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Chapter 1 Introduction 

INTRODUCTION 

The development and flmction of an organism is in large part controlled by genes. 

Mutations, a permanent change in the DNA sequence that makes up a gene, can lead to 

changes in the structure of an encoded protein or to a decrease or complete loss in its 

expression. Because a change in the DNA sequence affects all copies of the encoded 

protein, mutations can be particularly damaging to a cell or organism (Lodish et al., 

2002). Mutations range in size from a single base to a large segment of a chromosome. 

Mutations that are passed from parent to child are called hereditary mutations or germ line 

mutations and can be responsible for inherited disorders. 

Recent advances in molecular genetics have made it possible to identify and isolate genes 

responsible for human diseases (Farber et at. , 1991). Genetic disorders are more common 

in consanguineous marriages because individuals born of consanguineous union have 

segments of their genomes that are homozygous as a result of inheriting identical 

ancestral genomic segments through both parents. One consequence of this is an 

increased incidence of recessive disease within these sibships (Woods etal. , 2006) . 

Hereditary visual deficiencies can result from isolated or associated alterations of any 

structure of the eye. The identification of the molecular basis of ophthalmological 

disorders has revived interest in several conditions forgotten since their original 

description and allowed the development of specific therapeutic projects (Kaplan and 

Rozet, 2006). 

Taking into account the highly complex and sophisticated structure of the eye, it is not 

surprising that the eye is one of the most common sites of genetic diseases (Gregory

Evans and Bhattacharya, 1998). Eye diseases , which lead to blindness, remain a highly 

prevalent and serious health problem in many developing countries. The control of 

blindness in children is a priority because it affects their development, education and 

employment opportunities. This has far-reaching impact on the quality of not only their 

lives but also that of their families. According to a population-based survey 1987-1990, 

conducted by the Ministry of Health of Pakistan and the World Health Organization 

(WHO), Pakistan has 1.78% prevalence of blindness . In Pakistan, so far there is no 
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Chapter 1 Introduction 

reported data available on prevalent causes of chi ldhood blindness for any future 

recommendations. Reliable prevalence data are difficult to obtain for a variety of reasons 

but the available evidence suggests that the prevalence varies from 0.3 /1000 children in 

economically developed countries to over 1.0/1 000 children in underdeveloped societies 

(Khan et al., 2007). The estimated blind adults in Pakistan are 1,140,000 (962,000-

1,330,000) with 46.2% male and 53.9% female. Overall percentage of blindness is 0.8-

l.0% in Pakistan being highest in the province of Punjab and Baluchistan (3.8%) while 

lowest in NWFP (2.6%) (Jadoon et aI., 2006). 

The mature eye is a complex organ that develops through a highly organized process 

during embryogenesis. Alterations in its genetic programming can lead to severe 

disorders that become apparent at birth or shortly afterwards; for example, one-half ofthe 

cases of blindness in children have a genetic cause (Graw, 2003). Hereditary retinal 

diseases represent a broad range of retinal dysfunction and/or degeneration including 

retinitis pigmentosa (RP) , cone or cone-rod dystrophy, Leber congenital amaurosis, 

congenital stationary night blindness (CSNB), color blindness, pathologic myopia, 

macular degeneration, retinoschisis, and chorioretinal atrophy. Over one hundred genes 

have been reported to be associated with these diseases (Zhang et al., 2005a). 

The Human Eye 

Eyes are the organs that detect light and able to focus near and far objects to produce high 

resolution images. The average newborn's eyeball is about 18 millimeters in diameter, 

from front to back (axial length). The eye continues to grow, gradually, to a length of 

about 24-25 millimeters, or about 1 inch, in adulthood. The eyeball is set in a protective 

cone-shaped cavity in the skull called the "orbit" or "socket." This bony orbit also 

enlarges as the eye grows (Montgomery, 2008). 

Structure of Eye 

The orbit is sUlTounded by layers of soft, fatty tissue. These layers protect the eye and 

enable it to turn easily. Traversing the fatty tissue are three pairs of extraocular muscles, 

which regulate the motion of each eye: the medial & lateral rectus muscles, the superior 

& inferior rectus muscles, and the superior & inferior oblique muscles . The most 
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Chapter 1 Introduction 

important anatomical components are the cornea, conjunctiva, iris, crystalline lens , 

vitreous humor, retina, macula, optic nerve, and extra-ocular muscles (Fig 1.1; 

Montgomery, 2008). 

The Retina 

The retina is an exquisitely delicate diaphanous membrane of neuro-ectodermal origin 

and is made up of a single layer of cuboidal cells : the retinal pigment epithelium (RPE) 

and a three layered neurosensory retina. The neurosensory retina is made up of rods and 

cone photoreceptors in the outer layer adjacent to the RPE with outer segments. The 

bipolar, amacrine, horizontal and MUller cells reside in the middle layer and ganglion 

cells form the ilmer layer (Koenekoop, 2004). The optic disc, where ganglion cell axons 

exit the eye to form the optic nerve, does not contain any photoreceptors, and is therefore 

also referred to as "the blind spot" (Awater et ai., 2005) . 

Photo receptors 

There are two types of photo receptors in the human retina, rods and cones. Rods and 

cones have the same basic structure: an outer segment and an ilmer segment connected by 

a narrow connecting cilium (Fig 1.2). The outer segments face the RPE and contain 

stacks of membrane disks filled with visual pigments. The visual pigments consist of a 

protein part, opsin, and a vitamin A derived chromophore, retinal. The visual pigment in 

rod photoreceptors is rhodopsin (Hargrave et ai., 1983). 

Rods are responsible for vision at low light levels (scotopic vision). They do not mediate 

color vision, and have a low spatial acuity . Cones are active at higher light levels 

(photopic vision), are capable of color vision and are responsible for high spatial acuity. 

There are 3 types of cones , which are referred to as the shOli-wavelength sensitive cones 

(S-cones), the middle-wavelength sensitive cones (M-cones) and the long-wavelength 

sensitive cones (L-cones) (Fig 1.2; Wikipedia, www.wikipedia.org) . 

Visual Cycle in Rods 

In the retina, photoreceptor cells convert light energy into an electrical signal through a 

phototransduction process that consists of an enzymatic cascade, and is similar for rods 
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Chapter 1 Introduction 

and cones, but the details are better worked out in rods (Koenekoop, 2004). Vision in all 

species begins with the absorption of light by rhodopsin; initiating the heterotrimeric G

proteins mediated phototransduction cascade in retinal rod discs of the eyes. This cascade 

is also known as the Visual Cycle or Visual Signal Transduction. The signaling cascade 

responsible for sensing li ght in veliebrates is initiated by rhodopsin in discs of rod cells 

(Thompson and Gal, 20(3 ). High cGMP levels keep cGMP-gated ion channels in the 

open state and allow them to pass an inward Na+ current. Phototransduction involves 

three main biochemical events: 

• Light entering the eye activates the opsin molecules in the photoreceptors 

• Activated rhodopsin causes a reduction in the cGMP intracellular concentration 

• The photoreceptor is hyperpolarized following exposure to light 

The phototransduction cascade can be amplified and later on terminated by employing 

several mechanisms which ensure the proper functioning of the photoreceptor cells 

(Clandinin, 2006). The importance of these processes in evident from the invo lvement of 

many genes at these levels and mutations in these can result in many inherited retinal 

disorders. 
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Introduction 
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Figure 1.1 Schematic section through an adult human eye. This illustration shows the 

main tissues of the human eye. The vertical line divides the anterior segment of the eye 

(the Cornea, Lens, Iris and Ciliary Body) from the posterior segment (consisting mainly 

of the Vitreous humour, Retina, and the Choridea). Light enters the eye through the 

cornea, the anterior chamber and the lens. Before it meets the retina, light has to pass 

through the vitreous humour. The panel on the right shows a close-up view of the 

components of the retina, which are (from the outside to the inside of the retina): the 

retinal pigmented epithelium (RPE), photoreceptor cells (rod and cone), Muller Glial 

cells, bipolar cells and Ganglion cells (Adapted from Graw, 2003). 
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Figure 1.2 Schematic diagram of structure of rods and cone. At the left is a generalized 

conception of the important structural features of a vertebrate photoreceptor cell. At the 

right, are shown the differences between the structure of rod (left) and cone (right) outer 

segments (Adapted from Wikipedia, the free encyclopedia, 2008). 
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Inherited Retinal Degenerations 

Inherited diseases that cause the retina to degenerate, leading to either paliial or total 

blindness, affect approximately 1 in 3000 people. Rapid progress is being made in 

identifying the genetic causes of common, inherited retinal diseases, such as retinitis 

pigmentosa and macular degeneration, as well as some of the rare forms of retinal disease 

(Sullivan and Daiger, 1996). To date , nearl y 200 mapped loci, including 138 cloned 

genes for inherited retinal diseases, have been identified (Retinal Information Network, 

RetNet, www.sph.uth.tmc.edu/Retnet/home.htm). Human retinal dystrophies and 

dysfunctions al'e a common group of inherited retinal diseases that are genetically 

complex, and exhibit signiticant clinical overlap between the different types. Retinal 

dystrophies lead to photoreceptor death or dysfunction and blindness with a profound 

impact on the individual and society, as the blindness is lifelong and currently 

in-eversible. A growing body of data suggests that genetic factors also playa role in the 

development of the most common retinal disease (Patel el at. , 2007). 

The mode of inheritance can be autosomal dominant or recessive, X-linked dominant or 

recessive, digenic, mitochondrial, or complex. The genes associated with inherited retinal 

diseases are involved in many different cellular processes and functions, including visual 

transduction, retinoid cycle, regulation of gene expression, splicing, cellular trafficking, 

and metabolic and structural functions (Gregory-Evans and Bhattacharya 1998 ; Maubaret 

and Hamel 2005; Travis et at. , 2007). The majority of the genes are retina-specific or 

retina-enriched, but ubiquitously expressed genes may also cause "pure" retinal 

phenotypes (Blackshaw et at. , 2001), In some cases, even genes that are not expressed in 

the retina may cause a retinal phenotype, as in the case of retinol binding protein, RBP4, 

which delivers retinol from the liver stores to the peripheral tissues (Seeliger et at., 1999) . 

A striking feature in retinal diseases is the involvement of exceptional genetic, allelic, 

and clinical heterogeneity , Mutations in many different genes may cause the same 

disease, while different mutations in the same gene may cause different diseases. 

Furthermore, clinical features may be variable even among family members who carry 

the same mutation (Sullivan and Daiger, 1996). An example of heterogeneity is retiniti s 
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Chapter 1 Introduction 

X-Linked RP (XLRP) 

X-linked retinitis pigmentosa (XLRP) is a severe progressive retinal degeneration which 

affects about 1 in 25 ,000 of the population (Meindl et aI. , 1996). X-linked RP can be 

either recessive, affecting males only, or dominant, affecting both males and females; 

females are always mildly affected (Pagon and Daiger, 2005). So far , 4 loci and 2 genes 

have been identified for XLRP which include RP6 , RP23 , RP24 , RP34 and RP2, RPGR 

respecti vel y. 

