013 41.40 0.0293 0.9502 

a
 Haplotypes in some of the most significant sliding windows as shown in Table 8.20 are detailed 

here. Only haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value 

adjusted for sex and age. The last column shows the Paemp values generated by 10 000 permutations 

and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) 

formats. 
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8.5 Discussion 

In the previous chapters, a candidate-gene approach was used to identify susceptibility genes 

for high myopia.  As discussed in the introduction, the candidate-gene approach has its 

limitations.  One of the limitations is that the selection of candidate genes is mainly based on 

current literature.  In the context of the whole human genome, only a very small number of 

genes have been investigated for their roles in myopia development.  GWAS provides a 

solution to this problem and investigates numerous genes all at once.  A pilot GWAS of 100 

controls and 100 cases was conducted by our group.  To compensate for the limited sample 

size, subjects with extreme phenotypes had been selected for this pilot study.  Through a 

systematic design, significant haplotypes on chromosome 17 were identified. 

  

8.5.1 A pilot GWAS with multi-stage follow-up studies 

In the initial stage, a pilot GWAS was conducted.  After data filtering and genetic 

association analyses, significant signals were observed.  The most significant association 

was obtained for rs10821487 (P = 1.16×10
-6

, Table 8.3) on chromosome 9, but it did not 

reach the GWAS significance.  The limited sample size may explain the magnitude of 

significance observed.  In fact, only two GWAS of high myopia reported GWAS 

significance (P < 5.00×10
-8

) in the first stage (Hysi et al., 2010; Solouki et al., 2010).  The 

total numbers of samples included in the first stage of these two studies were over 4000 

subjects.  Therefore, our GWAS did quite well, considering the small sample size we used.  

With P = 0.0001
 
as a threshold, a top-ranking list of 71 SNPs was generated (Table 8.3).  

The P values of the 71 SNPs ranged from 1.16×10
-6 

to 9.59×10
-5

.  To reduce the time and 

cost of the preliminary follow-up study, only 20 SNPs were selected for investigation in the 

second stage (Figure 8.1 and Table 8.1).  SNPs that were chosen for study in the second 

stage had the following features: located within the MYP loci in humans, expressed in eyes, 

and possibly playing a role in ocular development.  Initially with -8.00D as the threshold for 

defining high myopia, only two SNPs gave significant results (Paemp <0.05): S18 (rs2103273) 
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and S23 (rs1000068) (Table 8.5).  With the phenotypic cut-off of cases adjusted to -10.00D, 

four SNPs gave significant P values: S08 (rs13278409) and S13 (rs629470) in addition to 

S18 and S23.  With -12.00D as the threshold, five SNPs were found to be significantly 

associated with high myopia: S11 (rs7823554) and S14 (rs572126) besides S13, S18 and 

S23.  An interesting pattern was observed from the single-marker analysis. The more 

stringent the phenotypic threshold was used, the more the number of significant associations 

was. This is not unexpected because of the extreme phenotype used in our GWAS (Mean SE 

= -13.51D, Table 3.4).  With the threshold adjusted to -12.00D or worse, the phenotypic 

threshold was getting closer to that of GWAS.  Significant associations were demonstrated 

by SNPs located on chromosome 8, 11 and 17 (Table 8.5).  In particular, S18 (rs2103273) 

and S23 (rs1000068) were consistently associated with high myopia defined by different SE 

thresholds (-8.00D, -10.00D and -12.00D). 

 

To extract as much information as possible from the genotype data, haplotype analysis was 

performed using PLINK.  Significant haplotypes were identified and the direction of 

association was consistent across different haplotype windows (Tables 8.7 and 8.8).  

Significant haplotypes were identified on chromosome 17 only.  All eight significant 

haplotype windows carried either S18 (rs2103273) or S23 (rs1000068) or both (Table 8.7).  

As has been noted above, both S18 and S23 demonstrated consistent significant association 

under phenotypic thresholds in single-marker analysis.  Therefore, the region with SNPs in 

strong LD with S18 and S23 (rs2103273 and rs1000068) was suggested as a putative 

susceptibility region.  In fact, the chromosomal locations of S18 and S23 (rs2103273 and 

rs1000068) provide additional evidence for their potential involvement in high myopia.  

Both S18 and S23 (rs2103273 and rs1000068) are located near COL1A1 – a gene within 

the MYP5 locus for high myopia in humans (Paluru et al., 2003; Table 1.6) and with high 

expression in the sclera (McBrien and Gentle, 2003; Rada et al., 2006).  To our knowledge, 

this is the first GWAS of high myopia that suggests the involvement of chromosome 17.  
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To verify the involvement of this putative locus, systematic genotyping was performed in 

the third stage.  Eight more SNPs in LD with S18 and S23 (rs2103273 and rs1000068) were 

chosen for validation (Figure 8.1 and Table 8.1 – Stage 3).  Significant association was 

consistently obtained for S26 (rs11079899) in single-marker analysis based on different cut-

offs for defining high myopia (Table 8.9).  Intriguingly, all eight SNPs became significant 

with -12.00D as the threshold for high myopia after adjustment for age and sex (Table 8.9).  

The empirical P values (Paemp) ranged from 0.0245 to 0.0001 for 10 000 permutations.  The 

strongest association was displayed by S26 (rs11079899).  In addition, all eight SNPs 

showed consistent directions of association with their odds ratios ranging from 1.34 to 1.96 

(Table 8.10).  Similar to the second stage, significant haplotype windows were identified 

(Table 8.11).  Of all significant windows, the 4-SNP window S23…S26 (rs1000068-

rs12945422-rs12600690-rs11079899) demonstrated the strongest association (Paemp = 0.0001) 

(Table 8.11).  There were both high-risk and protective haplotypes in this window 

significantly associated with high myopia (Table 8.12).  The odds ratios and the empirical P 

values obtained in the haplotype analysis in the third stage even became more impressive 

when compared to those in the second stage (Table 8.7 vs Table 8.11, and Table 8.8 vs Table 

8.12).  The results suggest the involvement of this particular region in the genetic 

susceptibility to the development of high myopia in Han Chinese population.  This is the 

first GWAS that points towards a particular functional candidate gene – COL1A1, a gene 

known to be involved in scleral remodeling during myopia development (McBrien and 

Gentle, 2003; Rada et al., 2006).  To verify the associations, replication study was done. 

 

Five SNPs were further selected and genotyped for the replication sample set in the fourth 

stage: S08, S18, S20, S23 and S28 (rs13278049, rs2103273, rs2696278, rs1000068 and 

rs11079899, respectively) (Figure 8.1 and Tble 8.1 – Stage 4).  However, none of the SNPs 

was associated with high myopia under different thresholds (Table 8.13).  Negative 
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association was demonstrated in the haplotype analysis (details not shown).  The genotype 

data of the discovery and the replication sample sets were pooled together to increase the 

power of the study.  With a bigger sample size of the combined sample set, S26 (rs11079899) 

was found to be significantly associated with high myopia defined by different cut-offs: 

Paemp = 0.0096, 0.0231 and 0.0275 for the cut-offs at -8.00D, -10.00D and -12.00D, 

respectively (Table 8.14).  Although S26 (rs11079899) was not associated with high myopia 

in the replication sample set, it showed consistent association in the combined sample set 

with OR (A) = 1.24, 1.25 and 1.32 for the three thresholds defining high myopia (Table 

8.15) – a finding consistent with that for the discovery sample set (Table 8.9 and 8.10), as 

has been discussed above. 

  

Similar patterns were observed in haplotype analysis.  The 4-SNP haplotype window 

S23…S26 (rs1000068-rs12945422-rs12600690-rs11079899) showed the strongest 

association in the discovery sample set: Pa = 7.72×10
-6

 and Paemp = 0.0001 (Table 8.11).  In 

the combined sample set, the 2-SNP haplotype window S23-S26 (rs1000068-rs11079899) 

demonstrated the strong association: Pa = 0.0003 and Paemp = 0.0012 (Table 8.16).  The 

directions of association were consistent.  There were five S23-S24-S25-S26 haplotypes 

with Pa <0.05 (only two with Paemp <0.05) in the discovery sample set (Table 8.12).  There 

were two protective haplotypes: CCCG (1111, OR = 0.61) and CGCG (1211, OR = 0.30).  

There were three high-risk haplotypes: TGCA (2212, OR = 7.96), CGGA (1222, OR = 9.68) 

and CCCA (1112, OR = 2.55).  For the combined sample set, there were one protective and 

one high-risk S23-S26 haplotypes with Paemp <0.05:  CG (11, OR = 0.76) and CA (12, OR = 

2.33) (Table 8.17).  The results suggest that the region marked via LD by S23 and S26 

(rs1000068 and rs11079899) is one of the susceptibility regions for high myopia. 

 

The nearest genes within the particular region marked by S23 and S26 (rs1000068 and 

rs11079899) are collagen, type I, alpha 1 (COL1A1) and SMT3 suppressor of mif two 3 
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homolog 2 (S. cerevisiae) pseudogene 7 (SUMO2P7) (Figure 8.9).  Interestingly, these two 

SPNs are located within the 5’ end of COL1A1 and the 5’ end of SUMO2P7.  To infer the 

genotypes of variants within the region between COL1A1 and SUMO2P7, imputation was 

performed.  After correction for multiple testing across 264 variants, 24 variants were 

predicted as significantly associated with high myopia (Table 8.18).  As the ultimate goal of 

association study is to locate the real casual variant, a web-based tool was used to predict the 

possible functions of these variants.  Four variants (rs2696301, rs2696300, rs62063032 and 

rs2412225) were predicted to cause a change in the transcriptional factor binding sites 

(Table 8.18).  Of these four variants, S28 (rs62063032) was also predicted to be a non-

synonymous SNP that might cause a change in amino acid from glycine to arginine.  

Because of this putative function of S28 (rs62063032), S28 was selected and genotyped for 

the discovery sample set.  Despite the fact that no significant association was demonstrated 

by S28 (rs62063032) individually (Table 8.19), it was involved in significant haplotypes 

(Tables 8.20 and 8.21).  Considering the entire genotype data of the discovery sample set 

(Stages 2, 3 and 5), the 4-SNP haplotype window S23…S26 (rs1000068-rs129454222-

rs12600690-rs11079899) showed the strongest association: Pa = 7.72×10
-6

 and Paemp = 

0.0002 (Table 8.20).  The result was highly consistent with the previous stage (Table 8.11).   

Therefore, the casual variants on chromosome 17 may be in LD with the 4-SNP haplotypes 

of S23…S26 rs1000068-rs12945422-rs12600690-rs11079899.  To refine the region, more 

SNPs should be explored and examined. 
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Figure 8.9 Chromosomal locations of rs1000068 (S23) and rs11079899 (S26) on chromosome 17.  The chromosomal positions were based on the genome 

build 37.3.  The figure was obtained from NCBI. 
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8.5.2 A susceptibility region on chromosome 17 

As mentioned previously, SNPs in LD with S23 to S26 (rs1000068 to rs11079899) do not 

fall within a particular gene.  These four SNPs are located between COL1A1 and SUMO2P7.  

COL1A1 was suggested as a potential functional candidate gene in high myopia because it is 

located within the MYP5 locus (Paluru et al., 2003).  COL1A1 is associated with Ehler-

Danlos syndrome type 1, and was down regulated in myopic eyes (Gentle et al., 2003). 

 

8.5.2.1 Other COL1A1 studies 

There are four studies investigating the association between COL1A1 and high myopia 

(Inamori et al., 2007; Liang et al., 2007; Metlapally et al., 2009; Nakanishi et al., 2009a) in 

different populations.  The details of these four studies are summarized in Table 8.22. 

 

The first study was conducted in Taiwan, and seven tag SNPs and three common SNPs 

were examined for possible association with high myopia (Liang et al., 2007).  No 

association was found between the SNPs and high myopia.  It should be noted that the 

Taiwan study recruited only male subjects.  The second study was conducted in Japan, and 

ten tag SNPs were examined.  This is the only study that successfully demonstrated the 

association between COL1A1 and high myopia (Inamori et al., 2007). Two SNPs were 

associated with high myopia: one (rs2075555) in intron 11 and another (rs2269336) in the 5’ 

flanking region (upstream of COL1A1).  The third study examined eight tag SNPs, but 

failed to replicate the reported association (Nakanishi et al., 2009a).  The failure may be 

due to the lack of appropriate controls.  The controls were population-based controls, and no 

ocular data were available. 
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Table 8.22 Summary of four studies investigating the association between COL1A1 and high myopia. 

Population Definitions for cases and controls 
a
 SNPs genotyped Sample size Findings 

 

Chinese 

(Taiwan) 

Case: One eye SE ≤ -6.00D 

 One eye SE ≤ -4.00D 

Control: SE ≥ -1.50 D 

rs2075555, rs21421279, 

rs2586494, rs2696247,rs2075559, 

rs2586488, rs2277633, rs2272632, 

rs2249492, rs1061237 

450 Cases 

623 Controls 

COL1A1 was not associated 

with high myopia in Taiwanese 

(Liang et al., 2007).  

 

 
Japanese Case:  SE ≤ -9.25D 

Control: Mild to no myopia 

rs748075, rs1061947, rs1061237, 

rs2586486, rs2277632, rs2075558, 

rs1800211, rs2075555, rs2269336, 

rs1107946 

330 Cases 

330 Controls 

Two SNPs, rs2075555 and 

rs2269336, of COL1A1 were 

found to be associated with 

high myopia in Japanese 

(Inamori et al., 2007).  

 

 Case: AL ≥ 26.50mm 

 

rs2696296, rs1061237, rs2696247, 

rs2586494, rs2141279, rs2075555, 

rs2269336, rs2246839 

427 Cases 

420 Controls 

COL1A1 was not associated 

with high myopia in Japanese 

(Nakanishi et al., 2009a). 

 
Caucasian Extreme case: SE ≤ -9.25D 

High myopia: SE ≤ -5.00D 

Mild myopia:  -4.99D ≤ SE ≤ -0.50D 

Control: -0.50D < SE < 0.00D 

rs748075, rs1061947, rs2586486, 

rs2075558, rs1800211, rs2075555, 

rs2269336, rs1107946 

126 extreme cases 

285 high myopes 

204 mild myopes 

131 controls 

209 individuals without 

SE data  

COL1A1 was not associated 

with high myopia in Caucasian 

(Metlapally et al., 2009). 

     

a
 SE stands for spherical equivalent, AL for axial length. 
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The fourth study examined eight tag SNPs in Caucasians to investigate the relationship 

between COL1A1 and high myopia (Metlapally et al., 2009).  The study was conducted in 

an appropriate way, and the eight tag SNPs were also analyzed with -9.25D as the threshold 

for defining high myopia (threshold that gave significant association in Japanese).  One SNP 

(rs1061237) was associated with high myopia initially (-9.25D), but the association did not 

survive correction for multiple comparisons.  With -9.25D as the phenotypic threshold, only 

126 individuals remained in the study.  When compared to the Japanese study, the sample 

size used in the fourth study was relatively small.  Therefore, a small sample size may 

explain the negative findings.  In fact, the phenotypic effect was mirrored in our study.  

Using -12.00D as the threshold, eight SNPs were significantly associated with high myopia 

in the present study (Table 8.9).  It should be noted that these associated SNPs are not 

located within the COL1A1, but located in the 5’ upstream region of COL1A1 – even much 

farther upstream of COL1A1 than rs2269336 (see above).  This region may harbor important 

sequence elements that regulate the transcription of COL1A1.  Our findings provide 

evidence for re-considering COL1A1 as a putative candidate susceptibility gene involved in 

high myopia.  The role of the 5’ end of COL1A1 should be investigated in future studies. 

 

8.5.2.2 SUMO2P7 is a pseudogene 

SUMO2P7 (Gene ID: 100131823) (Figure 8.8) is found to be located near the susceptibility 

region.  As a pseudogene, SUMO2P7 is considered as a non-functional gene (Ulveling et al., 

2010).  The first pseudogene was discovered in 1977 (Jacq et al., 1977), and was considered 

as a fragment with high homology with its parental gene but not expressed (Proudfoot, 1980; 

Li et al., 1981). The theory that pseudogenes were not expressed and had no function had 

implanted in the thought of researchers for many decades.  The first evidence demonstrating 

that pseudogene was indeed expressed and was functional came from a primate study in 

2002 (Betran et al., 2002).  The primate study had refuted the theory.  In fact, the rate of 

evolution of pseudogenes is faster than that of the parental genes (Mighell et al., 2000).  
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Thus, more and more attention is paid to the field recently.  Researchers began to reassess 

the possible function of pseudogenes that are related to our health and disease status.  One of 

the most illuminating examples in the field is the identification of dihydrofolate reductase-

like 1 (DHFRL) (Gene ID: 2000895), which is formerly known as dihydroflate reductase 

pseudogene 4 (DHFRP4) (McEntee et al., 2011).  It was considered as one of the 

pseudogenes of dihydroflate reductase (DHFR).  DHFR is involved in the folate metabolism 

(Litwack, 2008).  DHFR not only plays an important role in our health, but also acts as a 

target for antifolate drugs (Bertino, 2009).  Recently, DHFRL was found to be expressed and 

functional.  A reduced affinity for dihydroflate was demonstrated by DHFRL.  The reduced 

affinity causes a different susceptibility to the antifolate drug response (McEntee et al., 

2011).   The parental gene of SUMO2P7 is SUMO2, which is also located on chromosome 

17.  SUMO2 mainly plays a role in the post-translational modification system by forming 

complex with its target proteins (Yang and Paschen, 2009).  There are numerous cellular 

functions of SUMO2, but the possible ocular function of SUMO2 remains unclear.  

Therefore, it would be a good idea to test if SUMO2P7 is expressed in humans, particularly 

in ocular tissues.  Once SUMO2P7 expressed products are identified, the possible ocular 

function of SUMO2P7 can be investigated. 

 

The details of the susceptibility region on chromosome 17 and the follow-up study are 

discussed in Chapter 10.  In the previous stages, hypothesis-free and -driven approaches 

were applied to identify susceptibility genes and regions for high myopia.  Novel genes and 

regions are reported as associated with high myopia.  However, the location and nature of 

the causal variants in these genes are still a mystery.  HGF was chosen for extensive study to 

further zoom in the most possible location of the causal variants of the gene.  The results of 

the in-depth examination of HGF in Chinese are reported in Chapter 9. 
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8.8 Conclusions 

In summary, a pilot GWAS with a small samples size was conducted.  To compensate for 

the limited sample size, extreme phenotypes were used.  With a multi-stage design, 

significant associations were observed in single-marker and haplotype analyses.  Although 

the most significant SNP did not reach the GWAS significance (rs10821487; P = 1.16×10
-6

), 

promising results were obtained and further investigated.  The most promising signals were 

obtained on chromosome 17.  The particular region harbored by four SNPs – S23 to S26 

(rs1000068, rs12945422, rs12600690, rs11079899) – is considered as the susceptibility 

region for high myopia.  The susceptibility region is approximately 18 kb.  Two genes, 

COL1A1 and SUMO2P7, are located near this particular region.  Significant association was 

obtained from variants located between COL1A1 and SUMO2P7 on basis of the imputed 

genotype data.  To validate the role of COL1A1 and SUMO2P7 in myopia genetics, the 

imputed SNPs showing significant association should be examined.   To our knowledge, this 

is the first GWAS to suggest the possible role of COL1A1 and SUMO2P7 in high myopia.  

Further work should be focused on the validation of the putative region. 
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Chapter 9 

Exhaustive study of HGF polymorphisms 

associated with high myopia 

 

 

9.1 Aims 

Systematic genotyping of SNPs within the HGF gene was conducted to refine the possible 

locations of casual variants of HGF associated with high myopia. 

 

 

9.2 Introduction 

HGF was found to be one of the susceptibility genes for high myopia by our group and other 

research groups using different populations (see Section 1.7.1 and Table 1.11).  Although 

successful replications have been achieved, none of the studies identified or refined the 

possible locations of the casual variants within the gene.  The well established association 

between high myopia and HGF polymorphisms in different populations provides a strong 

rationale for refining the possible locations of casual variants.  Systematic genotyping of 

HGF was carried out based on the genotyping data obtained from Hong Kong Chinese 

population to refine the susceptibility regions.  Representative SNPs were chosen as the 

genetic markers in this study.  The selection criteria of representative SNPs have been 

described previously (see Section 2.2.2).  All the associated markers reported previously, 

except the monomorphic ones, were included as well.  Once significant association was 

obtained, replication and exhaustive genotyping were conducted.  The threshold of MAF 

was reduced to 0.05 in exhaustive genotyping. 
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9.3 Methodology 

9.3.1 SNP genotyping 

Twenty nine SNPs were selected and were designated as S01, S02, S03 so on and so forth 

from the 5’ end of the HGF gene.  The chromosomal distribution of the 29 SNPs is shown in 

Figure 9.1.  Genotyping was divided into 4 stages (Figure 9.2).  In the initial stage, the 

discovery sample set was used for initial screening of tag SNPs.  Similar to the previous 

study, tag SNPs were selected within the region from 3 kb upstream of HGF to 3 kb 

downstream of HGF.  The International HapMap database phase release 24 build 126 was 

used to identify tag SNPs with r
2 

> 0.8 and MAF > 0.10 for CHB population.  In addition, 

seven SNPs reported to be associated with myopia by other research groups were also 

included (Table 9.1; see Table 1.11 for details).   In total, sixteen SNPs were chosen initially 

(Figures 9.1 and 9.2, and Table 9.1).  Seven tag SNPs out of the sixteen SNPs were 

examined previously by our group (indicated by blue arrows in Figure 9.1).  The additional 

nine SNPs are indicated by black arrows in Figure 9.1. 

 

Replication was performed in the second stage, which used the replication sample set to 

verify the initial positive signals.  Two SNPs (S04 and S12) were replicated in the second 

stage.  Once the signals were replicated, exhaustive genotyping was performed in the third 

stage.  The criteria of selecting SNPs examined in the third stage were different from the 

usual one.  The MAF of SNPs was reduced to 0.05.  Eleven more SNPs were genotyped 

(indicated by red arrows in Figure 9.1).  The findings in the third stage were replicated as 

well as (S06).  The collected data were used for imputation to obtain more information.  Two 

potential SNPs, S03 and S05, were selected based on the results of imputed SNPs and 

genotyped in the fourth stage (indicated by green arrows in Figure 9.1).  The workflow of 

this study is presented as a flowchart in Figure 9.2. 
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In total, 29 SNPs were examined in this part of the study to refine the susceptibility region in 

HGF.  The SNPs that were tested in different stages and the corresponding genotyping 

methods are summarized in Table 9.1.  Thirteen SNPs were genotyped by restriction 

fragment length polymorphism (RFLP) method (Table 9.2), and fifteen SNPs by unlabeled 

probe melting curve analysis.  One SNP was genotyped by PE-DHPLC.  Sequencing of 

representative genotypes of each SNP was performed for confirming the specificity of PCR 

and the genotypes.  Sequences of all primers and probes are summarized in Table A5 in 

Appendix. 

 

9.3.2 Statistical analysis 

The genotypes of the 29 SNPs were collected and tested for association (Section 2.2.5.3).  

To increase the power of the study, the discovery and the replication sample sets were 

combined directly for further analysis.  For the combined analysis, empirical P values were 

generated based on 10 000 permutations across all of the examined SNPs.  Moreover, to 

control for the confounding factors, the empirical P values were adjusted for both age and 

sex.  Meta-analysis was conducted by PLINK to combine the P values obtained from the 

two sample sets.  Imputation was performed based on the sequencing data of 194 Asian 

individuals obtained by the 1000 Genomes Project (http://www.1000genomes.org/) to obtain 

more information. 

 

 

http://www.1000genomes.org/


 

302 

 

 
 

Figure 9.1 Distribution of 29 SNPs in the HGF region.  The region under study spans a genomic region of 140.43 kb, starting from 81238875 and finishing at 

81166417 on chromosome 7 (genome build 36, NCBI).  Seven SNPs were examined previously by our group, which are labeled in blue.  Nine more SNPs 

were examined in stage 1, which are labeled in black.  Eleven SNPs were tested to refine the causal region in stage 3, which are indicated in red.  Two SNPs 

were included additionally based on the results of imputation and are labeled in green.  For the sake of easy referencing, the SNPs are designated as S01, S02, 

etc., sequentially from the 5’ end to the 3’ end of the sense strand of the HGF gene. 
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Figure 9.2 The workflow of validating HGF as an associated gene for high myopia.  The 

study was divided into four stages.  The aims and the number of SNPs in different stages are 

indicated. 

 

 

 

 

 

 

 

Stage 1 

Screening 

(Discovery Sample Set) 

16 SNPs 

Stage 2 

Replication of positive signals 

(Replication Sample Set) 

2 SNPs 

Stage 3 

Validation of the potential causal region 

(Discovery Sample Set) 

11 SNPs 

Stage 4 

Refinement of the casual region 

(Discovery Sample Set – 2 SNPs; 

Replication Sample Set – 1 SNP) 
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Table 9.1 Details of SNPs genotyped at different stages of the in-depth study of HGF. 

 Stage  

SNP 
a
 1 2 3 4 Genotyping Method 

b
 

rs3735520 
c
 (S01) √    RFLP by BseLI

d
 

rs5745616 (S02) √    RFLP by HhaI
d
 

rs10954659 (S03)    √ MC 

rs5745646 (S04) √ √   RFLP by Hin1II 

chr7:81378498 (S05)    √ RFLP by TaqI 

rs2214827 (S06)   √ √ MC 

rs5745661 (S07)   √  RFLP by AccI 

rs5745676 (S08)   √  PE-DHPLC 

rs2214826 (S09)   √  MC 

rs5745678 (S10)   √  MC 

rs2214825 (S11)   √  MC 

rs9642131 
c
 (S12) √ √   RFLP by Eco130I 

rs12707453 (S13) √    MC
d
 

rs10272750 (S14) √    MC
d
 

rs17427817 (S15) √    RFLP by BamHI 

rs4732404 (S16)   √  MC 

rs11975846 S17)   √  MC 

rs17155414 (S18) √    RFLP by HinfI
d
 

rs2040968 (S19)   √  MC 

rs5745692 (S20) √    RFLP by Eam1105I 

rs5745695 (S21)   √  MC 

rs5745697 (S22)   √  MC 

rs2286194 
c
 (S23) √    MC

d
 

rs5745707 (S24) √    RFLP by CaiI 

rs10272030 
c
 (S25) √    MC 

rs12536657 
c
 (S26) √    RFLP by BseGI 

rs5745752 (S27) √    RFLP by Mph1103I
d
 

rs4730402 
c
 (S28) √    MC 

rs1743 
c
 (S29) √    RFLP by TasI 

a
 The SNPs are listed sequentially from the 5’ end to the 3’ end of the sense strand of the HGF gene, 

and are also designated in this order as S01, S02, …., etc for the sake of easy referencing. 
b
 MC stands for unlabeled probe melting curve analysis, RFLP stands for restriction fragment length 

polymorphism and PE-DHPLC stands for primer extension reaction coupled with denaturing high 

performance liquid chromatography. 
c
 These seven SNPs have previously been reported to be associated with myopia (defined by 

different thresholds of refractive error; see Table 1.11 for details). 
d
   These SNPs were genotyped by a student as an MSc project.
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Table 9.2 SNP genotyping by restriction fragment length polymorphism for nine SNPs in 
the HGF locus: restriction enzymes (RE) and restriction fragments. 

   Size (b) of fragments for allele 
a
 

Gene SNP RE used Recognized by RE Not recognized by RE 

HGF rs3735520
b
            (S01) BseLI C: 122, 89, 59 T: 148, 122 

 rs5745616
 b
           (S02) HhaI G: 110, 81, 34 A: 191, 34 

 rs5745646 (S04) Hin1II  A: 130, 90, 51 G: 220, 51 

 chr7:81378498 (S05) TaqI C: 120, 79, 40 T: 199, 40 

 rs5745661 (S07) AccI G: 87, 50, 33 A: 137, 33 

 rs9642131 (S12) Eco130I G: 104, 56, 35 T: 160, 35 

 rs17427817 (S15) BamHI C: 120, 81, 50 G: 201, 50 

 rs17155414
 b
         (S18) HinfI G: 124, 31, 30 T: 154, 31 

 rs5745692 (S20) Eam1105I  G: 112, 60, 34 C: 172, 34 

 rs5745707 (S24) CaiI G: 105, 55, 35 A: 160, 35 

 rs12536657 (S26) BseGI G: 88, 65, 35 A: 123, 65 

 rs5742752
 b
          (S27) Mph1103I A: 90, 70, 43 G: 133, 70 

 rs1743 (S29) TasI A: 140, 89, 48 T: 229, 48 

 
a
 The allele that is recognized by a particular restriction enzyme (RE) gives two 

characteristic fragments (in boldface), which are produced by cleavage of a longer 

fragment (also in boldface) for the allele that is not recognized by the RE. The fragment 

(in regular font) present in both alleles is the one produced by the cleavage of an internal 

restriction site. 
b
   These SNPs were genotyped by a student as an MSc project.
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9.4 Results 

The characteristics of the two sample sets used in different stages are described in Chapter 3 

(see Tables 3.1 and 3.3).  The genotype data are summarized in Table 9.3.  The genotypes of 

all 29 SNPs were in HWE, and therefore included for further analysis. 

 

9.4.1 Screening (Stage 1) 

  

In the first stage, sixteen SNPs were examined to test if HGF polymorphisms were 

associated with high myopia.  The results of single-marker analysis are shown in Table 9.4.  

Similar results were obtained using -8.00D, -10.00D and -12.00D as the phenotypic 

thresholds for cases.  None of the SNPs was significantly associated with high myopia.  The 

same conclusion was obtained after adjustment for age and sex.  

 

To explore the relationship between HGF polymorphisms and high myopia, haplotype 

analysis was performed.  Promising results were obtained.  Details of significant sliding 

windows and haplotypes are listed in Tables 9.5 and 9.6, respectively.  There were in total 

136 sliding windows for haplotype analysis (Table 9.5).  Of these, four sliding windows 

showed significant differences in haplotype frequencies between cases and controls even 

after correction for multiple comparisons involving all sliding windows with omnibus test 

(Paemp <0.05). The four significant sliding windows were: 2-SNP window S04-S12 

(rs5745646-rs9642131), 3-SNP windows S02-S04-S12 (rs-5745616-rs5745646-rs9642131) 

and S04-S12-S13 (rs5745646-rs9642131-rs12707453), and 4-SNP window S02-S04-S12-

S13 (rs-5745616-rs5745646-rs9642131-rs12707453) (Table 9.5).  The most significant 

association was revealed by the 2-SNP window S04-S12 (rs5745646-rs9642131): Pa = 

0.0022 and Paemp = 0.0370 (Table 9.5).  In this haplotype window, one high-risk haplotype 

was significantly associated with high myopia: GT (21) (Pa = 0.0005; Paemp = 0.0336; OR = 

4.22, Table 9.6).  The significant association further extended to the 4-SNP haplotypes.  
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Table 9.3 In-depth study of the HGF gene: summary of genotype data for the discovery and the replication sample sets. 

  Discovery sample set (Stages 1, 3 and 4)  Replication sample set (Stages 2 and 4) 

 Alleles  Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) 

  Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) SNP (1 / 2)
a
 Stage Cases Controls Cases Controls  Stage Cases Controls Cases Controls 

rs3735520 (S01) C/T 1 96/139/65 88/156/56 0.4483  0.4467  0.4140        

rs5745616 (S02) C/T 1 125/138/36 141/135/24 0.3500  0.3050  0.3410        

rs5745646 (S04) A/G 1 203/86/11 215/80/3 0.1800  0.1433  0.1630  2 191/97/12 203/85/12 0.2017  0.1817  0.0561 

rs9642131 (S12) G/T 1 220/78/2 220/77/3 0.1367  0.1383  0.2320  2 209/79/12 205/81/14 0.1717  0.1817  0.0119 

rs12707453 (S13) T/C 1 133/122/41 135/131/33 0.3400  0.3283  0.8960        

rs10272750 (S14) T/C 1 189/98/10 199/93/8 0.1967  0.1817  0.5620        

rs17427817 (S15) G/C 1 209/87/4 210/84/6 0.1583  0.1600  0.6660        

rs17155414 (S18) G/T 1 142/127/31 131/145/24 0.3150 0.3217 0.0847        

rs5745692 (S20) G/C 1 300/0/0 300/0/0 0.0000 0.0000 0.0100        

rs2286194 (S23) A/T 1 213/79/8 190/103/7 0.1583 0.1950 0.1400        

rs5745707 (S24) C/T 1 300/0/0 300/0/0 0.0000 0.0000 0.1000        

rs10272030 (S25) A/G 1 269/31/0 264/36/0 0.0517 0.0600 0.6110        

rs12536657 (S26) G/A 1 213/82/5 234/63/2 0.1533 0.1117 0.5560        

rs5745752 (S27) G/A 1 121/139/40 117/155/28 0.3650 0.3517 0.0232        

rs4730402 (S28) G/C 1 228/68/4 219/74/4 0.1267 0.1367 0.6240        

rs1743 (S29) A/T 1 216/80/4 219/78/2 0.1467 0.1367 0.0890        
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Table 9.3 In-depth study of the HGF gene: summary of genotype data for the discovery and the replication sample sets (Continued) 

   Discovery sample set   Replication sample set 

 Alleles  Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) 

  Genotype counts (11/12/22) Minor allele freq P value 

(HWE for 

controls) SNP (1 / 2) Stage Cases Controls Cases Controls  Stage Cases Controls Cases Controls 

               

rs2214827 (S06) A/G 3 209/81/10 212/83/5 0.1683  0.1550  0.5060  4 198/93/8 211/77/12 0.1817  0.1683  0.0150 

rs5745661 (S07) A/G 3 214/72/14 214/72/14 0.1667  0.1667  0.0221        

rs5745676 (S08) G/A 3 199/96/5 211/86/3 0.1767  0.1533  0.1150        

rs2214826 (S09) G/A 3 217/75/8 216/76/8 0.1517  0.1533  0.6570        

rs5745678 (S10) G/A 3 238/55/7 230/66/4 0.1150  0.1233  0.1000        

rs2214825 (S11) C/T 3 214/78/8 222/73/4 0.1567  0.1350  0.6230        

rs4732404 (S16) G/A 3 212/78/10 221/73/6 0.1633 0.1417 0.1000        

rs11975846 (S17) A/G 3 217/76/7 211/80/9 0.1500 0.1633 0.6730        

rs2040968 (S19) T/C 3 222/76/2 223/75/2 0.1333 0.1317 0.1320        

rs5745695 (S21) T/C 3 227/68/5 228/64/5 0.1300 0.1233 0.7900        

rs5745697 (S22) G/A 3 217/77/6 217/73/9 0.1483 0.1517 0.3680        

               

rs10954659 (S03) G/A 4 130/129/41 136/135/29 0.3517  0.3217  0.3140        

chr7:81378498 (S05) C/T 4 289/9/0 295/5/0 0.0150  0.0083  0.0165        

a
 Allele 1 is the major allele, and allele 2 the minor allele. 
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Table 9.4 Stage-1 study of HGF polymorphisms: Single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for 

the discovery sample set. 

 Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

SNP P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b  P (allelic) P (genotypic) Pemp 
a Paemp 

b 

rs3735520 (S01) 1.0000 0.3698    1.0000 0.4430    0.8550 0.5055   

rs5745616 (S02) 0.7293 0.9336    0.0979 0.1840    0.1439 0.2617   

rs5745646 (S04) 0.0998 0.7777    0.0290 0.0247 0.2909
c
 0.3731  0.1662 0.1224   

rs9642131 (S12) 1.0000 1.0000    0.9227 0.9359    0.6959 0.8127   

rs12707453 (S13) 0.5817 0.5598    0.5567 0.4741    0.8464 0.9822   

rs10272750 (S14) 0.4617 0.7455    0.2646 0.4408    0.5598 0.6715   

rs17427817 (S15) 1.0000 0.8087    1.0000 0.8245    1.0000 0.9586   

rs17155414 (S18) 0.8525 0.2838    0.5617 0.3987    0.7714 0.4912   

rs5745692 (S20) 1.0000 1.0000    1.0000 1.0000    1.0000 1.0000   

rs2286194 (S23) 0.1118 0.1001    0.2980 0.0833    0.0173 0.0314 0.1231
d
 0.1111 

rs5745707 (S24) 1.0000 1.0000    1.0000 1.0000    1.0000 1.0000   

rs10272030 (S25) 0.6153 0.6044    0.0979 0.1840    0.1439 0.2617   

rs12536657 (S26) 0.0408 0.0889 0.4524 0.5304  0.0446 0.0837 0.4480 0.7046  0.2077 0.2744   

rs5745752 (S27) 0.6085 0.8799    0.5276 0.8247    0.2077 0.2744   

rs4730402 (S28) 0.6735 0.2187    0.8442 0.3979    0.5027 0.5965   

rs1743 (S29) 0.6791 0.7435    0.5276 0.4600    0.7015 0.5669   

a Empirical P value generated by 10 000 permutations based on the best test across all 16 SNPs, and indicated only when the nominal P values are <0.05.  
b Empirical P value generated by 10 000 permutations based on the allelic model across all 19 SNPs and adjusted for sex and age, and indicated only when the nominal P values are <0.05. 
c Empirical P value is generated based on the recessive model, which gives the best result before correction (P=0.0221). 
d Empirical P value is generated based on the dominant model, which gives the best result before correction (P=0.0098). 
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Table 9.5 Summary of exhaustive haplotype analysis based on omnibus tests of sliding windows of all 
possible sizes across 16 HGF SNPs for the discovery sample set with cases defined spherical 

equivalent  -8.00 D.
a
 

Sliding window (SW)  SW with significant omnibus test Paemp < 0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 16  0 - -  - - - 

2 15  1 S04-S12 S04-S12  S04-S12 0.0022 0.0370 

3 14  2 S02-S04-S12 S04-S12-S13  S02-S04-S12 0.0026 0.0439 

4 13  1 S02-S04-S12-S13 S02-S04-S12-S13  S02-S04-S12-S13 0.0024 0.0411 

5 12  0 - -  - -
 

-
 

6 11  0 - -  - -
 

-
 

7 10  0 - -  - -
 

-
 

8 9  0 - -  - -
 

-
 

9 8  0 - -  - -
 

-
 

10 7  0 - -  - -
 

-
 

11 6  0 - -  - -
 

-
 

12 5  0 - -  - -
 

-
 

13 4  0 - -  - -
 

-
 

14 3  0 - -  - -
 

-
 

15 2  0 - -  - -
 

-
 

16 1  0 - -  - -
 

-
 

a
 Please refer to Table 9.1 for the identity (the rs numbers) of the HGF SNPs. Every sliding window is assessed by 

omnibus test adjusted for age to give the Pa value. There are a total of 136 windows, and multiple comparisons are 

corrected by running 10 000 permutations to obtain an empirical P value that is also adjusted for sex and age 

(Paemp).  For each fixed-size sliding window, the most significant result is detailed in the last three columns if Paemp 

<0.05.  Haplotypes in these most significant sliding windows are detailed in Table 9.6.  Note that the S04-S12 

haplotype window provides the most convincing evidence for association with high myopia among all 136 

windows tested. 
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Table 9.6 Details of significant HGF haplotypes identified by exhaustive sliding window 

strategy for the discovery sample set with cases defined by spherical equivalent  

-8.00 D.
a
  

Haplotypes Case Frequency  Control Frequency OR Pa Paemp 

S04-S12 (rs5745646-rs9642131)   

Omnibus – – – 0.0022 0.0370 

GT (21) 0.0539 0.0118 4.22 0.0005 0.0337 

      

S02-S04-S12 (rs5745616- rs5745646-rs9642131) 

Omnibus – – – 0.0026 0.0439 

GGT (121) 0.0446 0.0116 4.17 0.0014 0.1016 

GAT (111) 0.4777 0.5490 0.73 0.0119 0.6146 

      

S02-S04-S12-S13 (rs5745616- rs5745646-rs9642131-rs12707453) 

Omnibus – – – 0.0024 0.0411 

GGTT (1211) 0.0411 0.0083 6.33 0.0006 0.0472 

GATT (1111) 0.4298 0.4927 0.76 0.0286 0.9203 

a
 Haplotypes in the most significant sliding windows as shown in Table 9.5 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note that 

the 2-SNP haplotype window S04-S12 provides the most convincing evidence for association with 

high myopia among all the windows tested.  The rows showing this window and its constituent 

haplotypes are shaded in gray. 
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(Continued from Section 9.4.1) 

In the same fashion, there was one significant 4-SNP high-risk haplotype of S02-S04-S12-

S13 (rs-5745616-rs5745646-rs9642131-rs12707453): GGTT (1211) (Pa = 0.0006, Paemp = 

0.0472 and OR = 6.33) (Table 9.6).  Therefore, the direction of association was identical.  

Although none of the markers was significantly associated with high myopia individually, 

significant haplotypes were identified in the discovery sample set.  The association of HGF 

and high myopia was confirmed in a Han Chinese population.  To test if the observed 

association was a real signal, replication was performed using an independent sample set. 

 

 

9.4.2 Replication of positive signals (Stage 2) 

Based on the haplotype analysis of HGF, the 2-SNP window S04-S12 (rs5745646-

rs9642131) gave the most significant result in the initial stage (Pa = 0.0022; Paemp = 0.0370) 

(Table 9.5).  Replication was performed to confirm the observed association, and thus S04 

and S12 were genotyped for the replication sample set (Table 9.1).  The genotype 

frequencies of S04 and S12 (rs5745646 and rs9642131) in replication sample set are shown 

in Table 9.3.  The genotypes of both SNPs were in HWE, and all were included for further 

analysis.  The results obtained from single-marker analysis using different phenotypic cut-

offs for cases were similar to those of the initial stage (Table 9.7).  Neither SNP was 

associated with high myopia significantly. 

 

Haplotype analysis was performed to search for significantly associated haplotypes.  

Consistent results were obtained (Table 9.8).  One significant high-risk haplotype was 

identified in the replication sample set:  GT (21) of S04-S12 (rs5745646-rs9642131) (Pa = 

0.0041, Paemp = 0.0127 and OR = 2.33). 
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Table 9.7 Stage-2 study of HGF polymorphisms: Single-marker association analysis of SNPs with cases of high myopia defined by different thresholds for 

the replication sample set. 

 Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

SNP P (allelic) P (genotypic) Pa 
a
  P (allelic) P (genotypic) Pa 

a
  P (allelic) P (genotypic) Pa 

a
 

rs5745646 (S04) 0.4199 0.5606 0.4398  0.6542 0.6637 0.8968  0.2948 0.4281 0.1226 

rs9642131 (S12) 0.7052 0.9000 0.6921  0.4065 0.5752 0.3464  0.8942 0.0948 0.9811 

a
 Pa stands for P value adjusted for sex and age. Note that empirical P values with or without adjustment for sex and age (Paemp or Pemp) are not generated because all nominal 

P values are >0.05. 
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Table 9.8 Exhaustive sliding-window haplotype analysis of two HGF SNPs (rs5745646, S04 and rs9642131, S12) and details of significant haplotypes for 

the replication sample set (Stage 2). 
a
 

Sliding Window (SW)          SW with significant omnibus test Paemp < 0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW / haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp 

1 2  0 - -  - - - - - - 

2 1  1 S04-S12 S04-S12  S04-S12 (omnibus) - - - 0.0201 0.0413 

       GT (21) 0.0700 0.0302 2.33 0.0041 0.0127 

a
 Please refer to Table 9.1 for the identity (the rs numbers) of the SNPs of HGF.  Every sliding window is assessed by omnibus test adjusted for age to give the Pa value. 

There are a total of 3 windows, and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is also adjusted for sex and age 

(Paemp).  For each fixed-size sliding window, the most significant result is detailed in the right-hand-side columns if Paemp <0.05.  Note that only S04-S12 provides 

significant association with high myopia among all 3 windows tested.  Only haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for 

sex and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for sex and age. Note that haplotypes are shown in both ACGT and 

major-minor (1-2) formats. 
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(Continued from Section 9.4.2) 

 

Since only tag SNPs were examined up to the second stage of the study, the observed signals 

might indicate the presence of causal variant(s) in the nearby region.  Therefore, the next 

step is to refine the susceptibility region of HGF.   Therefore, SNPs in LD with S04 and S12 

(rs5745646 and rs9642131) were selected and examined in Stage 3.  

 

 

9.4.3 Validation of the potential causal region (Stage 3) 

There were eleven SNPs in LD with S04 and S12 (rs5745646 and rs9642131) (Table 9.1).  

These eleven SNPs were examined using the discovery sample set. Their genotype 

frequencies are listed in Table 9.3.  The results obtained from single-marker analysis with 

different cut-offs for cases were similar to those obtained previously (Table 9.9).  None of 

these SNPs was significantly associated with high myopia. 

 

Haplotype analysis was conducted to hunt for significant haplotypes among 27 SNPs that 

had been genotyped for the discovery sample set up to Stage 3 (S01 to S29, excluding S03 

and S05).  The results are listed in Table 9.10 and 9.11.  Exhaustive sliding-window 

haplotype analysis identified significant windows (Table 9.10).  There were in total 378 

sliding windows, and 49 windows demonstrated significant association after correction for 

multiple comparisons involving all sliding windows with omnibus test (Paemp <0.05).  The 

size of significant windows ranged from 2 to 23 SNPs.  The empirical P values after 

adjustment for age and sex ranged from 0.0479 to 0.0001; note that the minimum P value 

achievable with 10 000 permutations is 0.0001.  The 2-SNP window S04-S06 (rs5745646-

rs2214827) gave the most significant result in the omnibus test (Pa = 9.40×10
-9

 and Paemp = 

0.0001) (Table 9.10).  Interestingly, of the 49 significant sliding windows, 36 included S04, 

48 contained S06, and 36 included both S04 and S06.  Intriguingly, of the 16 sliding 
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windows most significant in their respective window size, 14 included both S04 and S06.  In 

the 2-SNP haplotype window S04-S06 (rs5745646-rs9642131), there were two high-risk and 

one protective haplotypes (Table 9.11).  The high-risk haplotypes were GA (21) (Pa = 

6.06×10
-6

, Paemp = 0.0001 and OR = 14.00) and AG (12) (Pa = 0.0001, Paemp = 0.0101 and 

OR = 3.92) while the protective haplotype was AA (11) (Pa = 0.0002, Paemp = 0.0171 and OR 

= 0.56) (Table 9.10).  The protective S04-S06 haplotype was more common than the high-

risk haplotypes in the population.  Details of significant haplotypes and the haplotypes 

frequencies are summarized in Table 9.11. 