Linkage studies have suggested that the RP GTPase-regulator (RPGR) gene accounts for 

70% to 90% of XLRP. More than 300 RPGR mutations have been reported, which are 

associated with X-linked retinitis pigmentosa, cone-rod dystrophy, or atrophic macular 

atrophy, and syndromal retinal dystrophies with ciliary dyskinesia and hearing loss. All 

disease-causing mutations occur in one or more RPGR isoforms containing the carboxyl

terminal exon open reading frame 15 (ORFI5) (Shu et ai., 2007). The prevalence of 

disease-causing mutations in other associated genes is either lower or unknown (Wang et 

ai., 2005b). RP2 mutations cause disease in approximately 15% of XLRP families (Zito 

et aI. , 2003). 

Autosomal Dominant RP (adRP) 

Autosomal dominant RP (adRP) accounts for 15-20% of all cases of RP (Wang et ai., 

2005a; Riazuddin et aI., 2006). To date 17 genes and one loci have been identified 

including CA4, CRX, FSCN2, GUCAIB, IMPDHl , NR2E3 , NRL, PRPF3 , PRPF8, 

PRPF31, PRPH2, RHO , ROMl, RPl, RP9, SEMA4A, TOPORS and RP33 respectively 

(Retinal Information Network, RetNet, www.sph.uth.tmc.edu/Retnet/home.htm). 

Mutations of the RHO gene and the RP 1 gene occur in approximately 30% of patients 

with adRP (Wang et ai., 2005b). More than 100 RHO mutations have been repOlied but 

one, P23H, with distinct sectorial disease, is found in approximately 10% of Americans 

affected with adRP. Mutation of IMPDHI, RPI and PRPF3l accounts for 3-5%, 5-10% 

and 15-20% of adRP cases respectively. The prevalence of mutations in remaining genes 
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Chapter 1 Introduction 

are either rare or unknown (Pagon and Daiger, 2005). The severe form of adRP is caused 

by mutation in PRPF8 gene (Walia et aI., 2008). 

Autosomal Recessive RP (arRP) 

Autosomal recessive retinitis pigmentosa (ARRP) is also genetically heterogeneous 

disorder (Hmani-Aifa e l ol. , 2008) . Autosomal recessive RP (arRP) is the most common 

form of RP worldwide (R.iul. et ot. , 1998) and accounts for around 20% of all cases of 

RP, while sporadic RP accounts for a further 50%. Mutations causing autosomal 

receSSlve RP (arRP) have been fOlmd in the genes encoding rhodopsin, the C( and ~ 

subunits of rod phosphodiesterase, the c< subunit of the cyclic GMP gated channel 

protein, and the genes RPE65 , RLBP1, ABCR, and TULP1 (Bessant et aZ., 2000). Most 

of the arRP genes are rare. causing 1 % or fewer cases, but RPE65 (expressed in the 

RPE), PDE6A and PDE613 (phosphodiesterase subunits in the phototransduction 

cascade), cause 2-5% of cases; mutations in USH2A, which can also cause Usher 

syndrome, may account for up to 5% of arRP cases (Table 1.2; Pagon and Daiger, 2005). 

Genes that are associated with other forms of retinitis pigmentosa may also be associated 

with autosomal recessive retinitis pigmentosa one such gene is RPl. RP1 mutations that 

are associated with autosomal dominant retinitis pigmentosa also cause recessive retinitis 

pigmentosa. Like mutations in MERTK, a member of the MERJAXLITYR03 receptor 

kinase family, have been associated with disruption of the Retinal Pigment Epithelium 

(RPE) phagocytosis pathway and settling of autosomal recessive RP (arRP) in humans 

(Brea-Fermindez et aZ. , 2008) . 

Riuz et az' , (1998) identitied a new locus for arRP, on chromosome 6, between markers 

D6S25 7 and D6S 1644 and named as RP26 . A novel gene encoding a ceramide kinase 

(CERKL), which encompassed 13 exons, was tinally identified in locus RP26 (Tuson et 

ot., 2004). 
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Table 1.1: Genes Causing Autosomal Recessive RP (arRP) (in Chromosomal Order) 

adapted from Pagan and Daiger (2005) 

] ' Gene Symb~ Locu; I Percent of arRP 

Ii==LRP=~2=0/=LC=A=2==-=·. r-, RPE65- "J[~:1~p=-3~1~~'~-==9F='= 2% 

L~ l _-ABCA4 ,~=_~, lp21-p13 ~5% 2 

IF 1 R=P=1=2= = = =]"lFL CRB] lq31 -q32.1 Rare 

Locus Name 

USH2A lq41 4-5% 
Unknown _J[ ,~EJ_=-5=-p=1=1=.-·=J=li==~=======-j1 

MERTK =JC _ 3_~J~ 4. cr==~====\1 
CERKL 2q31.2-q32.3 

One family 

Rare I 
Rare 

IFRP= 2=8 = ===.- [ 

II===-J[ 
I RP26 

SAG 7q37.1 Rare 

RP4 RHO 10) l-q24 Rare 

CSNB3 PDE6B 4p16.3 3-4% 

CNGA] 4p12-cen Rare 

Il==RP= 2=9====='=,J]l-.'- unknow~~[~_~;~?~9~~~~~~re ; 4 famili~s = 

LRAT. ~[~ ___ 4q31 _, Unknown 

1}======-'~-=]1f[ PDE6A.=JO'q3-1.2-q34 3-4% 
RP14 _ TULP] I 6p21.3 Rare 

il=RP==2=5 =====J9F[o~_=~=u=nk=n=o=w=~n=--T -:6q 14-q21 1 0-20~:!~rRP in 

I==~===~~=~l RGR .. __ I .. ~Oq2~ Unknown 

IFR=P=27====~~_J=,,= _ - NRL_ [ }4S!·1.1-qC!TI Unknown 
Rare; found in 

NR2E3 lSq23 Sephardic Jews in 
Portugal 

[ RLBP] 15q2D Unknown 
-

RP22 Unknown 16p12.3-p12.1 Rare 

CNGB] 16q13 Unknown 
_. - - , ~,. =-:>. - • -",.,.=- -.• - - _. 

1. CSNB= congenital stationary night blindness 

2. LCA= Leber congenital amaurosis 

3. RP= Retinitis pigmentosa 

Mapping of Genes Involved in Inherited Eye Disorders 15 



Chapter 1 Introduction 

2004) and 1/81,000 (Stone, 2007) but it is thought to account for 5% of inherited retinal 

disease (Leroy and Dharmaraj , 2003) . 

Clinical Description 

LCA is characterized by following four clinical features: severe and early visual loss, 

sensory nystagmus, amaurotic pupils and absent electrical signals on electroretinogram 

(ERG) (den Hollander et al .. 2008). LeA presents very early in life, usually at around the 

age of 6 weeks, when parents note the oscillations of the eyes (nystagmus) or the absence 

of fixation (Koenekoop, 2004). 

Genetics of LCA 

LCA is a clinically and genetically heterogeneous (multigenic) disorder (Zemant et af. , 

2005; Seong et af. , 2008) . LCA is inherited as an autosomal recessive trait in the large 

majority of patients, with only a limited number of cases with autosomal dominant 

inheritance described (Leroy and Dharmaraj , 2003). Dominantly inherited LCA has been 

associated with a 12-bp deletion in the CRX gene (Sohocki et af. , 1998). To date 14 

genes mutated in patients with LCA and juvenile retinal degenerations have been 

identified (den Hollander ef aI., 2008) including GUCY2D, CRB1 , RPGRIPl , CRX, 

RDH12 , IMPDHl , CEP290, AIPL1, RPE65 , MERTK, LCA5, RD3 while LRAT and 

TULPl have also been implicated in LeA (Mataftsi et al., 2007; den Hollander et al., 

2008). 

Together, mutations in these 14 genes account for approximately 70% of all LCA cases. 

CEP290 (15%), GUCY2D (12%) and CRBI (10%) are the most frequently mutated LCA 

genes (Fig 1.4). The LeA genes encode proteins with a wide variety of retinal functions, 

such as photoreceptor morphogenesis (eRB I, CRX), phototransduction (AIPL 1, 

CUCY2D), vitamin A cycling (LRAT, RDH12, RPE65), guanine synthesis (IMPDHl), 

and outer segment phagocytosis (MERTK) (den Hollander et al. , 2008). 

LCA Genes and Loci 

The first disease causing gene, LeAl , mapped to chromosome 17p 13 was discovered in 

1996 (Perrault et al., 1999). To date, more than 400 mutations have been identified in the 
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Introduction 

Figure 1.4: Prevalence of LCA-associated mutations for the 14 causative genes. CEP290 

(15%), GUCY2D (12%) and CRBl (10%) are the most frequently mutated genes. 

Mutations in approximately 30% of all cases remain to be identified (Adapted from den 

Hollander et ai., 2008). 
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Retinoid Cycle (RPE65, RDH12, LRAT) 

Retinal Pigment E pithelium 65 (RPE65) 

Introduction 

The RPE65 gene (chromosome Ip31) encodes an abundant and evolutionarily conserved 

533 -amino acid (65-kD) protein that is peripherally associated with the RPE smooth 

endoplasmic reticulum (Thompson and Gal , 2003) , that is a key component of the visual 

cycle (Bainbridge et ai., 2008; den Hollander el al., 2008). Mutations in the RPE65 gene 

appear to account for 2% of cases of recessive RP and 16% of cases of LCA (Morimura, 

1998; Weleber et aI. , 2006) . Since the identification of RPE65 as the first RPE specific 

disease gene, nearly 60 different disease associated RPE65 mutations have been 

described (Lorenz et aI. , 2000 ; Lotery et aI., 2000; Dharmaraj el ai., 2000; Simovich et 

aI., 2001). Chen el ai, (2006) identified single point mutations that altered subcellular 

localization of RPE65 and abolished its isomerohydrolase activity leading to vision loss 

in LCA patients (Chen el aI, 2006) . 

Retinol Dehydrogenase 12 (RDH1 2) 

RDH1 2 is a member ofa subfamily of four retinol dehydrogenases (RDH11-14). RDH1 2 

is expressed in the mouse and human photoreceptor ilmer segments (den Hollander et aI., 

2008). Mutations in RDH1 2 account fo r ~4% cases of LCA (Weleber el aI. , 2006). 

Although RDH1 2 lies 8 Mb from LCA3, it has conclusively been shown to be separate 

from the LCA3 locus (Thompson et aI. , 2005). The most frequent sequence variant is a 

frameshift deletion in exon 6, 806-81 Odel5 (Weleber et aI. , 2006). 

Lecithin Retinol Acyltransferase (LRAT) 

LRA T is a 230-aa polypeptide (26 kD) that catalyzes the synthesis of retinyl esters and 

plays an essential role in the regeneration of visual chromophore and metabolism of 

vitamin A. LRA T is locali zed to the membrane of the endoplasmic reticulum and 

assumes a single membrane-spanning topology with an N-terminal cytoplasmic/C

terminal luminal orientation (Golczak e/ ClI., 2005; den Hollander et al. , 2008). Thompson 

et aI., (2001) identified disease-associated mutations (S175R and 396delAA) in LRAT 

gene in individuals with severe, early-onset disease (Thompson et aI., 2001). 
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Photoreceptor Development and Structure (CRR1, CRX) 

Crumbs Homologue 1 (CRB1) 

Introduction 

CRB 1 is homologous to the Drosophila transmembrane protein Crumbs. Drosophila 

Crumbs is required for maintenance of apico-basal cell polarity and adherens junction in 

embryonic epithelia, and has a similar function in adult fly retina (den Hollander et at. , 

2008). The CRB 1 protein is involved in photoreceptor development and structure (Yzer 

et al. , 2006). Crumbs molecules are found in many species, ranging from invertebrates to 

mammals (den Hollander et aI. , 2008). Mutations in CRBI account for 5-15% cases of 

LCA (Weleber et al. , 2006). Coding sequence variations in the CRB 1 gene occur more 

frequently than in any of the other LCA associated genes (Lotery et al., 2001). Vallespin 

et al. , (2007) identified that CRB 1 is the main gene responsible for LCA in the Spanish 

population (VaUespin et al. , 2007). 