 

S04 (rs5745646) was consistently included in significant haplotype windows across all 

stages.  Haplotype window S04-S12 (rs5745646-rs9642131) was identified as the most 

significant window in the first stage (Pa = 0.0022 and Paemp = 0.0370 for the discovery 

sample set; Table 9.5) and in the second stage (Pa = 0.0201 and Paemp = 0.0413 for the 

replication sample set; Table 9.8).  SNPs in LD with S04 and S12 (rs5745646 and rs9642131) 

were examined in this stage.  Similar to the previous stages, significant haplotypes were 

observed.  The 2-SNP haplotype window S04-S06 (rs5745646-rs2214827) gave the most 

significant result in omnibus test (Pa = 9.40×10
-9

 and Paemp = 0.0001; Table 9.10).  With 

exhaustive genotyping, the potential casual region of HGF was refined around the window 

S04-S06 (rs5745646-rs2214827).  To evaluate the potential association of all the variants 

across HGF, imputation was performed in the next stage. 
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Table 9.9 Stage-3 study of HGF polymorphisms: single-marker association analysis of 11 SNPs with cases defined by different thresholds for the discovery 

sample set. 

 Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

SNP P (allelic) P (genotypic) Pemp 
a
 Pa 

b
  P (allelic) P (genotypic) Pemp 

a
 Pa 

b
  P (allelic) P (genotypic) Pemp 

a
 Pa 

b
 

rs2214827 (S06) 0.5832 0.4703  0.4137  0.8519 0.7739  0.9137  0.4439 0.2769  0.3431 

rs5745661 (S07) 0.1562 0.0452 0.4300 0.4011  0.0822 0.0364 0.2746 0.2948  0.1223 0.1699  0.1805 

rs5745676 (S08) 0.3120 0.5176  0.4504  0.2044 0.3579  0.4158  0.2175 0.2287  0.3059 

rs2214826 (S09) 1.0000 1.0000  0.7677  0.9665 0.9804  0.7632  0.9001 0.7838  0.8423 

rs5745678 (S10) 0.7216 0.4066  0.7162  0.9918 0.6526  0.9948  0.7815 0.4008  0.6108 

rs2214825 (S11) 0.3264 0.4460  0.3487  0.2929 0.4098  0.4482  0.5598 0.6715  0.7563 

rs4732404 (S16) 0.3353 0.5003  0.5029  0.2607 0.3689  0.4878  0.5204 0.2663  0.6862 

rs11975846 (S17) 0.5783 0.8003  0.5500  0.5181 0.8350  0.4534  1.0000 1.0000  0.9547 

rs2040968 (S19) 1.0000 1.0000  0.8959  0.4944 0.7292  0.7069  1.0000 0.9255  0.8097 

rs5745695 (S21) 0.7950 0.9423  0.8037  0.5484 0.8125  0.8325  1.0000 0.7567  0.7766 

rs5745697 (S22) 0.8718 0.7127  0.7791  1.0000 0.8861  0.7273  0.8997 0.8711  0.8594 

a
 Empirical P value generated by 10 000 permutations based on the best test across all 27 markers, and indicated only when the nominal P values are <0.05. 

b
 P value adjusted for age and sex. Note that empirical P values with adjustment for sex and age (Paemp) are not generated because all nominal Pa values are >0.05. 
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Table 9.10 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows 

of all possible sizes across 27 HGF SNPs for the discovery sample set (Stages 1 and 3) 

with cases defined by spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 27  0 - -  - - - 

2 26  3 S04…S06 S07…S08  S04…S06 9.40×10
-9

 0.0001 

3 25  3 S02…S06 S06…S08  S02…S06 1.10×10
-7

 0.0001 

4 24  4 S01…S06 S06…S09  S02…S07 1.63×10
-6 

0.0001 

5 23  4 S01…S07 S06…S10  S04…S09 9.20×10
-6 

0.0002
 

6 22  4 S01…S08 S06…S11  S06…S11 1.77×10
-5 

0.0002
 

7 21  4 S01…S09 S06…S12  S01…S09 2.13×10
-6 

0.0001
 

8 22  4 S01…S10 S06…S13  S01…S10 5.68×10
-6 

0.0002 

9 19  4 S01…S11 S06…S14  S01…S11 1.78×10
-5 

0.0002 

10 18  4 S01…S12 S06…S15  S01…S12 1.54×10
-5

 0.0002 

11 17  4 S01…S13 S06…S16  S01…S13 0.0002 0.0056 

12 16  4 S01…S14 S06…S17  S01…S14 0.0002 0.0053 

13 15  3 S01…S15 S04…S17  S01…S15 0.0006 0.0182 

14 14  1 S01…S16 S01…S16  S01…S16 0.0008 0.0246 

15 13  1 S06…S20 S06…S20  S06…S20 0.0009 0.0273 

16 12  - - -  - - - 

17 11  - - -  - - - 

18 10  - - -  - - - 

19 9  - - -  - - - 

20 8  - - -  - - - 

21 7  - - -  - - - 

22 6  1 S02…S25 S02…S25  S02…S25 0.0014 0.0427 

23 5  1 S02…S26 S02…S26  S02…S26 0.0016 0.0479 

24 4  - - -  - - - 

25 3  - - -  - - - 

26 2  - - -  - - - 

27 1  - - -  - - - 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window. Note that S03 (rs10954659) and S05 (chr7:81378498) are not 

included here (Stages 1 and 3 of the HGF study). For instance, S04…S06 represents the sliding 

window S04-S06 (rs5745646- rs2214827).  Please refer to Table 9.1 for the identity (the rs 

numbers) of the HGF SNPs.  Every sliding window is assessed by omnibus test adjusted for sex 

and age to give the Pa value. There are a total of 378 windows (the sum of numbers in column 2), 

and multiple comparisons are corrected by running 10 000 permutations to obtain an empirical P 

value that is also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most 

significant result is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most 

significant sliding windows are detailed in Table 9.11.  Note that (1) minimum P value achievable 

with 10 000 permutations is 0.0001, and (2) the 2-SNP window S04...S06 provides the most 

convincing evidence for association with high myopia among all 378 windows tested. 
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Table 9.11 Details of significant HGF haplotypes identified by exhaustive sliding-window strategy 

across 27 HGF SNPs for the discovery sample set (Stages 1 and 3) with cases of high myopia 

defined by spherical equivalent  -8.00 D. 
a
 

HGF haplotypes (excluding SNPs S03 and S05) 
Freq. in 

cases 

Freq. in 

controls 

Odds 

ratio 
Pa Paemp 

S04…S06 (rs5745646-rs2214827)   

Omnibus - - - 9.40×10-9 0.0001 

GA (21) 0.0851 0.0080 14.00 6.06×10-6 0.0001 

AG (12) 0.0735 0.0198 3.92 1.01×10-4 0.0101 

AA (11) 0.7465 0.8359 0.56 1.54×10-4 0.0171 

GG (22) 0.0949 0.1362 0.65 0.0325 0.9956 

S02…S06 (rs5745616- rs5745646-rs2214827)   

Omnibus - - - 1.10×10-7 0.0001 

GGA (121) 0.0764 0.0081 15.50 5.27×10-6 0.0009 

AAG (212) 0.0304 0.0026 136.00 0.0005 0.0596 

GAA (111) 0.4429 0.5366 0.65 0.0008 0.0864 

GAG (112) 0.0437 0.0168 3.18 0.0081 0.6663 

GGG (122) 0.0936 0.1345 0.64 0.0256 0.9822 

S02…S07 (rs5745616- rs5745646-rs2214827-rs5745661)   

Omnibus - - - 1.63×10-6 0.0001 

GAAA (1111) 0.4182 0.5248 0.64 0.0003 0.0358 

AAGA (2121) 0.0321 0.0025 88.40 0.0004 0.0495 

GGAG (1122) 0.0503 0.0070 8.89 0.0005 0.0536 

GAGA (1121) 0.0342 0.0099 5.22 0.0070 0.6093 

GGGG (1222) 0.0882 0.1316 0.59 0.0116 0.8009 

AAAG (2112) 0.0237 0.0033 6.97 0.0225 0.9700 

S04…S09 (rs5745646-rs2214827-rs5745661-rs5745676-rs2214826   

Omnibus - - - 9.20×10-6 0.0002 

AAAGG (11111) 0.6978 0.8164 0.58 2.30×10-5 0.0025 

AGAGG (12111) 0.0638 0.0118 5.63 0.0001 0.0140 

GAGAA (21222) 0.0411 0.0027 23.00 0.0035 0.3577 

GGGAA (22222) 0.0851 0.1244 0.59 0.0120 0.8147 

AAGGG (11211) 0.0547 0.0185 2.26 0.0214 0.9645 

S06…S11 (rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825) 

Omnibus - - - 1.77×10-5 0.0002 

GAGGGC (211111) 0.0652 0.0099 6.48 0.0001 0.0103 

AAGGGC (111111) 0.7295 0.8289 0.63 0.0002 0.0253 

AGGGGC (121111) 0.0609 0.0175 2.69 0.0068 0.5963 

AGAAAT (122222) 0.0274 0.0033 9.47 0.0072 0.6187 
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Table 9.11 (Continued)      

HGF haplotypes (excluding SNPs S03 and S05) 
Freq. in 

cases 

Freq. in 

controls 

Odds 

ratio 
Pa Paemp 

S01…S09 (rs3735520-rs5745616- rs5745646-rs2214827-rs5745661-rs5745676-rs2214826) 

Omnibus - - - 2.13×10-6 0.0001 

TGAAAGG (2111111) 0.1465 0.2028 0.49 0.0002 0.0181 

TAAGAGG (2212111) 0.0280 0.0024 89.00 0.0019 0.2072 

CGGAGAA (1121222) 0.0420 0.0026 20.10 0.0035 0.3632 

CGGGGAA (1122222) 0.0857 0.1181 0.56 0.0118 0.8092 

CGAGAGG (1112111) 0.0203 0.0038 7.95 0.0396 0.9990 

S01…S10 (rs3735520-rs5745616- rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678) 

Omnibus - - - 5.68×10-6 0.0002 

TGAAAGGG (21111111) 0.1509 0.2045 0.1509 0.0002 0.0200 

TAAGAGGG (22121111) 0.0281 0.0020 0.0281 0.0019 0.2062 

CGGGGAAA (11212222) 0.0699 0.1025 0.0699 0.0105 0.7655 

CGGAGAAA (11222222) 0.0274 0.0018 0.0274 0.0107 0.7741 

CGAGAGGG (11121111) 0.0205 0.0037 0.0205 0.0416 0.9992 

S01…S11 

(rs3735520-rs5745616- rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825) 

Omnibus - - - 1.78×10-5 0.0002 

TGAAAGGGC (211111111) 0.1493 0.2063 0.49 0.0001 0.0156 

TAAGAGGGC (221211111) 0.0289 0.0023 69.30 0.0020 0.2150 

CGGAGAAAT (112222222) 0.0279 0.0022 14.10 0.0106 0.7696 

CGAGAGGGC (111211111) 0.0208 0.0038 7.58 0.0416 0.9992 

S01…S12 

(rs3735520-rs5745616- rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-

rs9642131) 

Omnibus - - - 1.54×10-5 0.0002 

TGAAAGGGCT (2111111111) 0.1566 0.2079 0.49 0.0001 0.0151 

TAAGAGGGCT (2212111111) 0.0307 0.0020 77.40 0.0020 0.2198 

CGAGAGGGCT (1112111111) 0.0219 0.0039 7.36 0.0428 0.9993 

S01…S13 

(rs3735520-rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-

rs9642131- rs12707453) 

Omnibus - - - 0.0002 0.0056 

TGAAAGGGCTT (21111111111) 0.1541 0.1952 0.47 0.0002 0.0177 

S01…S14 

(rs3735520-rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-

rs9642131- rs12707453-rs10272750) 

Omnibus - - - 0.0002 0.0053 

TGAAAGGGCTTC (21111111111) 0.1513 0.1989 0.45 6.97×10-5 0.0075 
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Table 9.11 (Continued)      

HGF haplotypes (excluding SNPs S03 and S05) 
Freq. in 

cases 

Freq. in 

controls 

Odds 

ratio 
Pa Paemp 

S01…S15 

(rs3735520-rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-

rs9642131- rs12707453-rs10272750-rs17427817) 

Omnibus - - - 0.0006 0.0182 

TGAAAGGGCTTCG (2111111111111) 0.1519 0.1972 0.46 0.0001 0.0155 

S01…S16 

(rs3735520-rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-

rs9642131- rs12707453-rs10272750-rs17427817-rs4732404) 

Omnibus - - - 0.0008 0.0246 

TGAAAGGGCTTCGG (21111111111111) 0.1492 0.1982 0.69 0.0001 0.0132 

S06…S20 

(rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-rs9642131- rs12707453-rs10272750-

rs17427817-rs4732404-rs11975846-rs17155414-rs2040968-rs5745692) 

Omnibus - - - 0.0009 0.0273 

AAGGGCTTCGGAGTG 

 (111111111111111) 

0.2321 0.2978 0.19 0.0032 0.3378 

GAGGGCTCCGGAGTG 

 (211111121111111) 

0.0338 0.0024 0.01 0.0055 0.5129 

AGGGGCTTCGGAGTG 

 (121111111111111) 

0.0396 0.0091 0.02 0.0158 0.9010 

S02…S25 

(rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-rs9642131- 

rs12707453-rs10272750-rs17427817-rs4732404-rs11975846-rs17155414-rs2040968-rs5745692-rs5745695-

rs5745697-rs2286194-rs5745707-rs10272030) 

Omnibus - - - 0.0014 0.0427 

GAAAGGGCTTCGGAGTGTGATA 

 (1111111111111111111111) 

0.0520 0.0994 0.05 0.0009 0.1032 

GAAAGGGCTTCGGAGTGTGTTA 

 (1111111111111111111211) 

0.1647 0.1975 0.12 0.0067 0.5893 

S02…S26 

(rs5745616-rs5745646-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-rs9642131- 

rs12707453-rs10272750-rs17427817-rs4732404-rs11975846-rs17155414-rs2040968-rs5745692-rs5745695-

rs5745697-rs2286194-rs5745707-rs10272030-rs12536657) 

Omnibus - - - 0.0016 0.0479 

GAAAGGGCTTCGGAGTGTGATAG 

 (11111111111111111111111) 

0.3305 0.3332 0.34 0.0009 0.1052 

GAAAGGGCTTCGGAGTGTGTTAG 

 (11111111111111111112111) 

0.1617 0.2001 0.56 0.0047 0.4559 

a Haplotypes in the most significant sliding windows as shown in Table 9.10 are detailed here. Only haplotypes 

with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex and age. The last column 

shows the Paemp values generated by 10 000 permutations and adjusted for sex and age. Note that haplotypes are 

shown in both ACGT and major-minor (1-2) formats.  Note that the 2-SNP haplotype window S04...S06 

provides the most convincing evidence for association with high myopia among all the windows tested.  

The rows showing this window and its constituent haplotypes are shaded in gray. 
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9.4.4 Refinement of the potential causal region (Stage 4) 

In the previous stages, significant haplotypes were observed.  Interestingly, the signals 

consistently involved S04 (rs5745646).  Imputation was used to estimate the genotype 

frequencies of all HGF variants that had not been examined.  In total, genotype data of 27 

SNPs (S01 to S29 except 03 and S05; see below) genotyped in the discovery sample set 

were used to impute the genotypes of 177 variants.  Genetic association analysis of the 177 

variants was performed as described previously (detailed results not shown).  One of the 

SNPs, rs10954659 (S03), was predicted to be associated with high myopia individually (Pemp 

= 0.0431).  On the other hand, another variant, chr7:81378498 (S05), was included in the 

most significant haplotypes of HGF based on imputation (P = 2.15×10
-12

; Pemp = 0.0001).  

Both S03 and S05 (rs10954659 and chr7:81378498) are located near S04 (rs5745646).  To 

verify the prediction, S03 and S05 (rs10954659 and chr17:81378498) were genotyped for 

the discovery sample set. 

 

The genotype frequencies of S03 and S05 are summarized in Table 9.3.  Since S03 and S05 

were in HWE, genetic association analysis was performed.  The results of single-marker 

analysis are summarized in Table 9.12.  Initially, S05 (chr7:81378498) gave a significant 

nominal P value (P = 0.0035).  However, the positive association was not retained after 

correction for multiple testing by 10 000 permutations across 29 SNPs (Pemp = 0.0796).  The 

LD maps of the 29 SNPs were constructed using Haploview (Figure 9.3).  Seven haplotype 

blocks were identified in cases, and five blocks in controls. 

 

To search for significant haplotypes of HGF, exhaustive variable-sized sliding-window 

haplotype analysis was performed.  To correct for multiple testing, 10 000 permutations 

were performed across all sliding windows.  Significant windows were observed, and the 

results are shown in Table 9.13.  There were in total 435 sliding windows, and 51 windows 

demonstrated significant association after correction for multiple comparisons (omnibus test 



 

323 

 

Paemp <0.05).  The size of significant windows ranged from 2 to 15 SNPs (Table 9.13).  The 

empirical P values after adjustment for age and sex ranged from 0.0286 to 0.0001, which is 

the lowest P value achievable with 10 000 permutations.  The 3-SNP haplotype window 

S04-S05-S06 (rs5745646-chr17:81378498-rs2214827) displayed the most significant 

association with high myopia: Pa = 2.24×10
-8

 and Paemp = 0.0001 (Table 9.13).  There were 

two high-risk and one protective haplotypes of S04-S05-S06 (rs5745646-chr17:81378498-

rs2214827) (Table 9.14).  The high-risk haplotypes were: GCA (211) (Pa = 5.68×10
-6

, Paemp 

= 0.0005 and OR = 13.80), and ACG (112) (Pa = 0.0001, Paemp = 0.0119 and OR = 3.99).  

The protective haplotype was ACA (111) (Pa = 8.20×10
-5

, Paemp = 0.0090 and OR = 0.55).  

The details and frequencies of significant haplotypes are shown in Table 9.14. 

 

In fact, the direction of association was identical across all stages.  The S04-S12 (rs5745646-

rs9642131) haplotype GT (21) was found to be associated with increased risk of developing 

high myopia in the first and the second stage of the study: OR = 4.22 and 2.33 for the 

discovery and the replication ample sets, respectively (Tables 9.6 and 9.8)  Then, the initial 

association was refined to S04-S06 (rs5745646-rs2214827) in the third stage.  Two 

significant high-risk and one protective haplotypes were identified: GA (21) (OR = 14.00), 

AG (12) (OR = 3.92), and AA (11) (OR = 0.56) (Table 9.11).  In the final stage, haplotype 

window S04-S05-S06 (rs5745646-chr17:81378498-rs2214827) showed the strongest 

association.  The high-risk haplotypes of S04-S05-S06 were: GCA (211) (OR = 13.80), and 

ACG (112) (OR = 3.99), and the protective haplotype was ACA (111) (OR = 0.55).  

Although haplotype window S04-S05-S06 (rs5745646-chr17:81378498-rs2214827) showed 

the strongest evidence of association (Pa = 2.24×10
-8

) in the fourth stage, the magnitude of 

significance was weaker than that of S04-S06 (rs5745626-rs2214827) (Pa = 9.49×10
-9

) in the 

third stage.  Therefore, S06 (rs2214827) was chosen for replication. 
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Table 9.12 Stage-4 study of HGF polymorphisms: single-marker association analysis of 2 SNPs with cases defined by different thresholds for the discovery 

sample set. 

 Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

SNP P (allelic) P (genotypic) Pemp 
a
 Pa 

b
  P (allelic) P (genotypic) Pemp

a
 Pa 

b
  P (allelic) P (genotypic) Pemp 

a
 Pa 

b
 

rs10954659 (S03) 0.2990 0.3147  0.3712  0.2538 0.3005  0.3893  0.3848 0.3041  0.5149 

chr7:81378498 (S05) 0.0040 0.0035 0.0796 0.9812  0.0893 0.0860  0.0959  0.0433 0.0417 0.5806 0.2494 

a
 Empirical P value generated by 10 000 permutations based on the best test across 29 markers, and indicated only when the nominal P values are <0.05.. 

b
 P value adjusted for age and sex.  Note that empirical P values with adjustment for sex and age (Paemp) are not generated because all nominal Pa values are >0.05. 
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Figure 9.3 The LD maps of all 29 SNPs in the HGF region for the discovery sample set.  The LD values are expressed in r
2
. Haplotype blocks are defined using the 

solid spine of LD. Six blocks are identified in cases, and five blocks in controls. 

Cases 



 

326 

 

 

 

Figure 9.3 The LD maps of all 29 SNPs in the HGF region for the discovery sample set.  The LD values are expressed in r
2
. Haplotype blocks are defined using the 

solid spine of LD. Six blocks are identified in cases, and five blocks in controls. (Continued) 

Controls 
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Table 9.13 Summary of exhaustive haplotype analysis based on omnibus tests for sliding windows 

of all possible sizes across 29 HGF SNPs for the discovery sample set (Stages 1, 3 and 4) 

with cases defined by spherical equivalent  -8.00 D.
a
 

SW  SW with significant omnibus test Paemp <0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

1 29  0 - -  - - - 

2 28  2 S06…S07 S07…S08  S06…S07 1.40×10
-7

 0.0001 

3 27  3 S04…S06 S06…S08  S04…S06 2.24×10
-8

 0.0001 

4 26  4 S03…S06 S06…S09  S03…S06 2.30×10
-7 

0.0001 

5 25  5 S02…S06 S06…S10  S05…S09 2.21×10
-6 

0.0001 

6 24  6 S01…S06 S06…S11  S04…S09 1.01×10
-5 

0.0007 

7 23  5 S02…S08 S06…S12  S05…S11 1.06×10
-5 

0.0007 

8 22  6 S01…S08 S06…S13  S01…S08 2.90×10
-6 

0.0001 

9 21  5 S01…S09 S06…S14  S01…S09 1.15×10
-5 

0.0008 

10 22  5 S01…S10 S06…S15  S04…S13 0.0002 0.0053 

11 19  4 S01…S11 S06…S16  S06…S16 0.0003 0.0090 

12 18  3 S01…S12 S06…S17  S01…S12 0.0001 0.0023 

13 17  1 S05…S17 S05…S17  S05…S17 0.0061 0.0181 

14 16  1 S04…S17 S04…S17  S04…S17 0.0094 0.0286 

15 15  1 S06…S20 S06…S20  S06…S20 0.0093 0.0284 

16 14  - - -  - - - 

17 13  - - -  - - - 

18 12  - - -  - - - 

19 11  - - -  - - - 

20 10  - - -  - - - 

21 9  - - -  - - - 

22 8  - - -  - - - 

23 7  - - -  - - - 

24 6  - - -  - - - 

25 5  - - -  - - - 

26 4  - - -  - - - 

27 3  - - -  - - - 

28 2  - - -  - - - 

29 1  - - -  - - - 

a
 Each sliding window (SW) is indicated as Sxx…Syy, where Sxx is the first SNP and Syy the last 

SNP of the sliding window.  For instance, S04…S06 represents the sliding window S04-S05-S06  

(rs5745646-chr17:81378498-rs2214827).  Please refer to Table 9.1 for the identity (the rs numbers) 

of the HGF SNPs.  Every sliding window is assessed by omnibus test adjusted for sex and age to 

give the Pa value. There are a total of 435 windows (the sum of numbers in column 2), and multiple 

comparisons are corrected by running 10 000 permutations to obtain an empirical P value that is 

also adjusted for sex and age (Paemp).  For each fixed-size sliding window, the most significant result 

is detailed in the last three columns if Paemp <0.05.  Haplotypes in these most significant sliding 

windows are detailed in Table 9.14.  Note that (1) minimum P value achievable with 10 000 

permutations is 0.0001, and (2) the 3-SNP window S04...S06 provides the most convincing 

evidence for association with high myopia among all 435 windows tested. 
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Table 9.14 Details of significant HGF haplotypes identified by exhaustive sliding-window strategy 

across 29 HGF SNPs for the discovery sample set (Stages 1, 3 and 4) with cases of high 

myopia defined by spherical equivalent  -8.00 D. 
a
 

HGF haplotypes 
Freq. in 

cases 

Freq. in 

controls 

Odds 

ratio 
Pa Paemp 

S06...S07 (rs2214827-rs5745661)   

Omnibus - - - 1.40×10-7 0.0001 

GA (21) 0.0721 0.0188 4.31 6.00×10-5 0.0060 

AG (12) 0.1037 0.0305 2.60 0.0004 0.0437 

AA (11) 0.7279 0.8146 0.68 0.0038 0.3950 

GG (22) 0.0963 0.1362 0.65 0.0305 0.9950 

S04…S06 (rs5745646-chr7:81378498-rs2214827)   

Omnibus - - - 2.24×10-8 0.0001 

GCA (211) 0.0816 0.0082 13.80 5.68×10-6 0.0005 

ACA (111) 0.7222 0.8277 0.55 8.20×10-5 0.0090 

ACG (112) 0.0704 0.0196 3.99 0.0001 0.0119 

GCG (212) 0.0939 0.1334 0.66 0.0348 0.9970 

S03…S06  (rs10954659- rs5745646-chr7:81378498-rs2214827)   

Omnibus - - - 2.30×10-7 0.0001 

CGCA (1111) 0.0708 0.0077 14.90 7.42×10-6 0.0005 

TACG (2112) 0.0338 0.0045 32.10 0.0005 0.0567 

CACA (1111) 0.4437 0.5200 0.72 0.0072 0.6370 

CACG (1112) 0.0378 0.0147 3.49 0.0076 0.6620 

CGCG (1212) 0.0960 0.1344 0.66 0.0344 0.9970 

S05…S09 (chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826) 

Omnibus - - - 2.21×10-6 0.0001 

CGAGG (12111) 0.0624 0.0123 5.81 0.0001 0.0136 

CAAGG (11111) 0.7004 0.8008 0.65 0.0007 0.0858 

CAGAA (11222) 0.0406 0.0047 10.50 0.0015 0.1730 

CAGGG (11211) 0.0537 0.0190 2.47 0.0100 0.7720 

CGGAA (12222) 0.0851 0.1246 0.59 0.0111 0.8130 

S04…S09 (rs5745646- chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826) 

Omnibus - - - 1.01×10-5 0.0007 

ACAAGG (111111) 0.6832 0.8086 0.58 1.81×10-5 0.0013 

ACGAGG (112111) 0.0622 0.0108 5.96 0.0001 0.0124 

GCAGAA (211222) 0.0370 0.0016 29.00 0.0046 0.4620 

GCGGAA (212222) 0.0843 0.1232 0.59 0.0116 0.8310 

ACAGGG (111211) 0.0514 0.0184 2.26 0.0226 0.9790 

S05…S11 (chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825) 

Omnibus - - - 1.06×10-5 0.0007 

CGAGGGC (1211111) 0.0638 0.0098 6.66 0.0001 0.0107 

CAAGGGC (1111111) 0.0186 0.0071 0.63 0.0002 0.0241 

CAGGGGC (1121111) 0.0541 0.0171 2.68 0.0075 0.6540 

CAGAAAT (1122222) 0.0273 0.0034 16.40 0.0102 0.7810 

S01…S08 (rs3735520-rs5745616-rs10954659- rs5745646- chr7:81378498-rs2214827-rs5745661-rs5745676) 

Omnibus - - - 2.90×10-6 0.0001 

TGCACAAG (21111111) 0.1597 0.1959 0.52 0.0006 0.0648 

TATACGAG (22211211) 0.2440 0.2254 73.50 0.0057 0.5480 

CGCGCAGA (11121122) 0.0349 0.0029 17.20 0.0060 0.5640 

CGCGCGGA (11121222) 0.0917 0.1265 0.57 0.0105 0.7920 
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Table 9.14 (continued)      

HGF haplotypes 
Freq. in 

cases 

Freq. in 

controls 

Odds 

ratio 
Pa Paemp 

S01…S09 (rs3735520-rs5745616-rs10954659- rs5745646- chr7:81378498-rs2214827-rs5745661-rs5745676-

rs2214826) 

Omnibus - - - 1.15×10-5 0.0008 

TGCACAAGG (211111111) 0.1633 0.1975 0.55 0.0016 0.1830 

TATACGAGG (222112111) 0.0308 0.0024 74.40 0.0060 0.5670 

CGCGCAGAA (111211222) 0.0377 0.0023 26.10 0.0078 0.6710 

CGCGCGGAA (111212222) 0.0895 0.1230 0.55 0.0087 0.7140 

S04…S13 (rs5745646- chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826- rs5745678-rs2214825-

rs9642131- rs12707453) 

Omnibus - - - 0.0002 0.0053 

ACGAGGGCTC (1121111112) 0.0412 0.0051 12.00 0.0008 0.0888 

ACAAGGGCTT (1111111111) 0.4770 0.5521 0.67 0.0011 0.1250 

ACGAGGGCTT (1112111111) 0.0285 0.0047 9.93 0.0113 0.8940 

ACAGGGGCTT (1112211111) 0.0452 0.0111 2.76 0.0327 0.9960 

S06…S16 (rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-rs9642131- rs12707453-

rs10272050-rs17427817-rs47324040) 

Omnibus - - - 0.0003 0.0090 

GAGGGCTTCGG (21111111111) 0.0344 0.0038 22.60 0.0029 0.3160 

AGGGGCTTCGG (12111111111) 0.0518 0.0117 3.72 0.0021 0.5050 

GAGGGCTCCGG (21111112111) 0.0269 0.0031 20.80 0.0055 0.5340 

AAGGGCTTCGG (11111111111) 0.4749 0.5357 0.75 0.0164 0.9300 

AGAAATGTTCA (12222221222) 0.0221 0.0038 5.42 0.0349 0.9970 

S01…S12 (rs3735520-rs5745616-rs10954659- rs5745646- chr7:81378498-rs2214827-rs5745661-rs5745676-

rs2214826- rs5745678-rs2214825-rs9642131) 

Omnibus - - - 7.20×10-5 0.0023 

TGCACAAGGGCT (211111111111) 0.1633 0.2036 0.52 0.0006 0.0743 

TATACGAGGGCT (222121111111) 0.0321 0.0021 54.50 0.0064 0.5900 

S05…S17 (chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826- rs5745678-rs2214825-rs9642131-- 

rs12707453-rs10272050-rs17427817-rs47324040-rs11975846) 

Omnibus - - - 0.0061 0.0181 

CGAGGGCTTCGGA (1211111111111) 0.0369 0.0036 27.90 0.0031 0.3300 

CAGGGGCTTCGGA (1121111111111) 0.0531 0.0122 3.81 0.0038 0.3990 

CAAGGGCTTCGGA (1111111111111) 0.5112 0.5765 0.71 0.0069 0.6170 

CAAGGGCTCCGGG (1111111121112) 0.0203 0.0221 0.15 0.0096 0.7560 

CGAGGGCTCCGGA (1211111121111) 0.0259 0.0029 18.20 0.0125 0.8540 

S04…S17 (rs5745646-chr7:81378498-rs2214827-rs5745661-rs5745676-rs2214826- rs5745678-rs2214825-

rs9642131-- rs12707453-rs10272050-rs17427817-rs47324040-rs11975846) 

Omnibus - - - 0.0094 0.0286 

ACAAGGGCTTCGGA (11111111111111) 0.4676 0.5372 0.69 0.0026 0.2830 

ACGAGGGCTCCGGA (11211111111111) 0.0318 0.0030 21.70 0.0043 0.4410 

ACAAGGGCTCCGGG (11111111121112) 0.0071 0.0221 0.14 0.0103 0.7850 

ACGAGGGCTTCGGA (11211111111111) 0.0303 0.0035 20.00 0.0118 0.8370 

ACAGGGGCTTCGGA (11121111111111) 0.0436 0.0077 3.78 0.0184 0.9520 

S06…S20 (rs2214827-rs5745661-rs5745676-rs2214826- rs5745678-rs2214825-rs9642131-- rs12707453-

rs10272050-rs17427817-rs47324040-rs11975846-rs17155414-rs2040968-rs5745692) 

Omnibus - - - 0.0093 0.0284 

AAGGGCTTCGGAGTG (111111111122111) 0.2321 0.2978 0.61 0.0032 0.3480 

GAGGGCTCCGGAGTG (211111121122111) 0.0338 0.0024 36.70 0.0055 0.5340 

AGGGGCTTCGGAGTG (121111111111111) 0.0396 0.0091 4.09 0.0158 0.9200 

a Haplotypes in the most significant sliding windows as shown in Table 9.10 are detailed here. Only haplotypes with Pa <0.05 are 
listed in the table, where Pa is the asymptotic P value adjusted for sex and age. The last column shows the Paemp values generated 

by 10 000 permutations and adjusted for sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) 

formats.  Note that the 3-SNP haplotype window S04...S06 provides the most convincing evidence for association with high 
myopia among all the windows tested.  The rows showing this window and its constituent haplotypes are shaded in gray. 
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(Continued from Section 9.4.4) 

 

The genotype data of S06 (rs5745646) are shown in Table 9.3.  Association analysis was 

performed based on the genotype data from the replication and the combined samples sets.  

The results are listed in Table 9.15.  As expected, no significant association was observed 

with single-marker analysis.  Similar results were obtained after adjustment for age and sex.  

The LD maps of the three SNPs (S04, S06 and S12) were constructed by Haploview based 

on the genotype data of the replication and combined sample sets (Figure 9.4).  Using the 

solid spine of LD to define haplotype block, one block was identified (Figure 9.4).  The 

block identified in the replication (A) and the combined (B) sample sets were the same.  

Block one started at rs5745646 (S04) and finished at rs2214827 (S06), which spanned 3 kb.   

 

Haplotype analysis was performed as described previously.  Table 9.16 summarizes the 

omnibus test of the sliding-window haplotype analysis of S04, S06 and S12 (rs5745646, 

rs2214827 and rs9642131) in the replication and the combined sample sets.  The 2-SNP 

window S06-S12 (rs2214827-rs9642131) gave the most significant results (Pa = 1.50×10
-5 

and 8.84×10
-13

 for the replication and the combined sample sets).  There was one high-risk 

haplotypes of S06-S12 (rs2214827-rs9642131) in the replication sample set: GT (21) (Pa = 

3.76×10
-5

, Paemp = 0.0002 and OR = 12.10) (Table 9.17).  With the combined sample set, 

both significant high-risk and protective haplotypes were identified (Table 9.17).  The high-

risk haplotypes were GT (21) (Pa = 3.91×10
-9

, Paemp = 0.0001 and OR = 4.71) and AG (12) 

(Pa = 6.43×10
-5

, Paemp = 0.0006 and OR = 3.04).  The protective haplotypes were GG (22) 

(Pa = 0.0013, Paemp = 0.0114 and OR = 0.66) and AT (11) (Pa = 0.0049, Paemp = 0.0407 and 

OR = 0.75).  Although the 2-SNP window S04-S06 (rs5745646-rs2214827) was not the 

most significant, it was still identified as a significant window in the combined sample set.  

The susceptibility region was refined to the region harbored or signified by the haplotypes of 

S06-S12 (rs2214827-rs9642131). 
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Table 9.15 Single-marker association analysis of S04, S06 and S12 (rs6745646, rs2214827 and rs9642131) in the replication and the combined sample sets. 

  Cases: spherical equivalent ≤ -8.00D  Cases: spherical equivalent ≤ -10.00D  Cases: spherical equivalent ≤ -12.00D 

Sample Set SNP P (allelic) P (genotypic) Pa 
a  P (allelic) P (genotypic) Pa 

a  P (allelic) P (genotypic) Pa 
a 

Replication rs5745646 (S04) 0.4199 0.5606 0.4398  0.6542 0.6637 0.8968  0.4288 0.5203 0.4226 

 rs2214827 (S06) 0.5438 0.2541 0.5262  0.8525 0.1256 0.9662  0.5879 0.4231 0.5461 

 rs9642131 (S12) 0.6958 0.9000 0.6921  0.4065 0.5727 0.3464  0.5383 0.1511 0.9811 

             

Combined rs5745646 (S04) 0.0774 0.1890 0.1377  0.0643 0.1671 0.1917  0.1046 0.2204 0.2642 

 rs2214827 (S06) 0.3830 0.6199 0.3877  1.0000 0.5707 0.7668  0.8533 1.0000 0.5499 

 rs9642131 (S12) 0.7365 0.8730 0.5133  0.5481 0.4980 0.2651  0.7819 0.2161 0.8726 

a
 Pa stands for P value adjusted for sex and age. Note that empirical P values with or without adjustment for sex and age (Paemp or Pemp) are not generated because all nominal 

P values are >0.05. 
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Figure 9.4 The LD maps of the three HGF SNPs (S04, S06 and S12) in the replication (A) 

and combined (B) sample sets.  LD is expressed as r
2
.  One haplotype block was constructed 

in the replication (A) and the combined (B) sample sets.  This block one starts at rs5745646 

(S04) and finishes at rs2214827 (S06), which spanned 3kb. 
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Table 9.16 Summary of exhaustive haplotype analysis based on omnibus tests of sliding windows 
of all possible sizes across 3 HGF SNPs for the replication and the combined sample 

sets with cases defined spherical equivalent  -8.00 D.
a
 

Sliding window (SW)  SW with significant omnibus test Paemp < 0.05  The most significant result 

SNPs No. of SW  No. of SW First SW Last SW  SW Pa Paemp 

Replication sample set     

1 3  0 - -  - - - 

2 2  1 S06-S12 S06-S12  S06-S12 1.50×10
-5

 0.0001 

3 1  1 S04- S06-S12 S04- S06-S12  S04- S06-S12 7.85×10
-5

 0.0006 

          

Combined sample set   
  

1 1  0 - -  - - - 

2 2  2 S04-S06 S06-S12  S06-S12 8.84×10
-13

 0.0001 

3 3  1 S04- S06-S12 S04- S06-S12  S04- S06-S12 3.25×10
-12

 0.0001 

a
 Haplotype analysis of S04, S06 and S12 is performed.  Please refer to Table 9.1 for the identity (the rs 

numbers) of the HGF SNPs. Every sliding window is assessed by omnibus test adjusted for age to give 

the Pa value. There are a total of 6 windows, and multiple comparisons are corrected by running 10 000 

permutations to obtain an empirical P value that is also adjusted for sex and age (Paemp).  For each fixed-

size sliding window, the most significant result is detailed in the last three columns if Paemp <0.05.  

Haplotypes in these most significant sliding windows are detailed in Table 9.17.  Note that the S06-S12 

haplotype window provides the most convincing evidence for association with high myopia among all 6 

windows tested. 
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Table 9.17 Details of significant HGF haplotypes identified by exhaustive sliding-window 

strategy across 3 HGF SNPs for the replication and the combined sample sets 

with cases of high myopia defined by spherical equivalent  -8.00 D. 
a
 

Haplotypes Freq in cases Freq in controls Odds ratio Pa Paemp 

Replication sample set 

S06-S12 (rs2214827-rs9642131) 

Omnibus - - - 1.50×10
-5

 0.0001 

GT  (21) 0.0612 0.0063 12.10 3.76×10
-5

 0.0002 

AG (12) 0.0495 0.0196 2.16 0.0189 0.1170 

S04-S06-S12 (rs5745646-rs2214827-rs9642131) 

Omnibus - - - 7.85×10
-5

 0.0006 

GGT (221) 0.0569 0.0034 18.70 0.0001 0.0005 

AAG (112) 0.0394 0.0125 2.61 0.0173 0.1050 

      

Combined sample set   

S06-S12 (rs2214827-rs9642131)   

Omnibus - - - 8.84×10
-13

 0.0001 

GT (21) 0.0731 0.0168 4.71 3.91×10
-9

 0.0001 

AG (12) 0.0514 0.0152 3.04 6.43×10
-5

 0.0006 

GG (22) 0.1022 0.1449 0.66 0.0013 0.0114 

AT (11) 0.7733 0.8232 0.75 0.0049 0.0407 

S04-S06-S12 (s5745646-rs2214827-rs9642131) 

Omnibus - - - 3.25×10
-12

 0.0001 

GGT (221) 0.0353 0.0074 5.02 3.20×10
-5

 0.0003 

AGT (121) 0.0374 0.0083 4.58 3.45×10
-5

 0.0004 

GAG (212) 0.0280 0.0058 4.81 0.0004 0.0035 

AAT (111) 0.7483 0.8193 0.70 0.0004 0.0038 

GGG (222) 0.1016 0.1379 0.70 0.0062 0.0514 

AAG (112) 0.0231 0.0082 2.37 0.0177 0.1430 

GAT (211) 0.0264 0.0130 1.87 0.0414 0.2950 

a
 Haplotypes in the most significant sliding windows as shown in Table 9.16 are detailed here. Only 

haplotypes with Pa <0.05 are listed in the table, where Pa is the asymptotic P value adjusted for sex 

and age. The last column shows the Paemp values generated by 10 000 permutations and adjusted for 

sex and age. Note that haplotypes are shown in both ACGT and major-minor (1-2) formats.  Note 

that the 2-SNP window S06-S12 provides the most convincing evidence for association with high 

myopia among all the windows tested for both the replication and the combined sample sets.  The 

rows showing this window and its constituent haplotypes are shaded in gray. 
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9.5 Discussion 

As mentioned in the introduction (Section 1.7.1), replication is the golden standard in 

genetic association study.  HGF (Gene ID: 3082) was first identified as one of the 

susceptibility genes for high myopia in 2006 by our group (Han et al., 2006).  Following the 

initial discovery, successful replications were reported in different populations (Veerappan 

et al., 2009; Wang et al., 2009b; Yanovitch et al., 2009).  However, the reported signals were 

not consistent among these studies (Table 1.11).  The differences in phenotypic thresholds, 

ethnicity and the criteria for selection of tag SNPs provide possible explanations for the 

discrepancies in the reported SNPs.  To systematically replicate the association of HGF and 

refine the possible location(s) of casual variant(s), HGF was examined in depth. 

 

9.5.1 A systematic multi-stage in-depth study of HGF 

In the initial stage, tag SNPs and SNPs reported to be associated with high myopia were 

selected.  In total, 16 SNPs were examined to screen for possible association between HGF 

polymorphisms and high myopia in the discovery sample set (Table 9.1).  None of the 

examined SNPs was found to be associated with high myopia individually after correction 

for multiple testing (Table 9.4).  However, significant association was demonstrated by 

haplotype analysis (Table 9.5).  The 2-SNP haplotype window S04-S12 (rs5745646-

rs9642131) gave the strongest association in omnibus test (Pa = 0.0022 and Paemp = 0.0370).  

The observed haplotype association was successfully replicated using an independent 

sample set in the second stage (Pa = 0.0201 and Paemp = 0.0413, Table 9.8).  The direction of 

association was consistent between the two sample sets.  The high-risk haplotype of S04-

S12 (rs5745646-rs9642131) was the same for the sample sets:  GT (21) (Pa = 0.0005
 
and 

0.0041; Paemp = 0.0337 and 0.0127; and OR = 4.22 and 2.33 for the discovery and the 

replication sample sets) (Tables 9.6 and 9.8).  Since tag SNPs were examined with 

association signals coming only from haplotypes, this indicated that the signals came from 

some untyped causal variant(s).  Exhaustive genotyping of HGF was performed to test if 
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there was any SNP associated with high myopia individually in this particular region.  This 

is the first study to examine all the SNPs in LD with the constituent SNPs of the initial 

signal with an MAF as low as 0.05 as the threshold.  Eleven more SNPs were investigated in 

the third stage using the discovery sample set (Figure 8.1 and Table 9.1 – Stage 3).  None 

of the SNPs was found to be associated with high myopia individually after correction for 

multiple testing across 27 SNPs (Table 9.9).  As expected, positive signals were obtained 

from haplotype analysis (Table 9.10).  An interesting pattern was observed that the 

magnitude of significance was improved.  The empirical P values for significant haplotype 

windows after adjustment for age and sex ranged from 0.0479 to 0.0001 (based on 10 000 

permutations), in which the 2-SNP window S04-S06 (rs5745646-rs2214827) gave the most 

significance result (Pa = 9.40×10
-9

 and Paemp = 0.0001, Table 9.10).  It should be noted that 

the empirical P values were obtained based on 10 000 permutations across 27 SNPs, and 

adjusted for age and sex.  Therefore, the observed association was unlikely to have occurred 

by chance.  The association between high myopia and HGF was confirmed by our group 

with this case-control association study.  The probable location of the causal variants in 

HGF was investigated in the next stage. 

 

Although the MAF was reduced to 0.05 in the third stage, variants with lower allele 

frequencies were not investigated.  To pinpoint the location of the causal variants, direct 

sequencing should be performed.  Considering the time and cost invested in direct 

sequencing, refinement of the susceptibility region by studying more SNPs was an attractive 

alternative.  To obtain more information, imputation was performed to infer the genotypes of 

variants (frequencies as low as 0.01) within HGF.  One of the imputed SNPs, S03 

(rs10954659), was predicted to be associated with high myopia individually (Pemp = 0.0431).  

In addition, S05 (chr17:81378498) was predicted as one of the SNPs in the most significant 

haplotype window of HGF (P = 2.15×10
-12

 and Pemp = 0.0001) (Section 9.4.4).  

Chr17:81378498 (S05) was identified by direct sequencing by the 1000 Genomes 
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Consortium.  To test the accuracy of the predictions, rs10954659 (S03) and chr17:81378498 

(S05) were genotyped in the fourth stage.  However, no significant association was 

demonstrated between high myopia and S03 (rs10954659).  S05 (chr17:81378498) gave a 

significant nominal P value, but the significance did not survive after 10 000 permutations 

across 29 SNPs (Table 9.12).  Similar to the previous stages, significant haplotypes were 

identified (Table 9.13).  The two additional SNPs did not change the overall conclusions of 

haplotype analysis.  In the first two stages, the most significant haplotypes was the 2-SNP 

haplotypes of S04-S12 (rs5745646-rs9642131).  The most significant window was later 

refined to the 2-SNP window of S04-S06 (rs5745646-rs2214827) in the third stage.  In the 

fourth stage, the importance of S05 (chr17:81378498) was investigated.  Since the 

magnitude of significance did not improve with the addition of S05 (chr17:81378498) in the 

haplotypes, S05 (chr17:81378498) was not chosen for replication. 