Cone-Rod Homeobox (CRX) 

The Cone-rod homeobox gene CRX is a member of the highly conserved orthodenticle

related (otx) gene family, and encodes a 299-aa homeobox transcription factor with a 

predicted mass of 32 kDa (den Hollander et al. . 2008). The CRX gene has 3 exons and 

mutations in CRX account for - 3% cases of LCA (Weleber et aI. , 2006) . The mutations 

that result in CRX protein with reduced DNA binding and transcriptional regulatory 

activity (like R90W) lead to very early onset severe visual impairment in LCA (Swaroop 

et aI., 1999). 

Transport across the Photoreceptor Connecting Cilium 

(RPGRIP1, TULP1, CEP290, Lebercilin) 

Retinitis Pigmentosa GTllasc Regulator Interacting Protein (RPGRIP1) 

The RP GTPase regulator interacting protein 1 (RPGRIPl) directly binds to the RP 

GTPase regulator (RPGR) with its C-terminal RPGR interacting domain (RID). LCA 

associated mutations in the RID of RPGRIP 1 could lead to a gain and loss-of-binding to 

RPGR (den Hollander ef al .. 2008). Mutations il1 RPGRIPI account for - 5% cases of 

LCA (Weleber et al., 2006) . Gerber et a/. , (2001) identified eight distinct mutations 
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among which the most common type of mutation was truncating (Gerber et al., 2001) . 

Dryja et al., (2001) also identitied null mutations creating premature termination codons 

resulting in degeneration of both rod and cone photoreceptors (Dryja et al., 2001) . 

Tubby-Like Protein 1 (TULP1) 

TULP1 is a member of the Tubby-like protein (TULP) family, consisting of 4 proteins in 

vertebrates (TUB, TULP 1-3). TULP1 gene encodes a S42-aa (61kDa) protein that plays 

an important role in the development and function of the central nervous system (den 

Hollander et al. , 2008) . Mutations in TULPl have been associated with LCA and 

considered as a rare cause of LCA with only 14 mutations reported so far . The observed 

intrafamilial phenotypic variability could be attributed to disease progression or possibly 

modifier alleles (Weleber et al. , 2006; Mataftsi ef aI., 2007). 

Lebercilin (LCAS) 

Lebercilin (6q11-q13) was first reported by Camuzat et al., (1995) a gene for LCA to the 

distal short arm of chromosome 17 by linkage analysis. The LCAS gene is almost 

ubiquitously expressed during early embryo nic development, while at later stages its 

expression shifts towards ciliated tissues (den Hollander el ai., 2007). The LCAS gene 

product is a 677 -aa (100 kDa) protein lebercilin (den Hollander et al. , 2008) and localizes 

to the connecting cilia of photo receptors and to the microtubules, centrioles and primary 

cilia of cultured mammalian cells (den Hollander el at., 2007). So far only two reports 

have been made for LCAS mutations causing 1 ,C A which are nonsense, frameshift and 

missense mutations of the LCAS gene (den Hollander et at., 2007; Ramprasad et al., 

2008). 

CEP290 

CEP290 is a novel centrosomal protein that was first described in association with RD 16 

in the mouse. Mutations in CEP290 account for 10-20% cases of LCA. Mutations of 

CEP290 also cause Joubert syndrome (Weleber et al. , 2006) an autosomal recessive 

disorder characterized by neurological features , including psychomotor delay, hypotonia, 

and ataxia (den Hollander el at. , 2006). Cremers et at., (2002) have reported that CEP290 
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accounts for a substantial percentage of individuals with LCA. den Hollander et aZ. , 

(2006) reported that intronic mutation (c .2991+ 16SSArG) that creates a strong splice

donor site and inserts a cryptic exon in the CEP290 messenger RNA causes LCA. 

LeA in Pakistan 

Hameed et aZ., (2000) studied a two-generation consanguineous Pakistani family and 

identified autosomal recessive Leber congenital amaurosis (LCA, MIM 204,000) and 

keratoconus and suggested that this combined phenotype maps to a new locus and is due 

to yet uncharacterized gene within the 17p 13 chromosomal region. Jabeen et aZ., (2005) 

suggested that AIPLI is the candidate gene, which is involved in the pathogenesis of 

autosomal recessive Leber congenital amaurosis and found significant linkage for marker 

D17S796 at LCA4 locus (l7p13.1) in a Pakistani consanguineous kindred. AIPLI 

mutations were found to cause LCA in Pakistani families and p.Trp278X mutation 

accounts for approximately half of all AIPL 1 alleles, and may represent a founder 

mutation in the Pakistani population (Sohocki el al., 2000a, b) . Jalali et aZ., (2005) carried 

out linkage analysis in a five-generation Pakistani consanguineous family suffering from 

LCA and found linkage with LCA4 locus (l7p13 .1 ) (Jalali et af., 2005). Khaliq et af., 

(2002) carried out linkage analysis in a Pakistani family and mapped the disease locus on 

chromosome 17p 13.1. They identified a novel homozygous C to A transversion in exon 

2 at nucleotide 116. This mutation alters the codon 39 for threonine to asparagine (Khaliq 

et aI., 2002). 

Linkage to the LCAS locus has also been reported in a consanguineous family from 

Pakistan. den Hollander et af. . (2007) detected homozygous nonsense and frameshift 

mutations in LCAS in two of the five families he studied (den Hollander et aZ. , 2007). 

Keen et aZ., (2003) identified a new locus, LCA9, on chromosome Ip36, at which the 

disease segregates in a single consanguineous Pakistani family. They carried out whole 

genome search and identified an autozygous region of 10 cM between the markers 

D1S1612 and 01S228. This region contains SO distinct genes and one of these retinoid 

binding protein 7 (RBP7) , was screened for mutations but no mutation was found (Keen 

et aZ., 2003). 
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Clinicians and scientists continue to reveal the relationship between phenotype and 

genotype in hereditary retinal diseases . Persistent investigation and progressive 

technology are advancing the efficiency of mutation discovery. This technology is also 

leading to readily available genetic testing that aids clinicians in the diagnosis of these 

diseases . Functional genetic studies, laboratory and human clinical trials are occurring 

that may lead to future treatment of these disorders (Goodwin, 2008). 

The work presented here involves linkage analysis in two Pakistani families with 

inherited eye disorders. The families will be tested for linkage to the known loci 

responsible for inherited congenital dystrophies. 
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MATERIALS AND METHODS 

Families Studied 

Two families referred as family ' A ' and family 'B ' showing autosomal recessive eye 

disorder residing in different regions of Pakistan were recruited for the present study. The 

case history, number of affected individuals, number of generations involved, onset of 

eye defects were carefully noted. All the information obtained was cross checked by 

interviewing different persons. Special attention was paid to consanguineous marriages 

and deceased persons. The phenotypes of affected persons mentioned in the pedigree 

were recorded for clinical diagnosis of the disorders. One affected individual from each 

family (A and B) was clinically examined by local ophthalmologist for phenotype 

characterization. Blood samples from affected and normal individuals of each family 

were collected for DNA extraction. 

Pedigree Analysis 

Pedigree is the most important step while studying human genetic disorder. This helps 

geneticists to infer the mode of inheritance of the trait. For genetic inference an extensive 

pedigree was constructed for each family by the standard methods described by Bennett 

et a!., (1995) . The exact genealogical relationships for all the affected individuals were 

obtained through extensive personal interviews of elders of the families. Males were 

symbolized by squares and females by circles. The filled circles or squares were 

indicative of affected individuals. Each generation was denoted by Roman numeral while 

the individuals within a generation were designated by Arabic numerals. Double lines in 

the pedigree represent the consanguineous marriages . The segregation or transmission of 

the disorder within a family was deduced by observing the pattern of inheritance of eye 

disorder and was expressed in the form of pedigree. 

Blood Sampling 

The blood samples from both affected and normal members of the families including 

their parents were collected by using 10 ml clean and sterilized syringes (0.8 x 38 mm 

21G x 1 1/2) and from children below 2 years of age by butterflies in standard potassium 
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EDTA vacutainer tubes. Blood samples were then processed for genomic DNA 

extraction. 

Extraction and Purification of Human Genomic DNA from Blood 

Two methods were used for the extraction and purification of the Human Genomic DNA 

from venous blood samples: 

• Organic preparation using 1.5 ml microccntrifuge tubes 

• Commercially available kit 

Organic preparation using 1.5 ml micro centrifuge tubes 

Organic (Phenol- Chlorofonn) method was used for the extraction and purification of the 

genomic DNA from blood samples. Approximately 0.75 ml of blood was taken in a 1.5 

ml micro centrifuge tube and mixed with equal volume of so lution A and was kept at 

room temperature for 5-10 minutes . The tube was then centrifuged at 13 ,000 rpm for 1 

minute in a Microcentrifuge (Eppendorf 5417 C. Germany). Supernatant was discarded 

and pellet was resuspended in a 400 ~Ll of solution A. Centrifugation was done again, and 

after discarding the supernatant, nuclear pellet was resuspended in 400 ~Ll of solution B, 

12 pi of 20% SDS and 5 ~Ll Proteinase K (20mg/ml stock concentration) and incubated at 

37°C overnight. On the following day 0.5 ml of fresh mixture of equal volume of solution 

C and solution D was added in samples, mixed and centrifuged for 10 minutes at 13 ,000 

rpm. The aqueous phase (upper layer) was shif1ed into a new micro centrifuge tube and 

equal volume of solution D was added. Centrifugation was then carried out again at 

13 ,000 rpm for 10 minutes. The aqueous phase (upper layer) was shifted into a new tube, 

and after adding 55 ~Ll of 3M sodium acetate (pH 6) and equal volume of isopropanol, the 

tubes were gently inverted several times to precipitate DNA and centrifuged at 

13,OOOrpm to settle DNA. The supernatant was discarded and the DNA pellet was 

washed with 70% chilled ethanol and dried at room temperature for 8-10 minutes. After 

evaporation of residual ethanol, DNA was dissolved in an appropriate amount (150-

200~ll) of Tris EDT A. 
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Composition of Solutions 

Solution A 

0.3 2 M Sucrose 

10 mM Tris pH 7.5 

5 mMMgCh 

1 % v Iv Triton X-I00 

Solution B 

10 mM Tris (pH 7.5) 

400 mMNaCI 

10 mM Tris (pH 8.0) 

Solution C 

Phenol 

10 mM Tris (pH 8.0) 

Soution D 

Chloroform (24 volume) 

Isoamyl alcohol (1 volume) 

Tris-EDTA (TE) Buffer 

10 mM Tris (pH 8.0) 

0.1 mMEDTA 

DNA Extraction by Commercially Availab le Kit 

Materials and Methods 

DNA extraction was also carried out by Kit (PureGene USA). Approximately 150~tl of 

whole blood was taken in 1.5 ml eppendorf tube and 450~Ll of RBC lysis solution was 

added. The tube was then incubated for I min with mixing for 10 times during 

incubation. The tube was then centrifuged for 20 seconds at 13 ,000-16,000 rpm. 

Supernatant was discarded and was vortexed vigoroLlsly for 10 sec to resLlspend the white 
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blood cells. 150~ll of cell lysis solution was added to resuspend the pellet and vortexed 

several times. Then sample was placed on icc for 1 min and 50~d of protein precipitation 

solution was added and vOltexed vigorously at high speed for 20 sec. Then centrifuged at 

13 ,000-16 ,000 rpm for 1 min and supernatant was transferred to 1.5 ml microfuge tube 

containing 1 50 ~ll of 100% propanol. Then centrifuged at 13 ,000-16,000 rpm for 1 min 

and supernatant was discarded and 150 ~d of' 70(1() ethanol was added to wash the pellet. 

Again centrifuged at 13,000-16,000 rpm for 1 min and the pellet was air dried for 5 sec 

and 50 ~ll of DNA hydration solution was added. DNA samples were incubated at room 

temperature for overnight and stored at 4 DC for further processing. 

Horizontal Gel Electrophoresis 

Genomic DNA was analyzed on 1 % agarose ge l, prepared by melting 0.4 g agarose in 

40ml IX TBE (0.89M Tris-Borate, 0.025M EDT A) in a microwave oven for 1 minute. 5 

~LI of ethidium bromide (final concentration 0.5 ~lg/ml) was added to visualize the stained 

DNA after electrophoresis. 

Five ~l of genomic DNA samples were mixed with loading dye (0.25% bromophenol 

blue with 40% sucrose) and samples were loaded into the wells. Electrophoresis was 

performed at 100 volts (80 rnA) for half an hOLlr in IX TBE running buffer. After 

analyzing genomic DNA on agarose gel dilutions were made. 

Polymerase Chain Reaction (peR) 

Polymerase Chain Reaction was performed in 0.2 1111 tubes (Axygen, USA) containing 25 

~d total reaction mixture. The reaction mixture was prepared by adding 1 ~d sample DNA 

(40 ng) , 2.5 ~l of lOX PCR buffer (KCI 500 mM, Tris-HCI 100 mM, pH 8.3), 1.5 ~L125 

mM MgCh with 0.5 ~d dNTPs (10 mM), 0.3 ~Ll of each forward and reverse microsatellite 

marker (0.1 ~LM) , one unit Taq DNA polymerase (MBl Fermentas, Sunderland, UK), in 

18.4 ~Ll PCR water. The reaction mixture was vortexed and centrifuged for few seconds 

for thorough mixing. Reactions wcre performed by means of Tl thermo cyclers 

(Biometra, Germany) and Gene Amp 9700 (App lied Biosystems, USA). The conditions 

were set as, an initial denaturation of template DNA at 95 DC for 5 min, followed by 40 
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cycles of amplification each consisting of 3 steps: denaturation at 9SoC for 1 min, 

annealing or hybridization of microsatellite markers to their complementary sequences at 

SS -S7°C for 1 min, and elongation at 72°C for 1 minute. The final e longation by Taq 

DNA polymerase to synthesize any llnextended strand was carried out at nOc for 10 

minutes. 

Agarose Gel Electrophoresis 

The amplified PCR products of DNA samples were analyzed on 2% agarose gel, which 

was prepared by melting 1 gram of agarose in SO ml 1 X TBE buffer (0 .89 M Tris-Borate, 

0.032 M EDT A pH 8.3) in a microwave oven for two minutes. Ethidium bromide (final 

concentration O.S ~lg/ml) was added to visualize the stained DNA after electrophoresis. 

Five ~Ll of PCR products were mixed with loading dye (0 .2S% bromophenol blue with 

40% sucrose) and samples were loaded into the wells. Electrophoresis was performed at 

100 volts (80 rnA) for half an hour in IX TBE running buffer. Amplified products were 

visualized by placing the gel on SynGene ge l documentation system (Synoptics Ltd, 

England), images were taken using Gene Snap (Version 7.04.0S) and later on the gel 

images were analyzed using Gene Tools (Version 3 .08.03) . 

Polyacrylamide Gel Electrophoresis 

The amplified PCR products were resolved on 8% non-denaturing polyacrylamide gel. 

Gel solution was made in a 2S0 ml conical flask. and was poured in a space between the 

two glass plates separated at a distance of 1.S mm. After placing the comb, the gel was 

allowed to polymerize for 4S-60 minutes at room temperature. Samples were mixed with 

loading dye (0.2S% bromophenol blue with 40% sucrose) and loaded into the wells. 

Electrophoresis was performed in a vertical gel tank of GIBCO V16-2 (GmCO BRL, 

USA) at 100 volts (80 mA) for 90-100 minutes depending upon the size of amplified 

product. The gel was stained with ethidium bromide solution (final concentration O.S 

~Lg/ml) and visualized on SynGene ge l documentation system (Synoptics Ltd, England). 

Composition of 8% Polyacrylamide Gel (50 ml) 

13.S ml 30% Acrylamide solution (29 g acrylamidc. 1 g N , N Methylene-bis-acrylamide). 

S ml of lOX TBE 
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350 ~Ll of 10% Ammonium persulphatc (AP) 

17.5 ~LI ofTEMED (N, N, N', N'- Tetra methyl ethylene diamine) 

31.13 ml distilled water 

Genotyping 

The analysis of the microsatellite markers was performed by PCR, and the amplified 

products were resolved on 8% standard non-denaturing polyacrylamide gel as described 

above. Microsatellite markers were visualized by placing the ethidium bromide stained 

gel on SynGene gel documentation system. The images were captured with digital 

camera (Syngene, USA) and were analyzed for allele scoring. Microsatellite markers 

mapped by Cooperative Human linkage Center (CHLC) were obtained from Gene Link 

(USA) and Alpha DNA (Canada). The cytogenetic location of these markers as well as 

the length of amplified products was obtained from genome data base homepage 

(www.gdb.org) and rutgers combined linkage-phys ical human genome map (Kong et at. , 

2004). 

Linkage Studies 

Linkage to Known Congenital Eye Disorders Loci 

In the present study several candidate loci were tested for linkage by typing microsatellite 

markers linked to loci for congenital inherited eye disorders . Table 2.1 summarizes 

microsatellite markers used for exclusion mapping of known autosomal recessive loci for 

congenital eye disorders . 

Linkage to other known Loci for inherited eye disorders 

After exclusion of linkage to loci for congenital eye disorders , additional loci for 

inherited eye disorders were screened for linkage to find causative gene/loci . Table 2.2 

summarizes microsatellitc markers located in the region of these loci (for inherited eye 

disorders). These markers were also genotyped as described above. 
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Linkage and Haplotype Analysis 

After genotyping of the families with microsatellite markers summarized in Table 2.1 and 

2.2 alleles were scored for each of them by analysis of images acquired by documentation 

system. Then marker files (Annexure 1) were created for each microsatellite marker in 

easy LINKAGE plus Version 5.0 format (Linder and HoffmaJU1, 2005). Pedigree files 

(Annexure II) were created in linkage format and data was checked for genotyping errors 

and Mendelian inconsistencies using the PEDCHECK software (O'Connell et at., 1998) 

incorporated in easyLINKAGE plus Version 5.0. Two point linkage analyses were 

performed for each marker by SUPERLINK, version 1.5 (Feshelson el at., 2002) with 

map distances from Marshfield genetic map (Broman el at. , 1998). The disease assumed 

to be autosomal recessive with a disease-allele frequency 0.001. For linkage analysis 

equal allele frequencies were used for all genotyped markers. 

Sequencing 

Amplification PCR 

For sequencing first amplification peR was performed in 0.2 ml tubes (Axygen, USA) 

containing 50 ~ll total reaction mixture. The reaction mixture was prepared by adding 2 ~d 

sample DNA (40 ng) , 5 ~l of lOX PCR butler (Kel 500 mM, Tris-HCI 100 mM, pH 8.3), 

3 ~ll 25 mM MgCb with 1 ~d dNTPs (10 mM), 0.6 ~ll of each forward and reverse 

microsatellite marker (0.1 ~lM) , one unit Taq DNA polymerase (MBI Fermentas, 

Sunderland, UK), in 36.8 ~ll PCR water. The reaction mixture was vortexed and 

centrifuged for few seconds for thorough mixing. Reactions were performed by means of 

Tl thermocyclers (Biometra, G~rmany) and Gene Amp 9700 (Applied Biosystems, 

USA). The conditions were set as described above. Amplified PCR product was 

visualized on 2% agarose gel for non-specificity and band intensity. Then amplified PCR 

product was purified using Rapid peR Purilication kit (Marligen, USA). 

Purification of PCR product 

400 ~d of binding solution (HI) (concentrated Guanidine HCI , EDTA, Tris-HCI, and 

isopropanol) was added to the amplification reaction and mixed thorollghly. Vortexed 
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and loaded on the cartridge in a wash tube, centrifuged at 13 ,000 rpm for 1 min and 

discarded the flow tlu-ough. Then washed the cartridge with 700 ~ll wash buffer (H2) 

(containing ethanol) and centrifuged at 13,000 rpm for 1 min. Again discarded the flow 

through and repeated the centrifugation step. Finally the cartridge was transferred to 

1.5ml recovery tube and 3 5 ~Ll of TE (Tris-EDT A buffe r) preheated to 65 °C was added. 

Then incubated for 1 min at room temperature and centrifuged at 13 ,000 rpm for 2 min. 

Purified peR product was visualized on 2% agarose gel for confirmation and band 

intensity. 

Sequencing peR 

The reaction mixture was prepared by adding 3~Ll DTeS quick start kit (Beckman, UK), 

1 ~ll Sequencing buffer (CEQ8800 sequencing kit, Beckman, UK), 1 ~Ll forwardlreverse 

primer (0.1 ~lM) (Table 2.3 and 2.4) , 1-2~ll template (3-10ng) and 4-3 ~ll PCR water. The 

reaction mixture was vortexed and centrifuged for few seconds for thorough mixing. 

Reactions were performed by means of 'II thermocycler (Biometra, Germany) . The 

conditions were set as an initial denaturation of template DNA at 96°C for 1 min, 

followed by 30 cycles of amplification each consisting of 3 steps: denaturation at 96°C 

for 25 sec, annealing or hybridization of microsatellite markers to their complementary 

sequences at 55-57°C for 25 sec, and elongation at 60°C for 4 minute. The final extension 

was performed at 60°C for 10 minutes . 

Ethanol Precipitation 

The sequencing reaction was transferred to 1.5ml eppendorf and 2.5 ~ll freshly prepared 

stop solution [l~ll 3M sodium acetate (pH 5.2), I~Ll 100mM sodium EDTA (pH 8.0) and 

0.5~Ll Glycogen (20mg/ml)] and 70~L1 100% ethanol (-20°C) was added. Then v011exed 

and centrifuged at 13,000 rpm for 20 min and immediately the supernatant was removed 

with P200 and 150 ~ll 70% ethanol (-20°C) was added and centrifugation step was 

repeated. Then supernatant was immediately removed and the pellet was dried at 30°C. 

Then the pellet was resuspended in 30 ~LI of sample loading solution (SLS) . The samples 

were transferred to the sample plate (CEQ8800, Beckman, UK) and a drop of mineral oil 
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was added on each sample . The samples were then sequenced on automated DNA 

sequencer (CEQ8800, Beckman, UK) . 