 

Replication of S06 (rs2214827) was performed to test if S04-S06 (rs5745646-rs2214827) 

haplotype window would be the most significant window in the replication sample set.  For 

the replication sample set, the 2-SNP haplotype window S04-S06 (rs5745646-rs2214827) 

was not associated with high myopia (Table 9.16).  Instead, the 2-SNP haplotype window 

S06-S12 (rs2214827-rs9642131) was identified as the most significant window (Pa = 

1.50×10
-5 

and 8.84×10
-13

; Paemp = 0.0001 and 0.0001 for the replication and the combined 

sample sets, respectively) (Table 9.16).  There were high-risk and protective haplotypes of 

S06-S12 (rs5745646-rs9642131) window: GT (21) (OR = 12.10 and 4.71 for the replication 

and the combined sample sets), AG (12) (OR = 3.04 for the combined sample set), GG (22) 

(OR = 0.66 for the combined sample set) and AT (11) (OR = 0.75 for the combined sample 

set) (Table 9.17).  In addition, the 3-SNP window S04-S06-S12 (rs5745646-rs2214827-

rs9642131) was found to be associated with high myopia (Pa = 7.85×10
-5 

and 3.25×10
-12

; 

Paemp = 0.0006
 
and 0.0001

 
for the replication and the combined sample sets, respectively) 

(Table 9.16). 
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In the discovery sample set, the 7-SNP haplotype window S06-S07-S08-S09-S10-S11-S12 

(rs2214827-rs5745661-rs5745676-rs2214826-rs5745678-rs2214825-rs9642131) also 

demonstrated significant association (Table 9.10).  The individual significant haplotypes 

were: GAGGGCT (2111111) (Pa = 0.0001, Paemp = 0.0107 and OR = 6.47), and AGGGGCT 

(1211111) (Pa = 0.0002, Paemp = 0.0201 and OR = 0.62) (data not shown in any table).  The 

magnitude of significance obtained from the haplotype window S06-S12 (rs5745646-

rs2214827) was the highest in the haplotype analysis using the replication and the combined 

sample sets.  Therefore, the susceptibility region of HGF was refined to a region signified by 

the haplotypes consisting of S06 and S12 (rs2214827 and rs9642131).  Direct sequencing 

should first be performed within the region harbored by S06 and S12 (rs2214827 and 

rs9642131).  On the other hand, there are five SNPs located between S06 and S12 

(rs2214827 and rs9642131).  These five SNPs were not examined in the replication sample 

set.  Examination of these five SNPs (rs5745661, rs5745676, rs2214826, rs5745678, 

rs2214825) may provide a better resolution of the susceptibility region. 

 

9.5.2 Comparison with other HGF studies 

As mentioned at the beginning, the association between HGF and high myopia has been 

studied in different populations (Table 1.11).  In fact, our results share some similarity to 

other studies. 

 

The association between HGF and high myopia was first demonstrated by our group in 2006 

(Han et al., 2006).  Family-based association study was conducted in 128 nuclear Chinese 

families with severely myopic offspring; associated SNP and haplotypes were reported.  

High myopia was defined by an MSE worse than or equal to -10.00D in Han’s study (Han et 

al., 2006).  The reported association was not exactly replicated in the present study.  Among 

other things, this may be due to the phenotypic thresholds adopted in these studies.  The 

present study defined high myopia as SE worse than or equals to -6.00D, which was less 



 

339 

 

stringent than that used in Han’s study.  Although the reported association (rs3735520, also 

designated as S01 in this Chapter) was not exactly replicated in the present study, rs3735520 

is located near S04 (rs5745646) and haplotypes consisting of S04 (rs5745646) were found to 

be significantly associated with high myopia in the present study (Tables.9.10, 9.13 and 

9.16).  In 2009, Zhang and his group published a paper about replication of the signal 

obtained from HGF (Wang et al., 2009b).  Only one SNP, rs3735520 (S01 in the present 

study), was examined and HGF was excluded as a gene involved in high myopia.  It is not 

appropriate to draw conclusion based on the examination of only one SNP within a gene.  

The research should examine at least all the tag SNPs within HGF in order to draw 

meaningful conclusions. 

 

Young and her group published a paper about the association of high myopia and HGF in 

the same year (Yanovitch et al., 2009).  Family-based association study was conducted in 

146 multiplex families consisting of 649 Caucasian subjects, and significant association was 

demonstrated.  With a phenotype defined by SE between -0.50D and -4.99D (moderate 

myopia), significant SNP and haplotypes were identified.  The SNP rs3735520 (S01) was 

reported to be significantly associated with high myopia.  Haplotypes of rs2286194-

rs3735520-rs17501108 were reported to be associated significantly with moderate myopia.  

In fact, rs2214827 and rs9642131 (S06 and S12) are located within the region harbored by 

rs2286194 and rs3735520 (S23 and S01 in the present study; Figure 9.5) (and rs17501108, 

which is farther upstream of rs3735520).  The locations of significant associations obtained 

were similar.  Three years later, Baird and his group published a paper about the role of 

HGF in development of refractive error (Veerappan et al., 2009).  Population-based 

association study of 551 Caucasian subjects was conducted, and significant associations 

were reported.  With a phenotype defined by SE between -2.00D and -5.99D (low/moderate 

myopia), five markers were reported to be associated with myopia individually.  The SNP 

rs9642131 (S12) was one of the associated SNPs.  Although the association of rs9642131 

was not replicated in our study, haplotype windows including rs9642131 (S12) were found 
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to give the most significant results (Table 9.16).  Such discrepancy may be due to 

differences in the population and phenotypic threshold. In fact, this also indicates that the 

genuine causal variants are not the genotyped SNPs, but some other untyped variants in LD 

with associated SNPs or haplotypes.  Interestingly, HGF was reported to be a susceptibility 

gene for hypermetropia development (Veerappan et al., 2009).  The relationship between 

HGF and hypermetropia development was not investigated in our study because we did not 

specifically recruit hypermetropic subjects.  It would be valuable to investigate the 

relationship between HGF and hypermetropia development in future. 

 

9.5.3 Recombination hotspots in the HGF region 

It should be noted that there is one recombination hotspot centered around exon 1 of the 

HGF gene with the recombination rate as high as about 8 cM/Mb according to the HapMap 

data (Figure 9.5).  Three of the SNPs examined in this study cluster around this 

recombination hotspot: S01 (rs3735520) at the 5’ boundary, S03 (10954659) at the 3’ 

boundary and S02 (rs5745616) in between within the recombination hotspot. The LD 

patterns involving these three SNPs in our study subjects (Figure 9.3) agree with the 

HapMap data.  Therefore, S01 (rs3735520) itself is not tagged very well by SNPs 

downstream of the hotspot (i.e., downstream of S03).  Another recombination hotspot is 

found about 100 kb downstream of the last exon of HGF with the recombination rate as high 

as about 10 cM/Mb (Figure 9.5). The presence of these two recombination hotspots signifies 

that the genuine causal variants driving the association should be within the region bound by 

these two hotspots.   

 

To verify whether HGF is associated with high myopia, a tag-SNP approach was used at the 

beginning of our study.  Once significant signals were obtained, exhaustive genotyping was 

conducted.  With a multi-stage design, we successfully identified significant haplotypes.  

The 2-SNP haplotype window S06-S12 (rs2214827-rs9642131) was reported as the most 
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significant haplotype window in our study.  In terms of the number of SNPs examined and 

the sample size, our study is the first study that has investigated HGF extensively.  

Refinement of the possible locations of the casual variants in high myopia was done.  The 

susceptibility region was refined to the region tagged by the haplotypes consisting of  S06 

and S12 (rs2214827 and rs9642131).  The findings establish the most possible locations 

where the casual variants may be located.  The consistency of the associated signals between 

populations is high, and positive associations were obtained within a particular region.  Our 

data provides solid support for the involvement of HGF in high myopia.  The next stage 

should be focused on the identification of causal variants to reveal the functional role of 

HGF in the development of high myopia. 

 

 

9.9 Conclusions 

In this study, HGF was studied extensively to refine the possible location of casual variants 

associated with the development of high myopia.  In the initial stage, the association of HGF 

and high myopia was confirmed.  Significant association was obtained from the haplotype 

analysis. Among all the significant haplotypes, the 2-SNP haplotypes of rs5745646-

rs9642131 (S04-S12) demonstrated the strongest association.  With exhaustive genotyping 

of SNPs within HGF, the most significant haplotype window was refined to rs2214827-

rs9642131 (S06-S12).  To our knowledge, this is the first study that has refined the probable 

location of causal variants in HGF.  Our study provides valuable data for direct sequencing 

to pinpoint the casual variants in HGF.  Therefore, future studies should focus on 

pinpointing the casual variants in HGF to reveal its role in the development of high myopia. 
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Figure 9.5 Chromosomal locations of some important HGF SNPs.  One recombination hotspot is centered on exon 1 while another hotspot is about 100 kb 

downstream of the HGF gene. The recombination hotspots are indicated by two oval shapes. Please refer to Table 9.1 for the identity of the SNPs S01, S03, 

etc.  Markers S04, S06 and S12 constitute the most significant haplotypes found in the study.  Markers S12, S23, S26 (S25 overlaid by S26), S28 and S29 

have previously been reported to be associated with myopia. 
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Chapter 10 

Overall discussions 

 

10.1 Identifying susceptibility genes for high myopia 

High myopia is an example of complex disease; both environmental and genetic factors play 

important roles in its development.  A trend is observed that myopia becomes epidemic in 

East Asia.  The age of onset of myopia is getting younger and younger, and thus more 

people are going to develop high myopia in the foreseeable future.  High myopia is 

associated with many forms of irreversible visual impairments.  An increase in the demands 

of health care professionals and medical care are observed.  To control the progression of 

myopia, the mechanism underlying the development of high myopia should be understood.  

The aim of this project is to reveal the genetic variations causing the susceptibility to the 

development of high myopia.  Hypothesis-driven and hypothesis-free approaches were used 

to identify susceptibility genes for high myopia.  Three genes – VIPR2, ARHGEF12 and 

SEPT4 – were identified as novel genes associated with high myopia.  The data obtained 

from the hypothesis-free approach suggest the involvement of COL1A1 and/or SUMO2P7 in 

high myopia.  In addition, the in-depth examination of HGF refined the susceptibility region 

of HGF.  In the coming sections, the most probable susceptibility regions of the associated 

genes and further studies that can be done will be discussed. 

 

10.1.1 Hypothesis-based approach 

At the beginning of this project, a hypothesis-based approach was adopted.  Candidate genes 

with possible functions in the ocular system or located within certain identified myopia 

susceptibility regions (MYP loci) were investigated.  The selection of candidate genes was 
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mainly based on the current literature.  In total, eleven candidate genes were studied.  The 

eleven genes can be grouped into two categories: the functional candidate genes and the 

positional candidate genes. 

 

10.1.1.1 Functional candidate genes  

As suggested by the name, functional candidate genes are genes with potential functions in 

the development of high myopia.  Six genes were selected as functional candidate genes: 

EGR1, FOS, JUN, VIP, VIPR2 and APOE.  The results are presented in Chapter 4 for the 

first five genes and Chapter 5 for APOE.  Among the six functional candidate genes, 

significant SNPs and haplotypes of VIPR2 were identified and replicated. 

 

With a phenotypic threshold of SE  -10.00D, rs2071625 (S11) of VIPR2 was found to be 

associated with high myopia significantly in the discovery sample set (Paemp = 0.0176; OR = 

0.59 and 95% C.I. 0.44 – 0.80) (Table 4.5).  We also identified significant haplotypes (Table 

4.8).  The most significant haplotype windows included rs2071625 (S11) as a constituent 

SNP:  rs2071623- rs2071625-rs2730220-rs885863 (S10-S11-S12-S13) (Pa = 8.47×10
-8 

and 

1Paemp = 0.0001 for using -8.00D as the cut-off for cases) and rs2071625-rs2730220-

rs885863 (S11-S12-S13) (Pa = 1.77×10
-6

 and Paemp = 0.0001 for using -10.00D as the cut-off 

for cases) (Table 4.8).  Although rs2071625 (S11) was not found to be significantly 

associated with high myopia (defined by any one of three thresholds) in our replication study 

(Table 7.3), rs2730220 (S12) (Paemp = 0.0221; OR = 0.55 and 95% CI: 0.37 - 0.82 for using -

8.00D as the cut-off for cases) and rs885863 (S13) (Paemp = 0.0199; OR = 2.14, 95% CI: 

1.36 – 3.37 for using -12.00D as the cut-off for cases) were found to be  associated with high 

myopia significantly (Table 7.4).  Significant haplotypes of rs2071623-rs2071625-

rs2730220-rs885863 (S10-S11-S12-S13) (Pa = 1.15×10
-5

 and 0.0001; Paemp = 0.0003
 
and 

0.0022
 
for using -8.00D and -10.00D as the cut-offs for cases, respectively) were replicated 

(Table 7.5). 
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The data of the discovery and the replication sample sets were combined directly to obtain 

more information.  With the combined sample set, more significant associations were 

demonstrated.  Different signals were picked up with different phenotypic thresholds.  One 

SNP, rs2071625 (S11), demonstrated significant association (Paemp = 0.0140
 
and 0.0036; OR 

= 0.73 and 0.65; and 95% CI: 0.61 to 0.87 and 0.53 to 0.80 for using -8.00D and -10.00D as 

the cut-offs for cases, respectively) (Table 7.11).  However, no significant association (Paemp 

> 0.05) was demonstrated by rs2730220 (S12) or rs885863 (S13) for the combined sample 

set (Table 7.10).  As expected, the 4-SNP haplotypes of rs2071623- rs2071625-rs2730220-

rs885863 (S10-S11-S12-S13) demonstrated the most significant association (Pa = 9.10×10
-10 

and
 2.30×10

-6
; Paemp = 0.0001

 
and 0.0001

 
for using -8.00D and -10.00D as the cut-offs for 

cases, respectively) (Table 7.12).  To test the independent effect of rs2071623, rs2071625, 

rs2730220 and rs885863 (S10, S11, S12 and S13) in the most significant haplotypic 

association, PLINK was used for conditional haplotype-based association testing.  All four 

tag SNPs each contributed independent effects to the significance: rs2071623 (S10), 

Pconditional = 1.26×10
-7

; rs2071625 (S11), Pconditional = 1.06×10
-6

; rs2730220 (S12), Pconditional = 

0.0194; and rs885863 (S13), Pconditional= 1.87×10
-8

. 

 

It seems that VIPR2 plays a role in the development of high myopia, but the identified 

signals may not be the casual variants.  This is because a tag-SNP approach was used to save 

time and cost.  Only one tag SNP was examined for one LD block to screen for possible 

association.  Table 10.1 summarizes the SNPs in LD with rs2071623, rs2071625, rs2730220 

and rs885863 (S10, S11, S12 and S13) of VIPR2.  With r
2
 ≥ 0.80, there are six SNPs in LD 

with the examined SNPs according to the HapMap Chinese database.  To refine the possible 

locations of the causal variants, these six SNPs should be investigated.  Of particular interest 

is rs2071624, which is in strong LD (r
2
 = 0.90, Table 10.1) with rs2071625 (S11) – the 

single SNP that was associated with high myopia in the combined sample set (Table 7.10).  

Located in exon 9 of VIPR2 (Figure 10.1), rs2071624 is a synonymous SNP (Asn275Asn) 

and is predicted to affect splicing (Table 10.1). 
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On the other hand, imputation was also performed to infer the genotypes of all variants 

within VIPR2 with the data from the 1000 Genomes database as the reference panel.  

Genetic association analysis showed that rs10268921 was an associated SNP (Table 7.19).  

This SNP was discovered by the 1000 Genome Project by direct sequencing.  As such, the 

LD relationship between rs10268921 and other SNPs is not available.  This SNP is located 

between rs2071625 (S11) and rs2730220 (S12) as shown in orange label in Figure 10.1. 

 

The recombination rate obtained from the Phase II HapMap Project provides an insight into 

the potential susceptibility region of VIPR2.  There is a recombination hotspot next to 

rs2071623 (S10) and rs2071624 (see above), and the recombination rates range from four to 

twelve centimorgans per Mb (Figure 10.1).  SNPs located within the recombination hotspot 

are expected to show a higher crossing-over rate.  Thus, the causal variants of VIPR2 may be 

located between rs2071623 (S10) and rs885863 (S13).  It is suggested that rs2657430, 

rs2730250, rs2040897, rs2527181, rs2730206, rs2071624 (Table 10.1) and rs10268921 

(Figure 10.1) should be investigated to refine the possible locations of the causal variants in 

VIPR2. 

 

10.1.1.2 Positional candidate genes  

Five positional candidate genes were selected based on the findings of a primate study: 

ARHGEF12, COX11, DHX40, SEPT4 and ZNF275.  The expression levels of these five 

genes were significantly correlated with the posterior vitreous chamber depth (Tkatchenko et 

al., 2006) and the chromosomal locations of these five genes lie within the human 

susceptibility loci for high myopia (Table 1.6).  Case-control association study was 

conducted to test the possible association between these five genes and high myopia.  The 

findings are presented in Chapter 6.  Three genes – ARHGEF12, SEPT4 and ZNF275 – were 

found to be significantly associated with high myopia.  However, only the associations of 

ARHGEF12 and SEPT4 were successfully replicated with an independent sample set. 
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Table 10.1 SNPs in LD with the associated SNPs of VIPR2. 

SNP
a
 Position Allele LD SNP LD (r

2
) MAF Predicted function

b
 

rs2071623 (S10) 158520175 T/C S10 1.00 0.43 – 

rs2071624 158520087 G/A S11 0.90 0.40 Affects splicing 

rs2071625 (S11) 158517781 T/C S11 1.00 0.29 – 

rs2730220 (S12) 158514819 C/T S12 1.00 0.15 Affects microRNA binding 

rs885863 (S13) 158513730 T/C S13 1.00 0.17 Affects microRNA binding 

rs2730206 158507934 C/G S13 0.84 0.14 – 

rs2527181 158502366 C/T S13 0.84 0.14 – 

rs2040897 158496609 G/A S11 0.84 0.35 – 

rs2730250 158494643 G/A S11 0.84 0.31 – 

rs2657340 158489729 A/G S11 0.84 0.35 – 

a
 Six SNPs are identified to be in strong LD (r

2
 ≥ 0.80, HapMap Chinese data) with the four SNPs 

examined using the replication sample set, and these four SNPs are s2071623 (S10), rs2071625 (S11), 

rs2730220 (S12) and rs885863 (S13). The SNPs are listed down the column in the order along the 5’>3’ 

direction of the sense strand of VIPR2, and hence in reverse order of their chromosomal locations 

(based on genome build 36). 

b
 The functions are predicted by FuncPred (http://manticore.niehs.nih.gov/snpfunc.htm). 

 

 

http://manticore.niehs.nih.gov/snpfunc.htm


 

348 

 

 

 

 

 

 

Figure 10.1 Chromosomal locations of some important VIPR2 SNPs.  One recombination hotspot (encircled in red) is found in an intronic region with the 

recombination rates up to about 12 cM/Mb.  Please refer to Table 10.1 for the identity of the SNPs S10, S11, S12 and S13.  Note that S10 (rs2071623) and 

rs2071624 (indicated in pink) are at the boundary of the recombination hotspot.  Located in exon 9, rs2071624 is a synonymous SNP (Asn275Asn) and is 

predicted to affect splicing (see Table 10.1). The chromosomal positions are based on the genome build 37.3.  The figure was obtained from NCBI. 

 

 

Exon 9 
VIPR2 
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(Continued from Section 10.1.1.2) 

 

ARHGEF12 

The involvement of ARHGEF12 in high myopia development was suggested by the 

significant association of the 5-SNP haplotype window rs7933086-rs4381380-rs476636-

rs2305013-rs503473 (S01-S02-S03-S04-S05) (Pa = 8.32×10
-5

 and Paemp = 0.0004 using -

8.00D as the cut-off for cases) (Table 6.5).  To validate the observed association, a 

replication study was performed.  For the replication sample set, the most significant sliding 

window was the 2-SNP haplotype window rs7933086-rs4381380 (S01-S02): Pa = 1.01×10
-9 

and 2.38×10
-7

; and Paemp = 0.0001 and 0.0001 for using -8.00D and -10.00D as the cut-offs 

for cases, respectively (Table 7.5).  Similar to the initial observation, the most significant 

association identified in the combined sample set was the 5-SNP window rs7933086-

rs4381380-rs476636-rs2305013-rs503473 (S01-S02-S03-S04-S05): Pa = 3.19×10
-14 

and 

8.21×10
-12

; and Paemp = 0.0001 and 0.0001 for using -8.00D and -10.00D as the cut-offs for 

cases, respectively (Table 7.12).  However, none of the SNPs was individually associated 

with high myopia (Table 7.10).  For the combined sample set, rs503473 (S05) of 

ARHGEF12 was found to be associated initially even after correction for multiple 

comparisons (Pemp = 0.0326
 
and 0.0057 for using -8.00D and -10.00D as the cut- offs for 

cases, respectively).  Nonetheless, the positive signals were not retained after adjustment for 

age and sex (Paemp > 0.05).  Therefore, only significant haplotypes were identified.  Since the 

most significant haplotype window was the 5-SNP window rs7933086-rs4381380-rs476636-

rs2305013-rs503473 (S01-S02-S03-S04-S05), the independent effects of these five tag SNPs 

were investigated by PLINK (conditional haplotype-based association testing).  Except 

rs476636 (S03), all SNPs each contributed an independent effect to the significant 

haplotypes: rs7933086 (S01), Pconditional = 3.49×10
-24

; rs4381380 (S02), Pconditional = 6.33×10
-8

; 

rs476636 (S03), Pconditional = 0.1630; rs2305013 (S04), Pconditional = 0.0055; and rs503473 (S05), 

Pconditional = 3.69×10
-14

. 
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The next step in searching for the causal variants is to genotype all the SNPs in LD with the 

SNPs showing independent effects.  This is because the observed association may only 

mirror the significance of the causal variants of ARHGEF12.  Based on r
2
 ≥ 0.80, 45 SNPs 

are found to be in LD with the associated SNPs (Table 10.2).  Of note are four SNPs that are 

at the 3’ end of ARHGEF12 and are predicated to affect transcription factor binding sites.  

Imputation was also performed to predict the genotypes of all variants within ARHGEF12 

with the data from the 1000 Genomes Project database as the reference panel.  Because 

ARHGEF12 is a relatively big gene, many SNPs were predicted to be associated with high 

myopia.  Thirty-seven SNPs exhibited association signals (Table 7.19), and the locations of 

these SNPs are between 120279051 and 120364486 on chromosome 17 (NCBI genome 

build 37) (Table 7.19).  No available LD data about these SNPs was found. 

 

The recombination rate obtained from the Phase II HapMap Project provides an insight into 

the potential susceptibility region of ARHGEF12.  A recombination hotspot is found near the 

3’ end of the gene and is between rs2305013 (S04) and rs503473 (S05).  The recombination 

rate is about 9 centimorgans per Mb (Figure 10.2).  The high recombination rate explains the 

pattern of LD of ARHGEF12 in controls (Figure 7.3).  The most possible location of the 

causal variants of ARHGEF12 cannot be inferred from the experimental and imputed results.  