Mutation Analysis 

Using BioEdit software, version 7.0.9.0 (I-lall, 1999) mutation analysis was carried out. 

The gene sequence was taken from Ensembl Gene Sequence View 

(http://www.ensembl.org/index.html). Data obtained was compared with gene sequence 

by aligning two sequences in BioEdit (Vers ion 7.0.9.0) using ClustalW software to 

identify changes. Once a variation was identified in an affected individual, all the family 

members were screened to verify the pathogenic nature . 
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Table 2.1: List of microsatellite markers of known autosomal recessive loci for 

congenital eye disorders . 

S.No. Gene [~:rkers =] Distance (eM)* 

D8S1119 ~] 96.45 
1 CNGB3 D8S1 143 Nil 

GATA8BOl 99.15 

.. D2sr258 - ~T .. Nil 

2 CNGA3 02S2972 116.19 

D2SL343 117.62 
- .~ = --===~~~~.~~=-, -

GATAl33A08Q I~~133.63 
3 GNAT2 01SL627 134.13 

D17S1298 [. 13 .24 

4 AIPLI GATA158H04 19.97 
.. _ . 

017S1353 23 .31 

5 GUCY2D D17S 1805 24.41 

017S974 33.56 
_. - .- --
019S559 70.77 

6 CRX 019S545 73.97 

D19S596 78.7 
])19S246 82.48 

. %===~ . - --
014S1069 62.99 

7 ROH12 014S119 63 .17 

])14S554 64.65 

014S588 64.65 
=~ . "==== ... .., = 

ATA251 Nil 

8 RPGRIPI 0148122 5.03 

0148742 9.22 

0148548 9.22 

.- --.. 

* Average-sex distance in eM according to Rutgers combined linkage-physical human 

genome map (Kong et al., 2004). 
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Table 2.2: List of microsatellite markers for other inherited eye disorders 

~-~=====u==="==--=-=~~=~=~~-=-.-.=...: .. =-,~~---=- -=--=--,-=---==- =U~==~====i1 

S. Locus Markers Distance I Gene 

~N __ o=. :F= __ ====~F=====~========9:===(=C=~==- ?=*==_~~===========4 
1 RP19 

2 RP26 

3 Rl 

4 R2 

5 RP12 

6 R3 

7 R4 

01S1588 
01S406 
01 S 1587 

02S2261 
02S426 
02S425 

04S1627 
04S3241 
04S2300 

016S526 
D16S2620 

04S1606 
D4S3049 
D4S413 

122.02 
122.31 
126.2 

188.07 
192.53 
196.39 

65.85 
66.1 
Nil 

78.66 
82.53 

197.51 
199.81 
202.04 

-
152.4 7 
156.8 
160.3 

ABCA4 

CERKL 

KCTD8 

CNGB1 

CRBI 

LRAT 

D2S410 127.67 MERTK 
02S2265 132.4 

D2S1888 122.67 [ 

1~8=-lF=='==R=5=~:FI ===0=0=\5'5~SS-16-05i~~='~= =~-=~~~-=::=~ -~=-l-~='=N=R2=E==3=-==j1 

015S188 76.75 
1F===9F=====~4~=====~ F======~ 

9 R6 

10 R7 

D5S436 150.91 
D5S2490 143 .55 
05S812 155.39 

D4S3360 
D4S432 
D4S2285 

5.~2 r 

PDE6A 

PDE6B 

7.97 II. 
~=IF========~F========'~F========-~ :F=====~I 

11 R8 

D10S523 
010S1174 
010S1658 

105 .84 
104.31 
105.38 
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Table 2.2: (Continued) 

~==~---~L~O-.'-" ~. S. Locus Markers Distance Gene 

No. (cM)* 
-
03S3607 

IJ
3587 

12 RP4 03S2316 131.76 RP4 

03S1541 138.91 
i-=-=-~ -=~ - - - - . i===--- - -

] 015S811 87 .35 

13 R9 015S652 98.56 RLBPI 

01S1178 103.59 

14 RIO 01S1665 104.28 RPE65 

01S2876 108.34 

02S2344 242 .83 

15 Rll 02S2973 249.85 SAG --c- - . 06S1014 

I-~ N\~-] 16 RP14 GATAI29G03 

5~~2 
TULPI 

06S1051 
-. . - - -. . -

01S2827 . r= 225 .64 
17 R1 2 01S2860 229.03 USH2A 

--
02S1337 82.74 

18 RP28 S2S286 99.33 Unkown 

04S2290 104.31 

19 RP29 04S2431 176.78 Unkown 

GATA67A08 184.46 .F------J .. -- - . 

D6S257 83 .02 

20 RP25 06S1282 86.79 Unkown 

06S1031 93.11 

" .--

D16S287 l~ 38.49 

21 RP22 016S420 48 .71 Unkown 
-= .. ""=== =-.=~~~~~~-= ~ ~-==~=.~= . _. 

.. -- - _. --

* Average-sex distance in eM according to Rutgers combined linkage-physical human 

genome map (Kong et at., 2004) . 
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Table 2.3: List of primers used for amplification and sequencing of AIPL 1 gene 

S Exon Forward Primer Reverse Primer T m Product 

No Size 
-,===---=:-.:=-.---"'- ".=-...o:.--==-" =-==--O--'~ _ .. ... ~ --

I 1 CCTGGTCCCCTGTCTTCT TGTTGAAAGCTG CTGTGGGG 5(\..; 480bp 
T 

2 2 GGCCTTGAACAGTGTGTC GAGCCCAGAAAAGACTAGTC 57°C 278bp 
TA 

. . . .. "= -_._ . .. .. ..~~~ 

3 3 \ GGCCTTTTATGGCCCACC ·CTGTCCCTCTCCAGTGCTGG ]\ 57°=-] 310bp 
I TA 

-- - . 

4 4 TATGCACTTGACCAGCAA AGGGAGAAGGTCAGCCATGA 54°C 417bp 
GC 

5 5 AAGTGGCGCTGACTCTGG TGTCTCCGTGGCCCTGGGCT 57°C 299bp 
GG 

6 II 6 
GGATGGGGGATACAGAG l:GGTGG~TCTGTGGATGACT 54°C II 402bp 
AGG 

Table 2.4: List of primers used for ampiitlcation and sequencing of RGR gene 

S Exon Forward Primer =1--Reverse Primer Tm Product 
No Size 

1 1 ATTCCCCGACCTTAATCCTG 1\ GTTTG.GGGACCTCTCCTCTC 55°C 

2 2 AGGTTGCTGATGTTC.CA ~C:<J CCCTTG~CCAA TTT~CTGTA FiFi°r. 364bp 

. 

3 3 CTCCAACGCCTCATAGGAAA TGCATGCACACTCACACCTA 55°C 413bp 

4 4 TATAGCCAGCACAGCCTCAA GGAGTGGGAGAAGTGCTCTG 55°C 228bp 

5 5 TATCAGGCCATCTCCTCCTC t GCCAAGATT~CCATGGAT~~~ 255bp 

I 
6 6 \ TCATC~AGG~CA~AGCTG.GTJI TTTGTTCGGGACACCAAGAG J[55°C I 274bp 

7 \ 7 L:A~TG~~:~~~~.~GTT:. 11 ~~A~G~~~~TTGGGCAATG~ J~5°C 424bp 

8 ~1 CCATGCATCTCC~CCAACT A -]CAGGTCCATCTGGCTCTTTC 55°C 468bp 

9 8A GAAGGACCGAACCAAGTGAG ACACGTGGACATGGAGTGTG 55°C 467bp 

. .. .. . 

10 on AGAGGCCTCAGGAAAGTCAT TGGTGATTTCTCCATACTGTCT 57°C 611bp 
V.LJ 

T TA 
... - - - - - .. ~ .. ---.----= 

11 8C ~~ATC~:~~A=T~:TA~~ ~T~. t~TGC:AACC~TGT ATCC~GAA J~.5~ 577bp 

I 
12 

\ 

8D [~CTTCTTAGCCACGTGTATGTll CTTCTG~GCATTGGTCTAGG .Jl 57°~ 366bp 

II .. 
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RESULTS 

Description of the Families Studied 

Family A 

Results 

Family A demonstrates autosomal recessive congenital blindness. The pedigree drawing 

presented in Figure 3.1 indicates seven generations with 2 affected males (VI-7 and VII-

5) and 5 affected females (V-5, V6, VI-I , VI-6 and VIlA). The pedigree analysis shows 

that affected individuals being produced by the unatIected parents and the affected status 

was independent of the sex suggesting that the trait is transmitted in autosomal recessive 

manner. The parents (IV-7 and IV-8) , (V-l and V-2), (V-3 and V-4) and (VI-8 and VI-9) 

are normal phenotypically but resulted in two (V -5 and V -6) , one (VI-I), two (VI-6 and 

VI-7) and two (VIlA and VIl-5) affected children, respectively. 

For linkage studies blood san1ples were collected from fifteen members of family A, 

including seven affected (V-5, V6, VI-I, VI-6, VI-7 , VIlA and VII-5) and eight normal 

(IV-7, V-3, V-4 , VI-2 , VI-5 , VI-8, VI-9 and VII-3) individuals . 

Family B 

Family B also demonstrates autosomal receSSIve congenital blindness. The five

generation pedigree (Figure 3.2) contains 27 individuals including 1 affected male (V -5) 

and 4 affected females (IV -4, IV -5 , V -2 and V -4). Pedigree analysis is suggestive of 

autosomal recessive mode of inheritance and consanguineous loops could account of all 

the affected persons being homozygous for an abnormal allele. All the affected persons 

have phenotypically normal parents but they carry the recessive allele in heterozygous 

condition. 

The DNA was extracted from the blood samples collected from four affected individuals 

including one male (V-5) and three females (IVA, IV-5 and V-4) along with six normal 

individuals (III- I , III-2, IV -6 , IV -7 , V-I and V -3). 

Mapping of Genes Involved in Inherited Eye Disorders 38 



Chapter 3 Results 

Clinical Description of Family A and B 

One affected individual of each family (VI-7; Family A, V-5 ; Family B) was diagnosed 

by local ophthalmologist, which revealed that the affected individuals from both families 

had bilateral nystagmus. The clinical examination also revealed grossly nOlmal retina but 

dull macular refraction in both eyes. This may indicate the segregation of cone dystrophy 

in these families . The affected individual of family A also exhibit photophobia and show 

excessive blinking in sunlight. The blinking was present since childhood but more 

frequent in elder affected individuals of family A. These affected individuals also 

experience pain in sunlight. Both families show no other associated disorders or 

symptoms like Usher syndrome, Bardet biedl syndrome, mental retardation, metabolic 

diseases or renal diseases suggesting that these families do not have any syndromic form 

of blindness. 

Linkage Analysis 

On the basis of genetic linkage studies in inherited eye disorders , it is clear that at least 

some candidate intervals should be tested for linkage or exclusion prior to embarking on 

genome-wide scan. In the present study, the two families (A and B) were tested for 

linkage to lmown loci including loci for congenital retinal disorders and RP by 

genotyping micro satellite markers mapped within the candidate linkage intervals (Table 

2.1 and 2.2). 