The association of rs503473 (S05) was demonstrated in the meta-analysis of genotype data 

acquired experimentally (Table 7.17), and rs503473 (S05) is located near the 3’ end of the 

gene (Figure 10.2).  But, different results were obtained computationally.  Association 

signals of imputed SNPs are much stronger around the middle of the gene (Table 7.19 and 

Figure 10.2).  The results based on imputation were similar to that of the analysis of 

independent haplotypic effect.  The SNP that showed the most significant P value was 

rs7933086 (S01) (P = 3.49×10
-24

; conditional haplotype-based test in Plink).  On the other 

hand, the magnitude of significance of rs503473 (S05) was much lower (P = 3.69×10
-14

; 

conditional haplotype-based test).
  

We recommend that SNPs located within the  

(Continued after Figure 10.2) 
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Table 10.2 SNPs in LD with the associated SNPs of ARHGEF12. 

SNP a Position Allele LD SNP LD (r2) MAF Predicted function b 

rs11217821 119707309 C/T S01 0.83 0.20 Affects TFBS 

rs12806740 119708838 A/G S01 0.83 0.20 Affects TFBS 

rs3809059 119711373 T/A S05 0.86 0.71 Affects TFBS 

rs4938799 119713467 G/T S01 0.83 0.20 Affects TFBS 

rs7932658 119716422 A/G S01 0.83 0.20 -- 

rs7121779 119718570 A/T S01 0.85 0.18 -- 

rs4539328 119723453 C/T S01 0.83 0.20 -- 

rs4938801 119728609 C/T S01 0.86 0.19 -- 

rs7924963 119738746 A/G S01 1.00 0.21 -- 

rs661139 119741084 A/T S05 0.92 0.33 -- 

rs11217841 119743931 A/C S01 1.00 0.21 -- 

rs10892566 119747133 C/T S01 1.00 0.20 -- 

rs632137 119752243 T/C S05 0.97 0.31 -- 

rs1892894 119759894 C/T S01 1.00 0.21 -- 

rs17123861 119761547 C/T S02 0.89 0.17 -- 

rs10790381 119762705 A/G S02 0.89 0.17 -- 

rs7478880 119767001 C/T S01 1.00 0.21 -- 

rs7107211 119768132 A/G S02/S01 0.89/0.83 0.19 -- 

rs7933086 (S01) 119774518 A/G S01 1.00 0.21 -- 

rs7948928 119778434 C/G S01 0.97 0.22 -- 

rs4381380 (S02) 119778526 A/G S02 1.00 0.19 -- 

rs4938804 119779075 A/G S01 1.00 0.22 -- 

rs4938805 119779421 A/G S01 0.97 0.21 -- 

rs6589812 119783569 C/T S01 1.00 0.21 -- 

rs10750173 119793578 C/T S01 1.00 0.20 -- 

rs10892575 119796347 C/G S02 0.89 0.17 -- 

rs6589813 119798700 A/G S02 0.92 0.17 -- 

rs11823264 119799214 A/G S02 0.89 0.17 -- 

rs7115714 119800071 A/G S02 0.92 0.18 -- 

rs7129944 119804917 C/T S02 0.89 0.17 -- 

rs7131597 119809149 G/T S01 1.00 0.21 -- 

rs538661 119815061 C/T S05 1.00 0.70 -- 

rs723937 119817956 G/A S01 0.97 0.22 -- 

rs2305008 119824274 A/C/G S01 1.00 0.21 -- 

rs496248 119828424 A/G S05 1.00 0.31 -- 

rs11217874 119830758 A/G S02 0.92 0.16 -- 

rs11217875 119830769 A/C S02 0.89 0.17 -- 

rs2305010 119835359 C/G S01 1.00 0.21 -- 

rs4938807 119836911 A/C S02 0.89 0.17 -- 

rs11601535 119839011 A/G S01 1.00 0.19 -- 

rs4938808 119842112 G/T S01 1.00 0.21 -- 

rs894839 119842915 A/G S01 1.00 0.21 -- 

rs2305013 (S04) 119845270 A/T S04 1.00 0.10 ns;  Affects splicing 

rs11217878 119845593 A/G S02 0.89 0.18 -- 

rs7939137 119848481 C/T S01 1.00 0.21 -- 

rs10790383 119849736 C/T S01 0.97 0.21 -- 

rs2276035 119851570 G/A S02 0.85 0.18 -- 

rs10892582 119852925 C/T S01 1.00 0.21 -- 

rs503473 (S05) 119860440 A/G S05 1.00 0.31 -- 

a In total, 45 SNPs are found to be in strong LD (r2 ≥ 0.80, HapMap Chinese data) with the four SNPs displaying 

independent effects for the association with high myopia.  These four SNPs are: rs7933086 (S01), rs4381380 

(S02), rs2305013 (S04) and rs503473 (S05).  The SNPs are listed down the column in the order of their 

chromosomal locations (based on genome build 36). 
b The functions are predicted by FuncPred (http://manticore.niehs.nih.gov/snpfunc.htm).  TFBS stands for 

transcription factor binding sites and ns for non-synonymous. 

http://manticore.niehs.nih.gov/snpfunc.htm
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Figure 10.2 Chromosomal locations of some important ARHGEF12 SNPs.  One recombination hotspot (encircled in red) is found in the 3’ end of the gene 

with recombination rates of about 9 cM/Mb.  Note that this recombination hotspot separates markers S04 and S05.  Please refer to Table 10.2 for the identity 

of the SNPs S01, S02, S04 and S05.  Shown at the 5’ flanking region of the gene are two SNPs:  rs11217821 (indicated in pink) in strong LD with S01 

(r
2
=0.83) and rs3809059 (indicated in brown) in strong LD with S05 (r

2
=0.86) (the SNPs in first and the third rows of Table 10.2). Shown in intron 3 is 

rs75765077 (indicated in black), which gives a significant association signal based on imputed genotypes (the first ARHGEF12 SNP in Table 7.19).  The 

chromosomal positions are based on the genome build 37.3.  The figure was obtained from NCBI. 
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(Continued from before Table 10.2) 

 

120279051 to 120364486 position (NCBI genome build 37) (Table 7.19) and near the 3’ end 

of ARHGEF12 should be investigated first.  Once the signals are refined, pinpointing the 

causal variants of ARHGEF12 can be explored. 

 

SEPT4 

SEPT4 was found to be associated with high myopia initially because of the significant 

association of rs3744111 (S01) (Paemp = 0.0018
; 
OR =1.51; 95% CI: 1.18 to 1.92) using the 

discovery sample set (p.172, Section 6.6.1).  With haplotype analysis, more significant 

associations were demonstrated.  The haplotype window rs3744111-rs11870671-

rs12935851-rs1057068 (S01-S02-S03-S04) demonstrated the strongest association: Pa = 

1.53×10
-8

 and Paemp = 0.0001 using -8.00D as the cut off for cases (Table 6.7).  To validate 

the observed association, replication study was performed.  With the replication sample set, 

the association of rs3744111 (S01) of SEPT4 was successfully replicated: Paemp = 0.0018
 
and 

0.0017; OR = 1.59 and 1.75; and 95% CI: 1.24 to 2.04 and 1.31 to 2.35 for using -8.00D and 

-10.00D as the cut-offs for cases, respectively (Table 7.4).  However, the results of 

haplotype analysis were slightly different from those obtained with the discovery sample set.  

As a single marker, rs3744111 (S01) demonstrated the strongest association: Pa = 0.0001 

and 0.0002; and Paemp = 0.0032
 
and 0.0029

 
for using -8.00D and -10.00D as the cut-offs for 

cases, respectively, with the replication sample set (Table 7.5).  The data of the two sample 

sets were combined and analyzed again.  The overall results were similar to those obtained 

with just the replication sample set.  The SNP rs3744111 (S01) was significantly associated 

with high myopia: Paemp = 0.0002
 
and 0.0221; OR = 1.54 and 1.38; and 95% CI: 1.29 to 1.83 

and 1.13 to 1.69 for using -8.00D and -10.00D as the cut-offs for cases, respectively (Table 

7.11).  Interestingly, significant association was also observed for rs11870671 (S02) in 

single-marker analysis (Paemp = 0.0314; OR = 1.30; and 95% CI: 1.11 to 1.53) using the 

combined sample set (Table 7.11).  This may be due to an increase in the sample size.  As 
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expected, the 4-SNP haplotype window rs3744111-rs11870671-rs12935851-rs1057068 

(S01-S02-S03-S04) showed the most significant association (Pa = 3.78×10
-9

 and Paemp = 

0.0001) in the omnibus test using -8.00D as the cut-off for cases (Table 7.12).  However, the 

results were slightly different when using -10.00D as the cut-off for cases.  Only one sliding 

window – rs3744111 (S01) – was significantly associated with high myopia when using -

10.00D as the phenotypic cut-off for cases (Pa = 0.0016 and Paemp = 0.0376) (Table 7.12).  

Because the 4-SNP haplotypes of rs3744111-rs11870671-rs12935851-rs1057068 (S01-S02-

S03-S04) demonstrated consistent significant associations among different sample sets, 

PLINK was used to test the independent effect of the four tag SNPs constituting this 

haplotype window.  It was found that all SNPs, except rs1057068 (S04), showed 

independent haplotypic effects: rs3744111 (S01), Pconditional = 1.45×10
-9

; rs11870671 (S02), 

Pconditional = 0.0086; rs12935851 (S03), Pconditional = 0.0004; and rs1057068 (S04), Pconditional = 

0.2900. 

 

Similar to other identified genes, the next step in searching for the causal variants is to 

genotype all the SNPs in LD with the associated SNPs because of the LD relationship.  With 

r
2
 ≥ 0.80, 129 SNPs are in LD with the SNPs showing independent effects, and are listed in   

Table 10.3.  As there are too many SNPs in LD with the associated SNPs, imputation was 

performed to infer the genotypes of all variants within SEPT4.  The aim of the imputation is 

to predict the most possible region of the observed association.  Thirteen imputed SNPs were 

predicted to be associated with high myopia (Table 7.19).  The most significant association 

was revealed by two imputed SNPs (rs758377 and rs758378; Table 7.19), which are located 

near rs3744111 (S01) in intron 3 of the gene (Figure 10.3).  The results based on imputation 

were consistent with those obtained from the analysis of independent effects of the SNPs.  

The most significant P value was obtained from the analysis of independent effect of 

rs3744111 (S01) (P = 1.45×10
-9

; conditional haplotype-based test).  On the other hand, the 

magnitude of significance of rs11870671 (S02) was much lower (P = 0.0086).
  
 According to  

(Continued after Figure 10.3)
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Table 10.3 SNPs in LD with the associated SNPs of SEPT4. 

SNP a Position Allele LD SNP LD (r2) MAF Predicted function b 

rs7213035 54212280 A/G S01 0.97 0.28 - 

rs7214266 54206919 C/T S01 0.97 0.28 - 

rs9303401 54202944 C/T S02 1.00 0.49 - 

rs9915935 54198047 A/G S02 1.00 0.47 - 

rs6503877 54196947 C/T S02 1.00 0.49 - 

rs8074016 54195586 A/G S03 0.93 0.21 - 

rs304299 54193471 C/G S02 1.00 0.47 - 

rs304296 54189228 T/G S02 1.00 0.49 Affects TFBS 

rs8074787 54181550 C/T S01 1.00 0.29 - 

rs304292 54179122 G/A S02 1.00 0.49 - 

rs8075786 54174215 C/T S02 1.00 0.47 - 

rs172565 54163995 A/T S02 1.00 0.47 - 

rs10515159 54157692 C/G S03 0.93 0.18 - 

rs304270 54157140 T/C S02 1.00 0.49 - 

rs16943186 54156847 C/T S01 1.00 0.28 - 

rs17822908 54156777 C/T S03 0.96 0.20 - 

rs28363312 54143292 A/C S01 0.97 0.28 - 

rs6503874 54135458 C/G S01 1.00 0.29 - 

rs8071942 54133270 C/T S01 1.00 0.28 - 

rs7208872 54132648 A/G S01 0.97 0.28 - 

rs405684 54132147 C/T S02 1.00 0.47 - 

rs686425 54131729 A/G S02 1.00 0.47 - 

rs12938772 54131319 C/T S02 1.00 0.48 - 

rs9916423 54128833 C/T S01 0.97 0.28 Affects TFBS 

rs17222691 54126095 C/T S03 0.96 0.20 Affects TFBS 

rs16943176 54124886 A/G S03 0.96 0.21 Affects TFBS 

rs302873 54124480 G/C S02 1.00 0.50 Affects TFBS 

rs12946522 54123102 G/T S03 0.96 0.21 Affects TFBS 

rs302874 54122995 G/A S02 1.00 0.49 Affects TFBS 

rs11653526 54116416 A/G S01 1.00 0.29 - 

rs302865 54111976 G/A S02 1.00 0.49 - 

rs12939313 54110615 A/T S03 0.93 0.18 - 

rs9899893 54109596 C/T S01 1.00 0.29 - 

rs304264 54104627 A/G S02 1.00 0.46 - 

rs446613 54104545 A/C S02 1.00 0.47 - 

rs7220884 54098947 A/G S01 1.00 0.29 Affects splicing 

rs7209327 54096833 A/G S01 1.00 0.29 - 

rs2643124 54096671 C/T S02 1.00 0.47 - 

rs4340382 54093918 A/G S01 1.00 0.28 - 

rs17822837 54092837 A/G S03 0.96 0.20 - 

rs1631237 54089694 G/A S02 1.00 0.49 - 

rs302842 54083101 G/C S02 1.00 0.47 - 

rs302843 54082985 T/C S02 1.00 0.47 - 

rs2567898 54077563 G/T S02 1.00 0.48 - 

rs16943147 54075751 A/C S01 1.00 0.29 - 
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Table 10.3 (Continued)      

SNP a Position Allele LD SNP LD (r2) MAF Predicted function b 

rs2611782 54072955 C/T S02 1.00 0.49 - 

rs8070007 54064168 A/G S01 0.87 0.30 Affects splicing 

rs8071217 54064116 C/T S01 0.94 0.30 - 

rs412000 54064057 C/G S03 0.92 0.16 Affects splicing 

rs8071081 54064054 G/T S01 0.88 0.30 Affects splicing 

rs411988 54064033 A/G S03 0.93 0.18 Affects splicing 

rs368243 54063978 C/T S03 0.93 0.20 - 

rs591200 54060900 G/A S02 1.00 0.47 - 

rs9898626 54053218 C/G S02 1.00 0.47 - 

rs6503872 54051007 C/T S01 1.00 0.29 - 

rs302859 54048131 T/C S02 1.00 0.44 - 

rs8077548 54045847 C/T S01 1.00 0.29 Affects splicing 

rs1864754 54043788 T/G S03 0.96 0.20 - 

rs302848 54041453 G/A S02 1.00 0.49 - 

rs437732 54030860 C/A S02 0.94 0.49 - 

rs7209650 54029904 C/T S01 1.00 0.29 - 

rs302840 54028078 G/C S02 1.00 0.47 - 

rs9303399 54027308 A/G S03 0.93 0.20 - 

rs8072873 54024048 C/G S01 1.00 0.29 - 

rs2567892 54023928 C/T S02 1.00 0.47 - 

rs7210432 54023169 C/T S03 0.92 0.17 - 

rs7218778 54019247 G/T S01 1.00 0.29 - 

rs9907940 54018841 A/G S02 1.00 0.49 - 

rs7212819 54017973 -/G/T S03 0.93 0.18 - 

rs8071916 54015278 A/G S02 1.00 0.49 - 

rs6503870 54014017 C/T S02 1.00 0.50 Affects splicing, ns 

rs1267542 54009689 C/T S02 1.00 0.47 - 

rs3803751 54005355 G/A S01 1.00 0.29 - 

rs1267545 54001908 A/G S02 1.00 0.49 - 

rs34818467 53998108 A/G S03 0.96 0.19 Affects splicing 

rs1974586 53995730 C/T S01 1.00 0.29 - 

rs9903050 53991907 C/T S01 1.00 0.29 Affects splicing 

rs2333332 53986053 G/A S02 1.00 0.47 - 

rs9889631 53985358 G/T S01 0.97 0.29 - 

rs9909763 53984639 C/T S01 1.00 0.29 - 

rs4793954 53984526 G/T S02 0.94 0.45 - 

rs714959 53983600 C/T S03 0.96 0.20 - 

rs12453459 53979290 C/T S02 1.00 0.47 Affects TFBS 

rs17822735 53975166 C/T S03 0.96 0.19 ns 

rs6503866 53974580 C/T S02 1.00 0.49 - 

rs8073754 c 53973029 C/T S01 1.00 0.29 - 

rs12453049 c 53966371 C/T S02 1.00 0.47 Affects TFBS 

rs12939703 c 53966089 C/G S01 1.00 0.29 Affects TFBS 

rs4793952 c 53963464 C/T S02 1.00 0.51 Affects TFBS 

rs3744111 c (S01) 53962958 A/G S01 1.00 0.29 - 

rs9903173 c 53962357 A/G S01 1.00 0.29 - 
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Table 10.3 (Continued)      

SNP a Position Allele LD SNP LD (r2) MAF Predicted function b 

rs9901693 c 53961914 C/T S01 1.00 0.29 - 

rs11870671 c (S02) 53960359 A/G S02 1.00 0.50 - 

rs2072316 c 53959812 G/T S03 1.00 0.20 - 

rs740605 c 53959810 T/C S02 1.00 0.49 - 

rs2079703 c 53958977 A/G S02 1.00 0.47 - 

rs8066773 c 53956551 C/T S02 0.94 0.46 - 

rs35288118 c 53955747 A/C S03 1.00 0.21 - 

rs12935851 c (S03) 53955243 A/C S03 1.00 0.21 - 

rs1057068 c 53953438 T/C S02 1.00 0.49 Affects miRNA binding 

rs3744109 53949196 C/T S02 1.00 0.46 - 

rs2007993 53945642 C/T S03 0.93 0.20 - 

rs3809709 53945558 T/C S01 0.94 0.27 - 

rs11650105 53943071 C/T S01 0.94 0.29 - 

rs3744108 53940871 C/G S02 1.00 0.47 Affects splicing, ns 

rs2302190 53939507 C/T S01 0.94 0.29 Affects splicing, ns 

rs2302189 53939204 A/C S02 0.89 0.48 Affects splicing, ns 

rs11650710 53938546 C/T S01 0.97 0.28 - 

rs2240719 53937476 C/G S03 0.93 0.20 - 

rs12603808 53933507 G/T S03 1.00 0.19 - 

rs9901114 53930207 A/G S02 1.00 0.47 - 

rs3087762 53923679 C/T S03 1.00 0.19 Affects TFBS / miRNA binding 

rs2531734 53905803 C/T S02 1.00 0.49 - 

rs3803752 53895266 T/C S03 1.00 0.21 ns 

rs3803753 53895109 G/A S03 1.00 0.21 - 

rs717828 53890931 A/G S02 1.00 0.49 - 

rs2531726 53877532 A/G S02 1.00 0.49 - 

rs2531725 53872961 A/G S02 1.00 0.47 - 

rs7207286 53869457 G/T S01 0.94 0.29 - 

rs2429369 53856419 A/G S02 1.00 0.52 - 

rs7215531 53848373 A/T S01 0.94 0.28 - 

rs3744093 53847799 T/C S02 0.94 0.50 ns 

rs3785492 53843062 T/C S03 0.93 0.20 - 

rs2526370 53842635 G/C S02 0.83 0.45 - 

rs10515155 53836943 A/G S03 0.86 0.21 - 

rs8078280 53828131 A/G S03 0.86 0.21 - 

rs7216856 53827294 A/G S01 0.91 0.29 - 

rs3785493 53827118 T/G S03 0.86 0.21 - 

rs7211294 53817782 A/G S01 0.94 0.29 - 

rs2240258 53813182 C/A S03 0.93 0.20 - 

rs2240259 53813128 C/A S03 0.90 0.21 - 

rs12601867 53810259 C/G S02 0.89 0.49 - 

a In total, 129 SNPs are found to be in strong LD (r2 ≥ 0.80, HapMap Chinese data) with the three SNPs 

displaying independent effects for the association with high myopia.  These three SNPs are: rs3744111 (S01), 

rs11870671 (S02) and rs12935831 (S03).  The SNPs are listed down the column in the order along the 5’>3’ 

direction of SEPT4, and hence in the reverse order of their chromosomal locations (based on genome build 36). 
b The functions are predicted by FuncPred (http://manticore.niehs.nih.gov/snpfunc.htm).  TFBS stands for 

transcription factor binding sites, miRNA for microRNA, and ns for non-synonymous. 
c Only these 15 SNPs are within the boundary of the SEPT4 gene. 

http://manticore.niehs.nih.gov/snpfunc.htm
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Figure 10.3 Chromosomal locations of some important SEPT4 SNPs.  There is no recombination hotspot found in the SEPT4 gene.  Please refer to Table 

10.3 for the identity of the SNPs S01, S02 and S03.  The SNP rs12453049 (indicated in black) is predicted to affect transcription factor binding site (Table 

10.3).  The SNP rs758377 (indicated in brown) gives one of the most significant association signals based on imputed genotypes (the first SEPT4 SNP in 

Table 7.19).  The chromosomal positions are based on the genome build 37.3.  The figure was obtained from NCBI. 

 

 

Exon 3 

SEPT4 



 

359 

 

(Continued from Table 10.3) 

 

the Phase II HapMap Project, no recombination hotspot is found within the SEPT4 region 

(Figure 10.3).  To have a better resolution of the association signals, experimental work 

should be carried out and more SNPs should be investigated.  The results obtained from the 

experimental and computational work provide hints on the follow-up work.  To start with, 

further work should first be focused on SNPs that are in LD with rs3744111 (S01) (Table 

10.3), are predicted to have functional effects (Tables 7.19 and 10.3) and give significant 

results for imputed genotypes (Table 7.19). 

 

With a candidate-gene approach, three novel genes were identified as susceptibility genes 

for high myopia in Hong Kong Chinese and the results successfully replicated with an 

independent sample set.  Experimental work should be performed to refine the location of 

the causal variants in these three genes in future.  Interestingly, a pattern was observed from 

the genetic associations of the candidate genes using different phenotypic definitions for 

cases.  In our study, we explored the possible association between the candidate genes and 

high myopia under three phenotypic thresholds.  Cases were defined as subjects with 

spherical equivalent worse than or equal to -8.00D, -10.00D or -12.00D.  An SE of -10.00D 

seemed to be the most desirable threshold.  With -10.00D as the cut-off, the number of 

significant signals that were identified was the largest.  The more extreme phenotypic 

definition outweighed the limited sample size and might also outweigh the contribution of 

environmental factors.  With -12.00D as the phenotypic threshold, the phenotype was even 

more extreme.  However, a reduction in the total number of significant signals being 

identified was observed when using -12.00D as threshold.  Since the total number of cases 

dropped to less than 80 (Tables 3.1 and 3.3), the sample size might be too small to detect the 

association.  Based on the above observation, it is suggested that a more stringent 

phenotypic threshold should be used for association studies with limited sample size. 
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Apart from using different phenotypic thresholds to analyze the data, we also studied gene-

gene interactions computationally.  MDR was used to explore the possible gene-gene 

interactions among the candidate genes.  Although the overall result was not fruitful, 

significant interactions were observed from MDR analysis of two sets of genes: 

FOS–TGFB1 (Section 4.4.5) and SEPT4–ZNF275 (Section 6.6.3).  These preliminary 

findings should be verified by additional studies using independent cohorts of subjects.  

Perhaps, gene-gene interaction is one of the future directions in the myopia genetics. 