Family A 

To identify the underlying gene in this family , linkage analysis was performed using the 

DNA samples of the seven individuals including four normal (V -3 , V -4, VI-2 and VI-5) 

and three affected (VI-I, VI-6 and VI-7) . The results of DNA analysis with polymorphic 

microsatellite markers revealed that affected individuals were heterozygous for these 

markers except GATA158H04 at chromosome 17 (Figure 3.3-3.19). Three affected 

individuals were homozygous (VI -1 , VI -6 and VI -7) for GAT A 15 8H04, whereas · the 

normal individuals were heterozygous for different alleles , thus indicate linkage to this 

marker (Figure 3.19a). In order to confirm linkage to this region, GATA158H04 and 
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three additional markers (DI7S1 298 , D17S1805 and D17S974) were genotyped with all 

fifteen members of the family. The analysis of the results contlrms linkage of family A to 

17p13.1 region (Figure 3. 18-3.2 1) . After which haplotypes were formed (Figure 3.22) 

and LOD score was calculated using easyLINKAGE plus v5 .08 . LOD score for marker 

D17S1805 (Figure 3.20) and GATA158H04 was 1.7967 and 1.7896 respectively, 

whereas no other region produced significant LOD score (Figure 3.23). These LOD 

scores indicate that there is probability of disease gene linkage in this locus. This locus 

contains two genes AIPLI and GUCY2D (Khaliq et a!. , 2002). So mutation can be 

present in anyone of these two genes. 

Family B 

In family B, nine DNA samples including five normal (III-I , III-2 , IV-6, IV-7 and V-I) 

and four affected (IV -4, IV -5, V A and V -5) individuals were used for genotyping. Later 

on the sample IV -4 was not used because of less availability of DNA and was stored for 

linkage confirmation. The results of DNA analysis with polymorphic microsatellite 

markers revealed that heterozygosity in affected individuals with tested markers except 

two markers DI0S523 and DI0S1658 at chromosome 10 (Figure 3.24-3.66) . In addition 

to DI0S523 and DI0S1658 two other markers D1S533 and D14S588 show homozygous 

alleles in three affected individuals only. Three affected individuals (IV -4, IV -5 and V -5) 

were homozygous for marker D1S533 , while one affected individual (V-4) was 

heterozygous for parental alleles (Figure 3.3 1). Similarly three affected individuals (IV -5 , 

V-4 and V-5) were homozygous for D14S588 but one affected individual (IVA) was 

heterozygous and two normal individuals (III -1 and IV -6) were also homozygous (Figure 

3.61). On further analysis with additional markers the linkage to markers D1S533 and 

D14S588 was ruled out. In case ofDI0S523 and DI0S1658 , all four affected (IVA, V-3, 

V -4 and V -5) individuals were homozygous and normal individuals were heterozygous 

for different alleles , thus indicating linkage to these markers (Figure 3.65-3 .66) . In order 

to confirm linkage to this region four additional markers (DI0S1765 , DI0S1143, 

D 1 OS 1687 and D 1 OS 1644) were genotyped. The analysis of the results confirms linkage 

of family B to 10q23 .1 region (3 .65-3.70). After which haplotypes were constructed 

(Figure 3.71) and LOD score was calculated using easyLINKAGE plus v5.08 . LOD score 
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for markers 010S1658 , 010S523 and DIOS1765 was 1.1936, 0.4629 and 1.1117 

respectively (Figure 3.72). These LOO scores indicate that there is probability of disease 

gene at this locus. This locus contains one gene RGR (RPE-retinal G protein-coupled 

receptor) and mutations of RGR gene are associated with retinitis pigmentosa (Fong et 

al.,2006). 

Mutation Screening 

Family A 

AIPLI gene has SIX exons (ucsc genome browser, http://genome.ucsc.edu), and was 

sequenced from the DNA samples of the affected and normal individuals of family A. 

After sequencing the raw data was analyzed using BioEdit software. All exons sequenced 

were compared with the original sequence data from Ensembl genome browser 

(http://www.ensembl.org). Sequence analysis of all six exons revealed that AIPLl gene 

in this case has no mutations but variations were present in exon 3 and 5 while in case of 

exon 1, 2,4 and 6 no variations or polymorphism were observed. So the mutation may be 

present in the GUCY2D gene, as variations identified in AIPLI gene are also present in 

normal individuals so these can not be associated with disease phenotype in family A. 

Family B 

Retinal G protein coupled receptorl (RGR) gene has seven coding exons (ucsc genome 

browser, http://genome.ucsc.edu). Sequencing of four exons was carried out by using 

primers for these exons (Table 2.4) to find disease causing mutations . After sequencing 

exon sequence was analyzed using BioEdit (Version 7 .0.9.0), which revealed that these 

exons 2, 3, 7 and 8 have no mutation and variation (Figure 3.73-3.74). Since no disease 

causing mutations are present in sequenced exons so remaining exons of this gene are 

needed to be sequenced for finding any disease associated mutation. 
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I 

II 
11 :3 11:4 

ill 

IV 

v 

VI 
VI:l VI:2 VI:3 VIA VI:S VI:6 VI:7 VI:6 VI:9 

VII 
VII.I VII :? VII:3 VilA VII:S 

Figure 3.1: Pedigree of family A with inherited eye disorder. The pedigree shows the 

recessive mode of inheritance. Circles represent females and squares represent males. 

Filled circles and squares represent affected individuals. Double lines indicate 

consanguineous marriages. Cross lines on the symbols represent deceased individuals. 
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I 

n 
11:1 11 :2 

ill 
111 :1 111:2 111:3 111 :4 111:5 1116 

IV 
IV3 IV:4 IV:5 IV:6 IV:7 IV:B IV:1 IV:2 

v 
V:1 V:2 V:3 V:4 V:5 

Figure 3.2: Pedigree of famil y B with inherited eye disorder. The pedigree shows the 

recessive mode of inheritance. Circles represent females and squares represent males. 

Filled circles and squares represent affected individuals. Double lines indicate 

consanguineous marriages. Cross lines on the symbols represent deceased individuals. 
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Family A 
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Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V -4 Normal 

Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

Results 

Figure 3.3: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DIS 1665 at 104.28 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family A 1 2 

Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V-4 Normal 

3 4 5 6 

Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

7 

Figure 3.4: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D6S1014 at 45 .5 0 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Lane 7. VI -7 Affected 
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Figure 3.5: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker GATA129G03 at 46.24 

cM. The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within generation. 

Family A 
1 2 3 4 5 6 7 

~ t:::::. ~ .. b::::I ! .; 
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Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V-4 Normal 

Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

Figure 3.6: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D6S 1 031 at 93.11 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Figure 3.7: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D16S420 at 48 .71 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family A 
1 2 

Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V-4 Normal 
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Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

7 

Figure 3.8: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D3S2316 at 131.76 cM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family A 

1 2 

Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
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Lane 5. VI-5 Normal 
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Lane 7. VI-7 Affected 

Results 

Figure 3.9: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D3S2322 at 140.05 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family A 

1 2 3 4 5 6 7 

-~ - _.-:: 
...... ~--. ~;..~ ____ ......J" ............. 

-- .......-..- ---.J . 

~ ........, ~ ~ tt...-I .... '-.J 

Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V -4 Normal 

Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

Figure 3.10: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D14S122 at 5.03 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family A 
1 2 3 4 5 6 7 

Lane 1. VI-I Affected Lane 5. VI-5 Normal 
Lane 2. VI-6 Affected Lane 6. VI-2 Normal 
Lane 3. V-3 Normal Lane 7. VI-7 Affected 
Lane 4. V-4 Normal 

Figure 3.11: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI4S742 at 9.22 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Lane 1. VI- I Affected Lane 5. VI-5 Normal 
Lane 2. VI-6 Affected Lane 6. VI-2 Normal 
Lane 3. V-3 Normal Lane 7. VI-7 Affected 
Lane 4. V-4 Normal 

Figure 3.12: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D8S 1119 at 96.45 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Figure 3.17: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D2S2972 at 116.19 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family A 1 2 ~ 4 ~ (l 7 R 9 10 11 12 1~ 14 1~ 

Lane 1. VI-l Affected Lane 9. VI-2 Normal 
Lane 2. VI-6 Affected Lanel0 VII-3 Normal 
Lane 3. VII -4 Affected Lanell V-5 Affected 
Lane 4. VI-8 Normal Lane12 V-6 Affected 
Lane 5. V-3 Normal Lane 13 IV-7 Normal 
Lane 6. V-4 Normal Lane14 VII-5 Affected 
Lane 7. VI-5 Normal Lane15 VI-7 Affected 
Lane 8. VI-9 Normal 

Figure 3.18: Electropherogram of the ethidium bromide stained 8% non-denaturing . 

polyacrylamide gel showing allele pattern obtained with marker D17S1298 at 13.24 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Chapter 3 

Family A 
1 2 

Lane 1. VI -1 Affected 
Lane 2. VI-6 Affected 
Lane 3. V-3 Normal 
Lane 4. V -4 Normal 

3 4 5 6 7 

Lane 5. VI-5 Normal 
Lane 6. VI-2 Normal 
Lane 7. VI -7 Affected 

Results 

Figure 3.19a: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker GATA158H04 at 19.97 

eM. The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within generation. 

Family A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

-

~ ....-.. .. ?, ~- .--" '-" • ~ ......... ........ ~ ......... --... ~ 

Lane 1. VI-7 Affected Lane 9. VI-5 Normal 
Lane 2. VII-5 Affected Lane10 V-4 Normal 
Lane 3. IV-7 Normal Lane11 V-3 Normal 
Lane 4. V-6 Affected Lane12 VI-8 Normal 
Lane 5. V-5 Affected Lane13 VII -4 Affected 
Lane 6. VII-3 Normal Lane14 VI-6 Affected 
Lane 7. VI-2 Normal Lane15 VI-1 Affected 
Lane 8. VI-9 Normal 

Figure 3.19b: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker GATA158H04 at 19.97 

eM. The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within generation. 
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Family A 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
• • - .. • .. # - ~. , 

," . ," ' . \..... \....; , . , . . , 
t=~' l:Jb8~W~~ b-J~t;;j\;;j~~. 
, \. \ -- ' 

Lane 1. VI-1 Affected Lane 9. VI-2 Normal 
Lane 2. VI-6 Affected Lane 1 0 VII-3 Normal 
Lane 3. VII -4 Affected Lane11 V-5 Affected 
Lane 4. VI-8 Normal Lane12 V-6 Affected 
Lane 5. V-3 Normal Lane13 IV-7 Normal 
Lane 6. V-4 Normal Lane14 VII-5 Affected 
Lane 7. VI-5 Normal Lane15 VI-7 Affected 
Lane 8. VI-9 Normal 

Figure 3.20: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D 17S 1805 at 24.41 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family A 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 
Lane 5. 
Lane 6. 
Lane 7. 
Lane 8. 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

'-'~ t:;'-'\..J'-'t::d~ '-I'-J~ ~ 

~ \..n . ..1 ~ '- '-J ~ ~ \.J \aJ \.J '-J '-I \.J ~ 

VI-I Affected Lane 9. VI-2 Normal 
VI-6 Affected Lane 1 0 VII-3 Normal 
VII -4 Affected Lane11 V-5 Affected 
VI-8 Normal Lane12 V-6 Affected 
V-3 Normal Lane 1 3 IV-7 Normal 
V-4 Normal Lane14 VII-5 Affected 
VI-5 Normal Lane15 VI-7 Affected 
VI-9 Normal 

Figure 3.21: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtain.ed with marker D17S974 at 33.56 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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D17S1298 13.24cM 

I 
GATA158H04 19.97cM 
D17S1805 24.41cM 
D17S974 33.56cM 

II 

III 

IV 
rv.7 

017S1198 1 2 
GATA158H04 1 2 

01751805 1 1 

0175974 1 2 

V 

017512.98 II:!> '114 VS VS 

GATAlS8H04 
1 2 1 2 1 2 1 2 
1 2 1 1 1 1 1 1 

D1751805 1 1 1 2 1 1 1 1 
0115974 1 2 1 2 1 2 1 2 

VI 
1.1~ 1.12 1.15 I.1S V.:7 WI 1.19 

1 2 1 2 01151298 1 2 1 2 1 2 1 2 1 2 
1 1 1 2 GATA15BH04 1 1 1 1 1 1 1 2 1 2 
1 1 1 2 01751805 1 2 1 1 1 1 1 1 1 2 
1 2 1 2 0115974 1 2 1 2 1 2 1 2 1 2 

VII 
Vi~ \lt4 

01151298 1 2 1 2 
GATA1S8H04 1 2 1 1 

01751805 1 1 1 1 

0175974 1 1 1 1 

Figure 3.22: Haplotype of family A with markers showing linkage to chromosome 

17p13.l 
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Chapter 3 Results 

Family B 
1 2 3 4 5 6 7 8 

. . 