 

 

10.1.2 Hypothesis-free approach 

Novel susceptibility genes for high myopia can be identified by a hypothesis-driven 

approach, as has been achieved in the present study.  However, the number of genes that can 

be examined is limited.  The selection of candidate genes is mainly based on the existing 

literature.  To explore genes that have not been studied before, a hypothesis-free approach 

has to be used.  GWAS is a powerful approach that enables the examination of few 

thousands of genes in humans all at once.  To discover novel gene(s) and/or variant(s) for 

high myopia, a pilot GWAS of 100 cases and 100 controls was conducted (Chapter 8).  An 

extreme phenotypic threshold (Table 3.4) was adopted to compensate for the limited sample 

size.  GWAS allows direct comparison of genotypes between cases and controls.  The data 

obtained provide a list of potential variants that may contribute to the development of high 

myopia. 

 

 10.1.2.1 Possible locations of the causal variants on chromosome 17 

A multi-stage GWAS was conducted (Figure 8.1) and positive associations were 

demonstrated.  The most significant nominal P value did not reach the genome-wide 

significance level (rs10821487 on chromosome 9, P = 1.16×10
-6

; see Section 8.4.1).  

However, our pilot GWAS (Stage 1) could be considered to be quite successful when the 
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limited sample size was taken into account (Figure 8.2).  With P = 0.0001 as the threshold, a 

list of top-ranking SNPs was generated: 71 SNPs in total, of which ten were located on 

chromosome 2 (Table 8.3).  SNPs with potential ocular functions and lying within MYP loci 

were chosen from the list of top-ranking SNPs for follow-up study (Table 8.1).  The 

augmented discovery sample set was used for the initial follow-up study (Stage 2). 

Consistent signals were observed from 2 SNPs located on chromosome 17 – rs2103273 and 

rs1000068 (S18 and S23) (Tables 8.5 and 8.6).  The preliminary association was validated 

using the discovery sample set in the next stage (Stage 3).  SNPs in LD (r
2
 > 0.8) with 

rs2103273 and rs1000068 (S18 and S23) were examined.  With -12.00D as the phenotypic 

threshold for cases, all eight examined SNPs were associated with high myopia significantly 

(Paemp < 0.05) (Tables 8.9 and 8.10).  In addition, the direction of associations were identical 

for all eight SNPs and all of them presented odds ratios greater then 1 (OR ranging from 

1.34 to 1.96) (Table 8.10).  The observed associations confirmed the involvement of the 

specific region harbored by rs2103273 and rs4794119 (S18 and S27).  Consistent significant 

association was observed in single-marker analysis of rs11079899 (S26) with different 

phenotypic thresholds in the combined sample set (Table 8.15).  The most significant 

haplotype window identified in the combined sample set was the 2-SNP window rs1000068-

rs11079899 (S23-S26) (Pa = 0.0003 and Paemp = 0.0012) (Table 8.16).  PLINK was used to 

test the independent effect of the two SNPs via conditional haplotype-based association 

testing.  It was found that both rs1000068 and rs11079899 (S23 and S26) demonstrated 

independent haplotypic effects: rs1000068 (S23), Pconditional = 0.0081 and rs11079899 (S26), 

Pconditional = 0.0008).  However, rs2103273, rs2696278, rs1000068 and rs11079899 (S18, S20, 

S23 and S26) failed to be replicated with the replication sample set (Stage 4) (Table 8.13).  

One of the possible explanations for failure in replication is the reduction of the total number 

of subjects satisfying the phenotypic threshold of -12.00D: 93 cases in the augmented 

discovery sample set for Stage 2, 76 cases in the discovery sample set for Stage 3, and 56 

cases in the replication sample set for Stage 4 (Tables 3.1, 3.2 and 3.3).  A reduction of at 
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least 26% in the sample size was noted for the replication sample set.  Therefore, the 

replication sample set may not be large enough to detect the association. 

 

As mentioned in Chapter 8, the identified signals were very likely located between COL1A1 

and SUMO2P7.  It would be very interesting to re-examine the association of COL1A1 and 

high myopia defined by an extreme phenotypic threshold.  It should be noted that previous 

studies did not examine the possible role of the 5’ flanking regulatory region much farther 

upstream of COL1A1.  It is known that the regulatory region of a gene can be in a large 

genomic region within the upstream promoter (Benko et al., 2011; Jennes et al., 2012).  

Follow-up studies should explore the possible role of the 5’end of COL1A1.  In fact, the 

recombination rate in this region suggests a possible explanation for the failure in replicating 

the genetic association of COL1A1.  Three recombination hotspots are found in the COL1A1 

region under study (Figure 10.4).  As shown in Figure 10.4, the other gene next to the 

associated signals is the SUMO2P7 pseudogene.  Recently, researchers made use of the 

nematode model to express human SUMO-1 and SUMO-2 proteins.  The study showed that 

over-expression of SUMO proteins disturbed the growth in nematode (Rytinki et al., 2011).  

It was concluded that SUMO proteins played an important role in the regulation of 

development in multi-cellular organisms.  Therefore, it would be interesting to explore any 

functional role of SUMO2P7 in humans by identifying an expressed protein. 
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Figure 10.4 Chromosomal locations of some important SNPs in the COL1A1 region.  Three recombination hotspots (encircled in red) exist in the COL1A1 

region under study: (1) surrounding the SUMO2P7 pseudogene (recombination rate up to ~7 cM/Mb), (2) in the immediate region upstream of the COL1A1 

gene (recombination rate ~18cM/Mb), and (3) in the 5’ end of the COL1A1 gene (recombination rate ~7 cM/Mb).  Please refer to Table 8.1 for the identity of 

the SNPs S22, S26 and S27. SNP S27 is at the boundary of the first recombination hotspot. The 5-SNP window S22…S26 is the most significant sliding 

haplotype window identified in the discovery sample set (see Table 8.20); note that the middle 3 SNPs S23, S24 and S25 are not indicated in the figure.  This 

suggests that the causal variants should be within the genomic region bound by the first and the second recombination hotspots, and are carried by 

chromosomes characterized by specific S22…S26 haplotypes.  Also shown in the figure are two other SNPs that had previously been reported to be 

associated with high myopia in a Japanese study: rs280356 and rs207555 (see Table 8.22). 

 

1 2 3 

COL1A1 
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10.2 Exhaustive genotyping of HGF 

The aim of this project is to study the high myopia genetics by identifying susceptibility 

genes.  Several approaches were used to discover novel susceptibility genes for high myopia 

at the beginning of the project.  Many susceptibility genes have been identified by different 

groups, but the causal variants of these susceptibility genes remain mostly unknown. 

 

10.2.1 Possible locations of the causal variants in HGF 

HGF was chosen so that the possible regions of casual variants could be refined.  With the 

multi-stage design (Figure 9.2), we successfully refined the susceptibility region of HGF.  In 

the initial stage, a tag-SNP approach was used to screen for possible association between 

high myopia and HGF.  By examination of 16 SNPs, the association was confirmed and 

replicated.  A significant haplotype of rs5745646-rs9642131 (S04-S12) – GT (21) – was 

identified (Pa = 0.0005, Paemp = 0.0337 and OR = 4.22) (Table 9.6).  The initial signal was 

successfully replicated using an independent sample set (Pa = 0.0041, Paemp = 0.0127 and OR 

= 2.33) (Table 9.8).  To have a better resolution, SNPs in LD with the associated haplotypes 

were investigated.  The combined sample set was used to conclude the overall signals.  The 

possible susceptibility region of HGF was refined to the region harbored by rs2214827 and 

rs9642131 (S06 and S12) (Table 9.16).  In fact, our findings were similar to those of other 

studies in the field.  The only difference was the region reported here was the finest as 

discussed in Chapter 9.  Therefore, direct sequencing of the refined region is suggested to 

pinpoint the locations of the causal variants.  Once the real causal variants are identified, 

specific functional studies can be performed.  Details of possible future work are discussed 

in the coming section. 
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 According to The HapMap data, the HGF gene is bound by two recombination hotspots 

(Figure 9.5), within which the causal variants are therefore most likely to be found.  

Interestingly, the region bound by rs2214827 and rs9642131 (S06 and S12) are located at the 

3’ end of three transcripts (NP_ 001010934.1, NP_001010933.1 and NP_001010931.1).  

Therefore, the causal variants may affect the binding of microRNA, which in turn may cause 

a change in the expression level (Wynendaele et al., 2010; Li et al., 2011a).  Laboratory 

work can be performed to reveal the proposed hypothesis. 

 

 

10.3 Potential areas for future studies 

 In this project, hypothesis-driven and hypothesis-free approaches were used to study the 

high myopia genetics in Hong Kong Chinese (Figure 2.1).  Three novel genes were 

identified using the candidate-gene approaches (Chapter 4, 6 and 7).  On the other hand, a 

susceptibility region on chromosome 17 was observed based on the GWAS data (Chapter 8).  

In addition, the potential region of the causal variants in HGF was refined (Chapter 9).  The 

findings of our study provide fundamental data for extensive study in the near future. 

 

 

10.3.1 Follow-up of the initial signals 

The associations of VIPR2, ARHGEF12 and SEPT4 are replicated in Chapter 7.  As has been 

discussed in section 10.1, the identified signals may not be the genuine causal variants of the 

susceptibility genes.  Therefore, the initial signals should be followed up in the next step 

forward.  Two categories of SNPs should be investigated:  i) SNPs in LD with the associated 

SNPs and ii) potential functional SNPs.  The purpose of such additional genotyping is to 

refine the susceptibility regions of VIPR2, ARHGEF12 and SEPT4.  Six SNPs should be 

genotyped to refine the susceptibility region at the 3’ end of VIPR2 (Table 10.1 and Figure 

10.1).  In total, 45 SNPs of ARHGEF12 and 129 SNPs of SEPT4 belong to the first category 
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(Tables 10.2 and 10.3).  Potential functional SNPs are predicted by an online tool 

(http://manticore.niehs.nih.gov/snpfunc.htm).  One SNP of VIPR2, four SNPs of 

ARHGEF12 and 25 SNPs of SEPT4 fall into the secondary category (Tables 7.19, 10.1, 10.2 

and 10.3).  It should be noted that SNPs in the second category can be predicted as 

associated SNPs based on imputations or/and SNPs in LD with the associated SNPs.  To 

prioritize the SNPs in the follow-up study, SNPs falling into the second category should be 

investigated first because of the predicted functional significance.  Once possible association 

is established between the SNPs in the second category, related functional assays can be 

performed to test the physiological role of the associated SNP in the development of high 

myopia. 

 

10.3.2 Other considerations in replication study 

Replication of initial findings has been performed using a second sample set (the replication 

sample set).  However, there exists limitation of our own replication study.  Some factors 

were not studied such as using different populations, the associations in mild to moderate 

myopes and the associations in hyperopic subjects.  The associations of the three novel 

genes (VIPR2, ARHGEF12 and SEPT4) should be investigated using different populations.  

If the three novel genes can be replicated using different populations, the importance of their 

roles in the development of high myopia can be established. 

 

The second factor that should be considered is the phenotypic thresholds.  Because extreme 

sampling was used in our subject recruitment, our sample sets are a crucial issue in the 

power of the study.  The simplest way to increase our sample size is to lower the threshold 

of subject recruitment although this will reduce the genetic contribution to the milder 

phenotypes.  It would be interesting to test if the observed association can be replicated in 

mild myopes or in hyperopic subjects.  This enables the identification of the universal 

candidate gene(s) in the development of refractive errors.  One of the best examples is the 

http://manticore.niehs.nih.gov/snpfunc.htm
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HGF, which was demonstrated as a gene associated with different forms of refractive errors 

(Veerappan et al., 2009).  Once the above replication is successfully done and validated, 

refinement of the possible locations of causal variants can be explored.  The data reported in 

Chapters 4 to 7 provide convincing evidence for further follow-up studies. 

 

10.3.3 Confirming expression of SUMO2P7 

In Chapter 8, a particular region on chromosome 17 was identified as a susceptibility region 

for high myopia.  Two genes – COL1A1 and SUMO2P7 – are found next to the 

susceptibility region.  It is suggested that SUMO2P7 may play a role in the development of 

high myopia.  The simplest way to test if this pseudogene is involved in the development of 

refractive error is to investigate whether it is expressed in humans, particularly in ocular 

tissues.  Expression of SUMO2P7 can be investigated easily by reverse transcription PCR 

and sequencing.  The design of the expression study is proposed as follows.  Primers are 

designed to amplify some particular regions of SUMO2P7, but not the SUMO2 homologous 

sequences.  Human tissues can be used as the source materials to screen for the expression of 

SUMOP7 in humans.  Different human tissues can be obtained from Tissue Bank.  

Ribonucleic acid (RNA) can be extracted and purified. Purified RNA can be reverse-

transcribed into complenentary DNA (cDNA).  Quantitative Real-Time PCR can be used to 

validate the expression of SUMO2P7.   Glyceraldehyde 3-phosphate dehydrogenase or beta 

actin can be used as an endogenous internal control..  In this way, expression of SUMO2P7 

in different tissues can be assessed.  The purpose of using tissues from different body parts is 

to have a baseline comparison between ocular tissues and other body parts.  To confirm the 

specificity of the assay, direct sequencing of the PCR products is required.  If SUMO2P7 is 

found to be expressed, the functional role of SUMO2P7 in refractive error should be 

investigated.  On the other hand, the associated signals may come from COL1A1 if 

SUMO2P7 is found to be not expressed. 
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10.3.4 Follow-up of the initial GWAS 

In Chapter 8, twenty SNPs were chosen for follow-up with the augmented discovery sample 

set (Stage 2; Figure 8.1).  Significant associations were observed in the single-marker 

analysis.  Six tag SNPs were found to be significantly associated with high myopia after 

adjusted for age and sex (Table 8.5).  Only three out of six SNPs were investigated using the 

replication sample set (Table 8.13).  Therefore, the association between the remaining three 

SNPs and high myopia should be examined in future using the replication sample set.  The 

three SNPs were rs7823554, rs629470 and rs572126 (S11, S13 and S14). 

 

Interestingly, rs629470 and rs572126 (S13 and S14) are located on chromosome 11 (Table 

8.1).  The two SNPs belong to a gene known as myeloid/lymphoid or mixed-lineage 

leukemia (trithorax homolog, Drosophila) (MLL).  As suggested by its name, MLL was 

found to be associated with leukemia (Schwartz et al., 2003; Herry et al., 2006).  The 

potential function of MLL in ocular development is suggested by existing literature. MLL 

plays an important role in the regulation of multiple Homeobox proteins (HOX) (Milne et al., 

2002; Milne et al., 2005).  Hox is identified as an important master gene in ocular 

development, and over-expression of one of the HOX proteins can induce the expression of 

IGF1 and its binding protein (Nucci et al., 1994; Foucher et al., 2002; Whelan et al., 2008).  

Therefore, it is worth investigating MLL as a potential functional candidate gene. 

 

10.3.5 Identification of the causal variants 

 In Chapter 9, the refined susceptibility region of HGF is reported.  Significant associations 

were observed for haplotype analyses of rs2214827-rs9642131 (S06-S12) (Table 9.17).  The 

association between high myopia and the markers rs2214827 and rs9642131 (S06 and S12) 

should be investigated in a much bigger sample size.  This can be achieved by international 

collaboration.  With bigger sample size and samples collected from different populations, the 

genuine association between high myopia of the markers rs2214827 and rs9642131 (S06 and 
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S12) can be confirmed or refuted.  Apart from international collaboration, the association 

can be tested using family samples.  Since associated haplotypes of high myopia are 

identified in this study, the use of mother-father-child trios by TDT may confirm the 

associated haplotypes (Spielman et al., 1993; Lazzeroni and Lange, 1998; Merriman et al., 

1998; Clayton, 1999; Clayton and Jones, 1999; Rabinowitz and Laird, 2000; Zhao et al., 

2000).  On the other hand, direct sequencing should be performed to investigate the 

susceptibility region.  The chromosomal location of the haplotypes started at 81377916 and 

finished at 81370264 (based on genome build 37), which spans 7 kb within HGF.  It is 

suggested that the causal variants of HGF should first be searched within this 7kb-region.  

Subjects with the significant haplotypes of rs2214827-rs9642131 (S06-S12) should be 

selected for direct sequencing.  The performance of direct sequencing enables the 

investigation of both common and rare variants within HGF.  It would be interesting to 

identify any possible mutations or functional sequence variants in this particular region 

within HGF in high myopes.  If mutations or functional variants are identified, specific 

functional studies can be performed to validate the functional role of HGF in the 

development of high myopia. 
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Chapter 11 

Summary and conclusions 

 

In this project, several approaches were used to study the genetics of high myopia.  Both 

hypothesis-driven and hypothesis-free approaches were used to provide an exhaustive search 

for possible susceptibility genes involved in the development of high myopia.  At the 

beginning of this project, eleven genes were selected as candidate genes based on its 

functions and/or chromosomal locations.  With case-control association study, five of them 

were found to be associated with high myopia initially.  The preliminary findings of VIPR2, 

ARHGEF12 and SEPT4 were successfully replicated with an independent sample set.  Thus, 

VIPR2, ARHGEF12 and SEPT4 were reported as susceptibility genes for high myopia.  

However, EGR1, JUN, FOS, VIP, APOE, COX11, DHX40 and ZNF275 was not associated 

with high myopia significantly in our Han Chinese population.  This is the first study to 

report the association of VIPR2, ARHGEF12 and SEPT4 with high myopia.  The observed 

associations should be replicated in other populations. 

 

To follow the trend in the field, a pilot GWAS was conducted.  A particular region of 

chromosome 17 was chosen for more extensive study to verify the observed suggestive 

associations.   The findings from our GWAS were also novel when compared to other 

GWAS in the field.  With a multi-stage approach, the location of 45645685 to 45664442 on 

chromosome 17 (based on the genome build 36.3) was identified as a susceptibility region.  

Two genes were found within this particular region.  It is suggested that the association of 

COL1A1 in high myopia should be re-assessed with case subjects defined by stringent 

phenotypic threshold.  Furthermore, expression of SUMO2P7 should be examined as well. 
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In the later part of this project, HGF was chosen as a gene for in-depth study to refine the 

possible location of the causal variants in the gene.  This is the first study to refine the 

association of HGF and high myopia.  First, the association of HGF and high myopia was 

replicated in our Han Chinese population.  Second, our findings are consistent other reported 

findings.  Third, the possible location of the causal variants of HGF was proposed.  

Exploratory study focusing on direct sequencing of a 7-kb region is suggested for 

pinpointing the locations of causal variants.  Once the causal variants are identified, the 

mechanisms underlying the development of the high myopia can be explored.  Unless the 

entire mechanism is understood, high myopia is still an uncontrollable disorder. 
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Appendices 

Table A1 Primers, extension primer and probes used in Chapter 4. 

Gene SNP Primer / Probe Sequence (5’ to 3’) 

EGR1 rs11741807 (S01) F1
a
: GCC TGT TCC TCT TCA GTC TGT 

R1
a
: CTT GAG AAC TGG CCT TTA CCT C 

   

FOS rs7101 (S01) F1: CGT ACT CCA ACC GCA TCT G 

R1: GAG TGG TAG TAA GAG AGG CTA T 

P1
a
: CGC TGT GAA GCA GAG ATG GGT AGG A-Phos 

 rs1063169 (S02) F1: (T)24TGA GGA TCT TAT TTT AAA TGC AAG TCA GAC C 

R1:(T)8 CAA AAA AAG ACC GAC ATT CAG TGA CAG T 

 rs4645869 (S03) F1: GAG AGG CTG AGA CAG GAA A 

R1: CCA TTA TTT GTG CTG TTT GAG ATA T 

P1: GGT ATT AGA GAA ACC AGA AAC CAC AAT GC-Phos 

 

 

rs4645874 (S04) F1: GCT TTA ACT TAG AAC TTT ATC ATC TTA A 

R1: GCA CCC AGT GAT TTT CAT TAT C 

P1: CGA GTA TCA CGC AGG CAC CAG GC-Phos 

 rs17103109 (S05) F1: GTT TCT GCT AGA CTT GTG ATG ACA 

R1: CCT GCC TCA GCC TCC TG 

   

JUN rs2104259 (S01) F1: (T)25 TGT TAC ATT CCT TTG TAT TTT CTC GAC T 

R1: (T)7 GAA CGG AGTT ACA ATC AGA GAA TC 

 rs2760501 (S02) F1: CCC TGT CAC ACT AAC TCC 

R1: ATG TAA GTG GTT CCT TTT CCG 

P1: TTT GCT TGC TTC ACA CTG TGG TCG CTT G-Phos 

 rs1323288 (S03) F1: TTG CTT TTG CTG CCT GAT AAT CAC 

R1: CAA ATA AAC CCC TAT GCC TAT GGA 

 rs997768 (S04) F1: GTG AAA GAG CAT GGG ATT TAG AT 

R1: GGA CAT TTA ACC CTC TCT GTC TAT CAA GAC 

PE1: ATG GAA CTC TGG GAG GGT C 

   

VIP rs1407267 (S01) F1: GTA AAT GCT AAG TGC TTG CCT 

R1: TAC CTG ATT ATT ACA AAC TAG AGG 

P1: ATT GAG GTT CAC AGA CAA ATG ACT GCT GA-Phos 

 rs12201030 (S02) F1: CAT AAT ATC ATA TTC ATT GAC TCC AGA C 

R1: TTT AGA AGC TAT GCT ACC CTG ATC A 

 rs664355 (S03) F1: (T)16 AAA TAG GAG AAA AAT TGT TGA CCA TGT CA 

R1: (T)28 AAT CTA CCA TGC AGC AGG AGT TG 
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Table A1 Primers, extension primer and probes used in Chapter 4 (Continued) 

Gene SNP Primer / Probe Sequence (5’ to 3’) 

VIPR2 rs3812311 (S01) F1: GTT CGT GGT CCT CAG CGG AT 

R1: CCT ACT TAT ATC AGA AAG AAA ATG AAA AGG AAA  

 rs464260 (S02) F1: ACT GGA ACC TGG ACT GGG AT 

R1: (T)16 TTC CGT GAA TGA TTG CAT GTG GAA T 

 rs3828963 (S03) F1: CTT GGA GAG GGT GAA CAT TCA AG 

R1: GCA CAC AGG TGG GAG GC 

 rs3793238 (S04) F1: CCA TAC AGA CCA CAC CTT CAG 

R1: TGT CAG AGC GTT GGG GTT GT 

 rs399867 (S05) F1: CGA GTG GGA AAA GGA AAG 

R1: AGG AAG AGA GTG GCT CAT 

P1: TAG AAG CAA ATA TGT CCA ATC GCA TCC TC-Phos 

 rs6973238 (S06) F1: GGT TTG GTT CCT CAG TTG CAG 

R1: CGT GAT CTG AAA AGG CCA AGG 

 

 

rs3793227 (S07) F1: TGG TGG GGG CAG AAG ACA TT 

R1: GCT CTA CAC TGA CAG ACT CCA 

 rs2540352 (S08) F1: AGG TGA GAA GGT CCC ATC 

R1: GTT CTA AAC ATT GGT GCT TAT TAC 

P1: ACA GTA GCG TGG CAG TTT TCT TGT GAG TT-Phos 

 rs6950938 (S09) F1: GAG GTT GGA GTG TTG GAG GA 

R1: GAC CAG TGC TTA GGA AGT GC 

P1: GCT TTC TTC TGT GGA CAT CGC TGT GCC-Phos 

 rs2071623 (S10) F1: GGA CTA CTT ACG ATG ATG GAA 

R1: AGC AGA CTA TTG TTT TGA AAG CA 

P1: CAA GTT GGG AGG GGC AGG CGT TCA TTC-Phos 

 rs2071625 (S11) F1: TCT TGT CAC ATG CCT GCC TCA 

R1: CTC AAC ACC TCC TCT CCA CT 

 rs2730220 (S12) F1: (T)24 TGT CTG GGG ACG TTG CCG AG 

R1: TGA GGT CCA TCG AAC GCC GTG 

 rs885863 (S13) F1: CCA AGT GTG TCT TCC ATG CTC 

R1: GTT CAG CGG AGT TGA CTG GTT 
 

a
 The abbreviations are listed below: 

 F1, forward primer; R1, reverse primer; PE1, primer for extension; P1, 3’phosphoryated probe  
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Table A2. Primers used for genotyping of APOE (Chapter 5). 