'--' L . ..-.o L-.-.- ~ '-...J --- ,,.......... ~.-

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. llI-2 Normal 
Lane 3. V-5 Affected Lane 7. Ill-l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.24: Electropherogram of the ethidium bromide stained 8% non -denaturing 

polyacrylamide gel showing allele pattern obtained with marker DIS 1662 at 104.28 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 
1 2 

Lane 1. V -4 Affected 
Lane 2. IV -7 Normal 
Lane 3. V -5 Affected 
Lane 4. V-I Normal 

3 4 5 6 7 

Lane 5. IV-5 Affected 
Lane 6. Ill-2 Normal 
Lane 7. llI-l Normal 
Lane 8. IV-6 Normal 

8 

Figure 3.25: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DIS2876 at 108.34 eM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 3 4 5 6 7 8 9 

'" . ~ ~ ~ . . . L' ..I. . :. I-"~ * _ ......, ,-J • t ___ l 
: • ' •• to..... { , ..,. • • , 

" .. i~ ~- '--'- V ...... ~ '-o.J ~ ~ .. 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-S Affected Lane 8. IlI- I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.26: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker GATAI29G03 . The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 

Lane 1. V-4 Affected Lane S. IV-S Affected 
Lane 2. IV-7 Normal Lane 6. IlI-2 Normal 
Lane 3. V-S Affected Lane 7. IlI-I Normal 
Lane 4. V- I Normal Lane 8. IV-6 Normal 

Figure 3.27: Electropherogram of the ethidium bromide stained 8% non -denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI6S287 at 38.49 eM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 1 2 3 4 5 6 7 

..;. ,..- . !' \ - ~ • 

--J -, b~, 1 ' _ ."-_. __ 
~ ~ ~ ........... -_ .... ,--- '--~ '---.. 

Lane I . V-4 Affected Lane S. IV-S Affected 
Lane 2. IV-7 Normal Lane 6. llI-2 Normal 
Lane 3. V-S Affected Lane 7. Ill- I Normal 
Lane 4. V- I Normal Lane 8. IV-6 Normal 

Figure 3.28: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI6S420 at 48.71 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 
- - -

b:i-~ ~ .. :~ bd bJ b::.J r - '61 ~::~ . 
. U lU td LiJ' U·t;;j t;j--U td 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. llI-2 Normal 
Lane 3. V-S Affected Lane 8. Ill-I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.29: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D6S 1 031 at 93.11 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 1 2 3 4 5 6 7 9 

'--' ~ '==J ~ ~ ~ t.-..J 
I 

'-:d~'--J'--I'--I'-' '--'--'; 
~ I 

Lane 1. lV-6 Normal Lane 6. V-I Normal 
Lane 2. Ill-l Normal Lane 7. V-S Affected 
Lane 3. lIl-2 Normal Lane 8. lV-7 Normal 
Lane 4. lV-4 Affected Lane 9. V-4 Affected 
Lane S. lV-S Affected 

Figure 3.30: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D6S 1282 at 86.79 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 

• ..... \. ~ .• -f 'til ... -4... ... ..,1 

"-.-._- ~ . - '--' --- "--'- ..... ~ "'--' -- ' 

Lane 1. V-4 Affected Lane 6. lV-4 Affected 
Lane 2. lV-7 Normal Lane 7. Ill-2 Normal 
Lane 3. V-S Affected Lane 8. Ill-I Normal 
Lane 4. V-I Normal Lane 9. lV-6 Normal 
Lane S. lV-S Affected 

Figure 3.31: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DISS33 at 199.81 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 
Lane 5. 

~ , ........ \,1 .~ t" ..... · .. &._.---J "-' ... --.! .-_~ 
~-: 1 

--.. '-' '--' t=:d .~, '-' '-...J .....J ....,..; 

V-4 Affected Lane 6. IV-4 Affected 
IV-7 Normal Lane 7. IlI-2 Normal 
V-5 Affected Lane 8. IlI- I Normal 
V-I Normal Lane 9. IV-6 Normal 
IV-5 Affected 

Results 

Figure 3.32: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DISI660 at 202.04 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 

.... ~ t" _. ~ • 

t \ - - ~ : 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-5 Affected Lane 8. IIl-I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.33: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D4S 1548 at 152.47 cM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 4 7 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IIl-2 Normal 
Lane 3. V-5 Affected Lane 8. IlI- l Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.34: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D4S3049 at 156.8 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 

-

~ _- ~ ....... ~.:::; t== ...-. ...... ::::: 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. IlI-2 Normal 
Lane 3. V-5 Affected Lane 7. IlI- l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.35: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DlS1588 at 122. 02 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 

V-4 
IV-7 
V-5 
V-I 

Affected 
Normal 
Affected 
Normal 

Lane 5. 
Lane 6. 
Lane 7. 
Lane 8. 

IV-5 
III-2 
III- l 
IV-6 

Affected 
Normal 
Normal 
Normal 

Results 

Figure 3.36: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DlS1587 at 126.2 cM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 
1 2 4 7 

( t . '..; . . , 
L.._,,,,,,.10 '---t L-..t --... ~ '--..l '-_.l '---" 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. III-2 Normal 
Lane 3. V-5 Affected Lane 7. III- l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.37: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D2S426 at 192.53 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 3 4 5 6 7 8 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. III-2 Normal 
Lane 3. V-5 Affected Lane 7. III-l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.44: Electropherogram of the ethidium bromide stained 8% non-denaturing . 

polyacrylamide gel showing allele pattern obtained with marker D5S436 at 150.91 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 

__ .~ L. ,I " . ~ ... _ , ~ 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. III-2 Normal 
Lane 3. V-5 Affected Lane 7. III- l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.45: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D5S812 at 155.39 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

1 2 3 4 5 6 7 8 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. III-2 Normal 
Lane 3. V-5 Affected Lane 7. III-l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.46: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D4S3360 at 0 eM. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 

\ 'l J \ , \. j ,I,. I 

Lane 1. V-4 Affected Lane 5. IV-5 Affected 
Lane 2. IV-7 Normal Lane 6. 1II-2 Normal 
Lane 3. V-5 Affected Lane 7. III- l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.47: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D4S2285 at 7.97 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Mapping of Genes Involved in Inherited Eye Disorders 67 



Chapter 3 

Family B 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 

1 

V-4 
IV-7 
V-S 
V-I 

2 

Affected 
Normal 
Affected 
Normal 

3 4 5 

Lane S. 
Lane 6. 
Lane 7. 
Lane 8. 

IV-S 
1II-2 
III-l 
IV-6 

6 7 

Affected 
Normal 
Normal 
Normal 

Results 

Figure 3.48: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D3S3607 at 135.87 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 

Lane 1. V-4 Affected Lane S. IV-S Affected 
Lane 2. IV-7 Normal Lane 6. 1II-2 Normal 
Lane 3. V-S Affected Lane 7. III-l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.49: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D3S2322 at 140.05 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. 
Lane 2. 
Lane 3. 
Lane 4. 

1 2 3 4 5 6 7 
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V-4 
IV-7 
v-s 
V-I 

Affected 
Normal 
Affected 
Normal 

Lane S. 
Lane 6. 
Lane 7. 
Lane 8. 

IV-S 
1II-2 
III- l 
IV-6 

Affected 
Normal 
Normal 
Normal 

Results 

Figure 3.50: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D4S2290 at 104.31 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 
1 2 3 4 5 6 7 

. . . \ t ._. • 
, . 

i..........J ~ \........-S '': .~ t.,~. , \.........iI 

Lane 1. V-4 Affected Lane S. IV-S Affected 
Lane 2. IV-7 Normal Lane 6. III-2 Normal 
Lane 3. V-S Affected Lane 7. III- l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.51: Electropherogram of the ethidium bromide stained 8% non -denaturing 

polyacrylamide gel showing allele pattern obtained with marker GAT A67 A08. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. V-4 Affected Lane S. IV-S Affected 
Lane 2. IV-7 Normal Lane 6. Ill-2 Normal 
Lane 3. V-S Affected Lane 7. llI-l Normal 
Lane 4. V-I Normal Lane 8. IV-6 Normal 

Figure 3.52: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D2S286 at 99.3 cM. The 

Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. llI-2 Normal 
Lane 3. V-S Affected Lane 8. Ill- l Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.53: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DlS1627 at 134.13 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 3 4 5 6 7 9 

L =-.~ ~ , , t t- ... 4 \ . .., ..., L.;,.,J . . . .... 
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Lane 1. V-4 Affected Lane 6. IVA Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-5 Affected Lane 8. IIl- I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.54: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D8S 1119 at 96.45 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 
1 2 3 4 5 7 9 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-5 Affected Lane 8. IlI-I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.55: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D8S1143. The Roman 

numerals indicate the generation number of the individuals within a pedigree while 

Arabic numerals indicate their positions within generation. 

Mapping of Genes Involved in Inherited Eye Disorders 71 



Chapter 3 Results 

Family B 
t 2 3 4 5 6 7 9 
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Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-5 Affected Lane 8. IlI- I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.56: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D2S2972 at 116.19 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree ' 

while Arabic numerals indicate their positions within generation. 