SNP 

Genotyping 

method a Primer Sequence (5’ to 3’)b 

rs405509 (S01) iPLEX 

F1: ACG TTG GAT GAG GAA GGG AGG ACA CCT CG 

R1: ACG TTG GAT GAC ATT CCC CTT CCA CGC TTG 

PE1:  CCC TCC ACC TCG CCC AGT AAT 

rs769450  (S02) RFLP 

F1: CCA CCA CAC CCG ACT AAC TTT TTT 

R1: GTT CAC TGC AAC CTT GAC CTT CT 

rs429358 (S03) RFLP 

F1: (T)25 AGG TGG CGG AGG AGA CGT GTG CA 

R1: GGT GGG AGG CGA GGC GAA CC 

rs7412 (S04) iPLEX 

F1: ACG TTG GAT GTA AGC GGC TCC TCC GCG AT 

R1:  ACG TTG GAT GGC CCC GGC CTG GTA CAC TG 

PE1: CCG ATG ACC TGC AGA AG 

rs439401 (S05) iPLEX 

F1: ACG TTG GAT GAA GCT TGG ATG GAA GCC CAG 

R1: ACG TTG GAT GTC CCC GTC TCT GAG AAC TGA 

PE1:  CCG CCG GCA CTC TCT TC 

a
 RFLP stands for restriction fragment length polymorphism, and iPLEX for iPLEX Gold 

assay of the MassARRAY technology (Sequenom), which is carried out in the Genome 

Research Centre of a local university as a contract service. 

 b
 F1,forward primer; R1,reverse primer; PE1 primer for primer extension (PE) reaction. 
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Table A3. Primers and probes used in Chapter 6. 

Gene SNP Primer Sequence (5’ to 3’) 

ARHGEF12 rs7933086 (S01) F1: TGA ATG TCA GTG TTA CAC AGT GAA CT 

R1: TGG TTT TGT ACT AGA GAG ACT TCT TTT C 

 rs4381380 (S02) F1: CCA CCC TGT CCA TTT CTG AT 

R1: GTG TTA GAT ATG TCC TCC CTG 

 rs476636 (S03) F1: TGA GGA CAT GGA GAA GAG ATG G 

R1:GTG TTT CAA TCT GGA GCA GTG G 

 rs2305013 (S04) F1: CCC TTC TGG AGT GTA TAG TAT AGT G 

R1: GGT AAT GAT GGT TTT AAC AAC TAT TTC ACA G 

 rs503473 (S05) F1: ATG GGT TTT ATT TCA CAG AAG G 

R1: AGA AGA GTA GAG TCA GCA G 

P1: AGT CTG GAA CTC ACA ACT TTT ACA TAC C-Phos 

   

COX11 rs9890644 (S01) F1: GAA AGG TGT AGA ACA TAA TTT AGT T 

R1: CTG AGG TAT TTT GCT ATT GGT A 

P1: GTT TAT TTC CTA TTA CAA GAA CAC TTC CTC C -

Phos 

 rs2541240 (S02) F1: CGT TGG TTA ATG GTT TTG AAT CTT TT 

R1: TCA CTG TGT TAG CCA GGA TG 

P1: TGT CAG ACA CAA ATA CTC TTG ATG CCC-Phos 

 rs4794549 (S03) F1: GCA GGA GGG AGG CTG TCA 

R1: GAC ACC AGG TCT TAG AGG ACA A 

 rs17209882 (S04) F1: CCT GTC CCA CTC CAC TCT G 

R1: GAA ACG CAT GTT CCT AAA TGT TAA GAG 

 rs12945393 (S05) F1: GTT CTC AAA ACT TGC CCT CAA AAT C 

R1: GCA GAG TGA AAC CCC TGA TCT 

 rs1802212 (S06) F1: CTA AGG ACT AAG TAA TTT TTC TTC TGC TG 

R1: ACT CTC CAG ATT CCC AGT AAA GAC 

 rs4793784 (S07) F1: CAT CTG TAA ATA GTA AGG CTT GGG 

R1: GCT GCT CAT CCA CTT TCT TCT AA 

   

DHX40 rs7209369 (S01) F1: GGG AGA GGT TAT TTG GTT TG 

R1: ATT TTT ATT CCA GTG TCC ATC CAT 

P1: CTT CAC CAT TAT CAC TCA CAG AGT TAT GT-Phos 
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Table A3. Primers and probes used in Chapter 6 (Continued) 

Gene SNP Primer Sequence (5’ to 3’) 

SEPT4 rs3744111 (S01) F1: TAA GAA CTT GGC TGG CTT GAG G 

R1: CAC ACA CTA ACT TCA GTT CAG ATG A 

 rs11870671 (S02) F1: CTA CTG CTG GTG CTC AAT TCC 

R1: GGC TAA CCC TCA GAG AGT AAG T 

 rs12935851 (S03) F1: AAG TCT CCT TTG ACT ATA CCA GTA C 

R1: (T)21 TGG AGT AAA TCT GTT AGC TGC TCT 

 rs1057068 (S04) F1: (T)16 TGG CTT CTG GTC ATA CTC GC 

R1: TCT GAC TGA CCC CTA GCC TT 

   

ZNF275 rs4828775 (S01) F1: TGG AGG ACT TGT CAG AAC ACA C 

R1: ATA GCC AGA GGA AAG AAA TGA TGT TG 

 rs2097251 (S02) F1: CTC GGT GTT ATC CTT GTC TGT 

R1: GTA GTA GGG CTG ATC TAT TCC 

P1: GTG CTT TTT GGC GTT TCA GTA ACT TCT G-Phos 

 rs1981446 (S03) F1: TGT CTA CCT GTC TTG CTG TCA 

R1: AGC CTA GAA GTC CAT GAT GAT G 

P1: CGG ATC AAT ATG CTG GAG GGA AGA GAG-Phos 

 rs3213466  (S04) F1: (T)22 CAA TCT CCT TTC CCA TGA GCA GCA GTT CC 

R1: (T)12 ACT CAC CAG GGT ACT TAG CAG GAT CTG TG 

 rs6627785 (S05) F1: (T)22 GGT GAA ACC CGT GTT CTC TTT GAA T 

R1: CGT GTA TGA ACT ACA AAA GGA TCG G 

\
a
 F1,forward primer; R1, reverse primer; P1, 3’-phosphorylated probe. 
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Table A4. Primers and probes used for genotyping in Chapter 8. 

SNP 

Genotyping 

Method 
a
 Primer or Probe Sequence (5’ to 3’)

b
 

Stage 2:   

rs10517437 

(S01) 

iPLEX F1: ACG TTG GAT GGA GGT GGT AAT TAC ATT TT 

R1: ACG TTG GAT GTT CCC CTG AAT CTC TGA ATC 

PE1: AAA CAA AAA TTG GTG GTT TTG GTG CT 

   

rs4316001 

(S02) 

iPLEX F1: ACG TTG GAT GTC ACT TTC TCA ATG GAT GC 

R1: ACG TTG GAT GTG AAG GCT CAT TTT GGC CTA 

PE1: GGT  GTC TCA ATG GAT GCT GTA AGT 

   

rs12200371 

(S03) 

iPLEX F1: ACG TTG GAT GAG TCG CC TTG GTA TGT CTT G  

R1: ACG TTG GAT GCT CCT GGA GCT ATA ATC CTG 

PE1:AAA CGG TAT GTC TTG TGA GCT AAA 

   

rs16890715 

(S04) 

iPLEX F1: ACG TTG GAT GGC AAG AGG AAC CAA CAC TTC 

R1: ACG TTG GAT GGG AAG GCC AAC AAA AAT CAG 

PE1:AAC AAA CAC TTC CTA TAA CCA GA 

   

rs6460415 

(S05) 

iPLEX F1: ACG TTG GAT GAA GAA GGT AGC ATT TCT CCC 

R1: ACG TTG GAT GGG AAA GCT TCC CCT TTA TAG 

PE1: GCA TTT CTC CCC TTC AA 

   

rs11763596 

(S06) 

iPLEX F1: ACG TTG GAT GTA AAA TAA AAT AAT CAG GG 

R1: ACG TTG GAT GTA ATT CTC AGG CCA GAA CTC 

PE1:CCC ACA ATA ATC AGG GCA CCA T 

   

rs2214714 

(S07) 

iPLEX F1: ACG TTG GAT GCC TTC CCT GCT CAG AAC TAT 

R1: ACG TTG GAT GAG TAC AGA CTG TGG CAA GTG 

PE1: AAG GCT CTA GGT TTC TC 

   

rs13278409 

(S08) 

iPLEX F1: ACG TTG GAT GAC ATG CTC AGC ACA CAC CAC 

R1: ACG TTG GAT GTC CAT CGA TGG TGA GGC TG 

PE1:TTT ATT GAA CGC CCG GCC CCA 

   

rs4242562 

(S09) 

iPLEX F1: ACG TTG GAT GGC ATG CCA CAT CTT TTG TAT 

R1: ACG TTG GAT GCT CTA GTT ACA ATC AAA TTG C 

PE1: GGT TAT GCA CAG TCT ACA CT 

   

rs7836298 

(S10) 

iPLEX F1: ACG TTG GAT GGA AAA CAA GCC TGT AAG ATG 

R1: ACG TTG GAT GCT TCA ATG GAG GAA GAA TCG 

PE1:A AA GCC TGT AAG ATG AAA TAC 

   

rs7823554 

(S11) 

iPLEX F1: ACG TTG GAT GAG TGG CTG CTA ATG GTT ATG 

R1: ACG TTG GAT GAG AGT TGG ACG ACA ATC ACC 

PE1: GGA TTG GCT GCT AAT GGT TAT GTC TTT T 
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Table A4. Primers and probes used for genotyping in Chapter 8 (Continued). 

SNP Genotyping 

Method 
a
 

Primer or Probe Sequence (5’ to 3’)
b
 

rs7836963 

(S12) 

iPLEX F1: ACG TTG GAT GAG GAC TTT GAA GAA TTC TC 

R1: ACG TTG GAT GAT GCC CTC AAC TTG TAA AAC 

PE1: CCG GAA TCA ACT TCC CTC TAC 

   

rs629470 

(S13) 

iPLEX F1: ACG TTG GAT GCA TTC AAC AGC CCA TCT TCC 

R1: ACG TTG GAT GTT TCT TCC GTT TGT TGT TC 

PE1: GGT GGA AAG ATG TAA CCT GAC TTT TGC 

   

rs572126
 
 

(S14) 

iPLEX F1: ACG TTG GAT GCC ACT TTA GTA CTC TGA ATC 

R1: ACG TTG GAT GCA TAT TCA TTA AGC AAT GAC 

PE1: TTA GTA CTC TGA ATC TCC CGC A 

   

rs537975 

(S15) 

iPLEX F1: ACG TTG GAT GTT GGG TGA AGT GCT TCA CTG 

R1: ACG TTG GAT GGG TCT TGC TGT TAC AAT GAG 

PE1: CCG ATC CCT ATC ACC TTC AGA GTA T 

   

rs8082436 

(S16) 

iPLEX F1: ACG TTG GAT GGA CTT ACA AGA GAT AGG GCG 

R1: ACG TTG GAT GAG CCA AAC TCC AAC TCT TC 

PE1: GAT AGG GCG TGT ATG T 

   

rs8082616 

(S17) 

iPLEX F1: ACG TTG GAT GAA GCT CAT TCT GGG CCT AAC 

R1: ACG TTG GAT GAT GGT CAC TGT GGG TGG GAT 

PE1: CCT GCT GGG CCT AAC CTA AGC CTC CA 

   

rs2103273 

(S18) 

iPLEX F1: ACG TTG GAT GAC TCT CCA ATA CCA CCT GCC 

R1: ACG TTG GAT GTG TGC TCA CTG GGG ATA TGG 

PE1: CAC TTT CAC CAG CCC AGA AGC AC 

   

rs1000068 

(S23) 

iPLEX F1: ACG TTG GAT GCA  ACT TTA CTT GAG GAA TG 

R1: ACG TTG GAT GAA AGT AGG TAG AAC AGT GCC 

PE1: GGG CCT TTA CTT GAG GAA TGA TAA TTG 

   

rs9912487 

(S29) 

iPLEX F1: ACG TTG GAT GTT CTC CGT GCT CCT AAA ATC 

R1: ACG TTG GAT GTA GAA TCT GCA TTG GCT GTC 

PE1: CAA ATT CAG GAA GAA GAG G 

   

Stage 3:   

rs1406012 

(S19) 

MC F1: TAT CCT CCT GAA AGA CTT CCT 

R1: TAT GGG AAC TTT CTG TAC TTT CT 

P1: TTT GGA CCT CAT TTG TCT GAC GGT TTT TG-Phos 

   

rs2696278 

(S20) 

MC F1: CCC TTT TCC GTT CTG GCA T 

R1: CTC CAT TCT TGT CTG TTC ACA 

P1: CTC TCC TTG TTT TTC GTG ACT GAA GTT TC-Phos 
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Table A4. Primers and probes used for genotyping in Chapter 8 (Continued). 

SNP Genotyping 

Method 
a
 

Primer or Probe Sequence (5’ to 3’)
b
 

rs2586503 

(S21) 

MC F1: AGT ATA GAT GGG GTT TCA CC 

R1: AGA CAC TAA ATC TTT GTA GGA GT 

P1: CAT TGG TCT ACT CTT CAG ATG ACA TCA TGT-Phos 

   

rs4794111 

(S22) 

RFLP F1: (T)11 CCA GTG AGG AAA ATG CTA GAA TC 

R1: ACA TCA AAG TCT GGG GGA AAT AGT 

   

rs12945422 

(S24) 

MC F1: TCA AGT TTA TAG AAA GGT TCC AAG 

R1: TGG ATT GGG TCT TTT TGT GAC 

P1: GTA AAT TGC CGA CAC GAT ATT CCA TCA CC-Phos 

   

rs12600690 

(S25) 

RFLP F1: (T)18 TAT ATA TCG AAA ACT ATG GAT TCC TAC AGG 

TGC 

R1: GTT AAG GAT AAT AGA AGC CAG GTG CCT CAT T 

   

rs11079899 

(S26) 

RFLP F1: TGA TTT ACT TCT CTT TGA CTC CTA 

R1: ACA ACA CCA ACA ACA CAA GAA AA 

P1: TAC CAG CCT CCG AAT GTG ATT GCA TGA TA-Phos 

   

rs4794119 

(S27) 

MC F1: GTT CTG TCA TTA TCA TTT GGT GTA 

R1: GTC TTA CAT CTA TTA GAA AAA TTG TAT C 

P1: CTC TGA AGG AGT TTG TGC TAA AGT GGT AT-Phos 

   

Stage 4:   

rs13278409 

(S08) 

RFLP F1: GCA GTG TCT GGG ATG GAT ATG 

R1: AAT TCA GTT CCA GTA AGA AAA AAA TAG CC 

   

Stage 5:   

rs62063032 

(S28) 

MC F1:GAT TCA CAG CAA AAC TGA GCA 

R1:TTT ACT GAG TGG TGT ATG CCT 

P1:CAG TCT TTA CTC CTT CCT CGG GCT TTT C-Phos 

a
 iPLEX for iPLEX Gold assay of the MassARRAY technology (Sequenom), which is 

carried out in the Genome Research Centre of a local university as a contract service, 

RFLP stands for restriction fragment length polymorphism, and MC stands for unlabelled 

probe melting curve analysis. 

 b
 F1,forward primer; R1, reverse primer; PE1, primer for primer extension (PE) reaction; 

P1, 3’-phosphorylated probe for melting curve analysis. 
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Table A5. Primers and probes used in Chapter 9. 

SNP Primer or Probe Sequence (5’ to 3’)
a
 

rs3735520
c
 (S01) F1: AGT ACA AGA GAT GCA GTG GAG C 

R1: CTG ATA AGT CCC TGA GGT TGT G 

rs5745616 (S02) F1: (T)16
 
AGA TCT CGT TTG CTG CGC TG 

R1: GAT ACA GCC AGT TCT CTT TTT TAT ATT G  

rs10954659 (S03) F1: CAA GTA GGT GGG ACT ACA G 

R1: CAG TGA GTT CAA ATC AAG CAG 

rs5745646 (S04) F1: AGT CTG TGA CAT TCC TCA GTG TTC 

R1: (T)9 GGA TGT CTC AGG CAG TGT TGA AAT 

chr7:81378498 (S05) F1: (T)9 AAA TTA ACA TAT ATA AAT AAA AGT TTG TCG AAT AAA TT 

R1: TCT AAT GAT TGT CAA ATG ACC AAG TAA A 

rs2214827 (S06) F1: CTT CTA ATT TTT CTT AAA GTC AAG CA 

R1: TGA GTT TTT GTG ATC TAT CTA GG 

P1: AAC AGT TTA TAT GTA GGA GTG CCG TTT GG-Phos 

rs5745661 (S07) F1: GGC TTC ATA TAC AAA TCT GGT GCA ATT CAA AGT ATA 

R1: (T)19 CAA TAG CAG GTC ATC TTC TAT CCT AAG GTA G 

rs5745676 (S08) F1: CCA GCA TGT AGA AAA ATG ATT GT 

R1: CCT GTA TCC TTT ACC TAC CTT 

PE1: AGAGGTAGGG ATCAGCTATA 

rs2214826 (S09) F1: CTA ATG TCT TTG TGA TGC TGC 

R1: TGA TGC TTT AAT GTG TGG AGG 

P1: AAA GTG TTT TCT GTG GAT GTG TGT ATT TGC-Phos 

rs5745678 (S10) F1: TGA CTT AAC CAT AGA GGA GAG 

R1: TAG AAG TTT ATC ACA GAT GTC TC 

P1: TAA ATT CAG AAA AGC TAG GTA AGG GAC AG-Phos 

rs2214825 (S11) F1: GTT GTC CAA AGT ATT AAG AGT TG 

R1: TAC ATA AGA TCA GGC ACC AG 

P1: TTA CCT CGG CAG TAG CAT AGC GTG GAT AA-Phos 

rs9642131 (S12) F1: (T)29  TAA TAA ACG TGT GTT GTT GTT AGC CTC CAAG 

R1: (T)24 TAA ATG CCT TGG TTC ACA TAC ATA GTTA AAG CCT AT 

rs1270453 (S13) F1: GCT CAA CTC ATT CTG GGT TT 

R1: GTA CCT TGT CTC GAA TTA CC 

P1: AAA GAG GTG CGT TCC ACT GTA GAG TTA A-Phos 

rs10272750 (S14) F1: TTC CAC CTC TTC TTC TCT CA 

R1: TTT TGT TTA GTG TCC CCA GG 

P1: CAT TTC AAC CTT ACC CTC CCA CAC-Phos 

rs17427817 (S15) F1: GTC ACT CGG GAT TGA GAA CAG 

R1: (T)26 AGG GAA AAG TTT GAG GTA TGG ATC 
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Table A5. Primers and probes used in Chapter 9 (Continued) 

SNP Primer or Probe Sequence (5’ to 3’)
a
 

rs4732404 (S16) F1: TGG TTG TGC TGT GAT CTG ATT 

R1: TCT CTT CAA GGC TTT GGC TA 

P1: GAG GCA AGA AGG TTG TCC CAA GAA TTA GA-Phos 

rs11975846 S17) F1: CCC TGC TGT ATA AAT ATC AAA AC 

R1: GCT ATG TCT AAA CAA TCA ACT TC 

P1: CTT AAT ACT TAA CAT GGG ACC TGA GTA AG-Phos 

rs17155414 (S18) F1: (T)18 TAC AAT GCA CTG ATT CCA GAG G 

R1: AAT ATC CAT AAC TTT AAA ATG TGT ATG ACT 

rs2040968 (S19) F1: CTG ATA AAG GCT AAA CAT ATT C 

R1:CAA TTA AAT CTT GTT GGA AAC CTC 

P1: AGT CAA AGA AAC GCC TAC TTG CTT CAA AA-Phos 

rs5745692 (S20) F1: (T)30 CAA GGT GGA CAA TTC AAA AAC ACA TGA CAT 

R1: (T)25 GTG GAC TTC TGG TCA CAG TTT TGC 

rs5745695 (S21) F1: TTA AAC AAA TAA ATT ACA GGA CTA GC 

R1: GAA CAT AAA GTG ATT GCT TCT GA 

P1: GCC AAA TAG TGC TCA TAG CTC TTC ATT CA-Phos 

rs5745697 (S22) F1: ACT TAT CAC TTG AAG AAA GGA TG 

R1: CAG GAC ATT GAT TTA CCA TTT AC 

P1: CAA GGA TTG CCA TTT GTA AGG TCT CAG TA-Phos 

rs2286194 (S23) F1: AAA CTC TAG TCC TGT GGA AG 

R1: GTT ACT GTA AAT TGC CGG AG 

P1 GCT ATC CTG AGT CCA AAA AGT TAG AAC-Phos 

rs5745707 (S24) F1: (T)30 TCC CTG AGG CAG TTA TCT TCA ACA GC 

R1: (T)22 GTT GTT TCA GTA ACT GAG ACT ACA GAT GGG 

rs10272030 (S25) F1: GAT CTT GT TTG GGA TAA GTT GC 

R1: GAT CTC CTG ACC TCG TGA T 

P1: TTC CAT ATA CTT GTA AAA AAC CTT TCT GTT-Phos 

rs12536657 (S26) F1: (T)32 TTA GTC CTG ATC TTG TTT GGG ATG AGT 

R1: (T)12 ATT CCA TAT ACT TGT AAA AAA TCT CTT TGT TTC ATC 

rs5745752 (S27) F1: CAC CTG GAC AAG AAT TGT TGG AG 

R1: GAT CAG ACT GTT GGC CCA ATG TTA 

rs4730402 (S28) F1: TAC TGG ATT CAC ACC ATT CAA 

R1: AGT TCA CTC CTA ATG CCA TAT 

P1: AAG CCT ATC GTA TTA CTT TTT GTT ATT CTA-Phos 

rs1743 (S29) F1: ACT ACA GAA AGT TTA CAA TAC AAG TCA TAA C 

R1: (T)12 AAC TAA GGT TGG AGC TAA GGA TTT ACT A 

a
  F1, forward primer; R1, reverse primer; P1, 3’-phosphorylated probe; PE1; primer for primer 

extension (PE) reaction. 
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