Family B 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IIl-2 Normal 
Lane 3. V-5 Affected Lane 8. IlI- l Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.57: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI4SI 22 at 5.03 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Mapping of Genes Involved in Inherited Eye Disorders 72 



Chapter 3 Results 

Family B 
1 2 3 4 5 6 7 9 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7 . 111-2 Normal 
Lane 3. V-S Affected Lane 8. 111-1 Normal 
Lane 4. V- I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.58: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI4SS48 at 9.22 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 
1 2 3 4 5 6 7 9 

Lane 1. V-4 Affected Lane 6 . IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. 111-2 Normal 
Lane 3. V-S Affected Lane 8. 111-1 Normal 
Lane 4 . V-I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.59: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D19S246 at 82.48 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. V-4 Affected Lane S. lV-S Affected 
Lane 2. IV-7 Normal Lane 7. Ill-2 Normal 
Lane 3. V-5 Affected Lane 8. Ill-I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 

Figure 3.60: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D14S1069 at 62.99 cM . . 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 

Lane 1. V-4 Affected Lane 6. lV-4 Affected 
Lane 2. lV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-S Affected Lane 8. IIl-I Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.61: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D14SS88 at 64.65 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. 111-2 Normal 
Lane 3. V-5 Affected Lane 8. 111-1 Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.62: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI7SI298 at 13 .24 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 9 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. 111-2 Normal 
Lane 3. V-5 Affected Lane 8. 111-1 Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane 5. IV-5 Affected 

Figure 3.63: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker GATA158H04 at 19.97 

cM. The Roman numerals indicate the generation number of the individuals within a 

pedigree while Arabic numerals indicate their positions within generation. 
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Family B 

1 2 3 4 5 6 7 9 

Lane 1. V-4 Affected Lane 6. IV-4 Affected 
Lane 2. IV-7 Normal Lane 7. IlI-2 Normal 
Lane 3. V-5 Affected Lane 8. IlI-l Normal 
Lane 4. V-I Normal Lane 9. IV-6 Normal 
Lane S. IV-S Affected 

Figure 3.64: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D 17S 1805 at 24.41 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 10 

Lane 1. V-4 Affected Lane 6. IV-S Affected 
Lane 2. IV-7 Normal Lane 7. IV-4 Affected 
Lane 3. V-S Affected Lane 8. IIl-2 Normal 
Lane 4. V-I Normal Lane 9. IlI-l Normal 
Lane 5. V-3 Normal Lanel0 IV-6 Normal 

Figure 3.65: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D 1 OSS23 at 1 OS .84 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 1 2 3 4 5 6 7 8 9 10 
-
~~ - ~ __ 4 

It' .. !IIi • 

~ ~ ..... *----' ~ '--.4 ~ ~ !:-.; : J 

Lane 1. IV-7 Normal Lane 6. IV-5 Affected 
Lane 2. V-4 Affected Lane 7. IV-4 Affected 
Lane 3. V-5 Affected Lane 8. 1II-2 Normal 
Lane 4. V- I Normal Lane 9. III-1 Normal 
Lane 5. V-3 Normal Lane 1 0 IV-6 Normal 

Figure 3.66: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D10S1658 at 105.38 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 

Family B 1 2 3 4 5 6 7 8 9 10 
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Lane 1. V-4 Affected Lane 6. IV-5 Affected 
Lane 2. IV-7 Normal Lane 7. IV-4 Affected 
Lane 3. V-5 Affected Lane 8. III-2 Normal 
Lane 4. V-I Normal Lane 9. III-I Normal 
Lane 5. V-3 Normal LanelO IV-6 Normal 

Figure 3.67: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D 1 OS 1765 at 107.81 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 3 4 5 6 7 9 10 

Lane 1. V-4 Affected Lane 6. IV-5 Affected 
Lane 2. IV-7 Normal Lane 7. IV-4 Affected 
Lane 3. V-5 Affected Lane 8. 111-2 Normal 
Lane 4. V- I Normal Lane 9. 111-1 Normal 
Lane 5. V-3 Normal Lane10 IV-6 Normal 

Figure 3.68: Electropherogram of the ethidium bromide stained 8% non -denaturing 

polyacrylamide gel showing allele pattern obtained with marker D10Sl143 at 109.56 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Lane 1. V-4 Affected Lane 6. IV-5 Affected 
Lane 2. IV-7 Normal Lane 7. IV-4 Affected 
Lane 3. V-5 Affected Lane 8. 111-2 Normal 
Lane 4. V- I Normal Lane 9. 111-1 Normal 
Lane 5. V-3 Normal Lane 1 0 IV-6 Normal 

Figure 3.69: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker D 1 OS 1687 at 107.16 eM. 

The Roman numerals indicate the generation number of the individuals within a pedigree . 

while Arabic numerals indicate their positions within generation. 
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Family B 
1 2 4 5 6 7 9 10 

Lane 1. V-4 Affected Lane 6. IV-5 Affected 
Lane 2. IV-7 Normal Lane 7. IV-4 Affected 
Lane 3. V-5 Affected Lane 8. 111-2 Normal 
Lane 4. V-I Normal Lane 9. 111-1 Normal 
Lane 5. V-3 Normal Lanel0 IV-6 Normal 

Figure 3.70: Electropherogram of the ethidium bromide stained 8% non-denaturing 

polyacrylamide gel showing allele pattern obtained with marker DI0S1644 at 105 .84 cM. 

The Roman numerals indicate the generation number of the individuals within a pedigree 

while Arabic numerals indicate their positions within generation. 
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Figure 3.71: Haplotype of family B of markers showing linkage to chromosome lOq23 .1 
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Start of exon 2 

~ .(J 50 60 70 80 
A O C T C T C T CC OO T C T C A O CC T C AA T A CCC T G A CC A T C TT C T C TTT C T G C AA O A C 

90 100 110 Ill) III 141 
CCCC OO A O C T O C OO A C T CCC T O CC A CC T A C T OO T O C T O A O C TT OO C T C TT O C O 

~~mJVWM 
llO lfil 110 110 190 200 

O A C A O T OOO A T C A O CC T O AA T O CCC T C O TT O C A O CC A C A T CC A O CC TT C T CC OO T A CC A 

a. 

End of ex on J 
Start 0 f exon 3 

A OC ~ 0 T C 1:f C C C A e A 0 0 C 1~ C Y 0 0 C C e T A 1~ K 0 e T C GO A Y Itt 0 C r o y C M (J K 1~ y e A C K 0 C 

~~ 
170 110 190 lOO l 10 Ul 

~~ 
Ul DO l4l va 
R TC A T OO Q Q 0 C O T T A T e w e C A e T w e T a M A C ce o T 

b.~~ 
End of ex on 3 

Figure 3.73: (a) Sequence chromatogram of ex on 2 and (b) exon 3 ofRGRgene 
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Stalt of exon 7 
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Figure 3.74: (a) Sequence chromatogram of ex on 7 and (b) exon 8 ofRGR gene 
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DISCUSSION 

Inherited eye disorders are characterized by immense clinical and genetic heterogeneity 

which poses great challenges for gene identification, mutation analysis, genetic 

counseling, and the development of therapies. Many diseases in this group cause visual 

loss because of the premature death of the rod and cone photoreceptor cells. Inherited eye 

disorders are of special concern when they affect children i.e. congenital eye disorders 

because blindness in children affects their development, education and employment 

opportunities. Prevalence of these diseases is more in consanguineous marriages because 

of offspring inheriting identical ancestral genomic segments from their parents increasing 

the incidence of recessive disease within these sibships (Woods et aI., 2006; Khan et aI., 

2007; den Hollander et al., 2008). 

Among various inherited eye disorders most common cause of visual impairment are the 

hereditary retinal diseases representing a broad range of retinal dysfunction and/or 

degenerations including retinitis pigmentosa, cone or cone-rod dystrophy and Leber 

congenital amaurosis etc. Over one hundred genes have been reported to be associated 

with these diseases and mutations in many different genes may cause the same disease or 

vice versa (Sullivan and Daiger, 1996; Zhang et al., 2005a). These diseases are 

genetically complex and the boundaries separating some of the diagnostic categories are 

not distinct. Retinal dystrophies may lead to photoreceptor death or dysfunction and 

blindness. The majority of genes causing retinal disorders are retina specific but other 

genes that are ubiquitously expressed may also cause retinal phenotype (Blackshaw et aI., 

2001; Rivolta et al., 2002; Patel et al., 2007). 

Among the inherited retinal disorders retinitis pigmentosa (RP) is the most common 

retinal degeneration that is clearly hereditary. It affects about one in 5000 individuals 

worldwide. Patients with RP lose vision because of the death of both rods and cones 

throughout the retina. If the rods and cones (or perhaps other essential types of retinal 

neurons) are lost within the first years of life, or if they are already dead or nonfunctional . 

at birth, the diagnosis becomes congenital retinal blindness, also referred to as Leber 
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congenital amaurosis, the most severe form of inherited retinal blindness which in most 

cases is inherited in an autosomal recessive (ar) manner (Rivolta et. aI., 2002; den 

Hollander et aI. , 2008). The genetic basis of congenital eye and orbit anomalies is just 

beginning to be delineated, and future research on the subject will undoubtedly broaden 

understanding of the developmental etiology, pathophysiology, and treatment of 

congenital ocular disorders (Guercio and Martyn, 2007). 

In the present study, two consanguineous Pakistani families (A and B), demonstrating 

hereditary congenital blindness have been ascertained from different regions of Pakistan. 

The mode of inheritance in these families was autosomal recessive. The affected 

individuals of these families showed typical features of hereditary eye disorders 

characterized by visual impairment with bilateral nystagmus and excessive blinking in 

sunlight since childhood. Dull macular refraction was present with grossly normal retina. 

To identify the causative genes underlying different types of hereditary eye disorders in 

the families presented here, a classical linkage analysis approach called "Homozygosity 

Mapping" was followed. Smith (1953) indicated that offsprings of consanguineous 

matings are homozygous for genetic markers located near the diseased gene. Lander and 

Botstein, (1987) reasoned that recessive gene could be mapped using the offsprings of 

consanguineous unions in an approach they called "Homozygosity Mapping", which 

provides a rapid mean of mapping autosomal recessive gene in consanguineous families 

by identifying chromosomal regions that show homozygous identity-by-descend (IBD) 

segment in pooled samples (Miano et al., 2000). In affected children of such union, a 

region of many centi-Morgans (cM) spanning the disease locus is almost always 

homozygous by descent. Other regions will also be homozygous by descent, but these 

regions will vary from one child to the next. The homozygosity mapping will revolve 

around the identification/detection of this homozygous region among all the affected 

individuals. The minimum detectable length of a homozygous segment depends on ' 

marker density of screening set and their heterozygosity (Broman and Weber, 1999). 
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In order to identify causative genes In the studied families, cosegregation and 

homozygosity analysis were performed with microsatellite markers corresponding to 

candidate genes involved in eye disorders and related phenotypes (Table 2.1 and 2.2). A 

minimum of two micro satellite markers from each of the candidate regions of these loci 

was genotyped in all the available individuals of the two families (A and B). In both 

families (A and B), linkage was established to the known autosomal receSSive eye 

disorders loci on chromosome 17p13.1 and 10q23.1 respectively. 

The locus mapped in case of family A contains two genes AIPL1 and GUCY2D (Khaliq . 

et al., 2002). So mutation can be present in one of these two genes. But as none of the 

17p 13.1 linked Pakistani families that had been reported so far, had disease associated 

mutations in the GUCY2D gene (Jabeen et al., 2005), so sequencing of gene AIPL1 was 

carried out for mutation analysis. The LCA phenotypes are highly variable and change 

with age, and the phenotypes associated with the currently known LCA genes overlap. In 

case of family A the affected individuals showed dull macular refraction with grossly 

normal retina and the retinal phenotype of patients with AIPL 1 mutations is also that of a 

severe, congenital retinal dystrophy with a notable maculopathy. The retinal appearances 

range from near normal to severely atrophic with marked maculopathy and pigmentary 

retinopathy. Macular involvement as seen on ophthalmoscopy likely begins with an 

indistinct dull or irregular foveal reflex and progresses to a diffuse ill-defined area of 

retinal pigment stippling and atrophy, leading to a marked atrophic maculopathy 

(Dharmaraj et al., 2004). So phenotype of affected individuals also relates the family A to 

AIPL 1 gene although some clinical phenotype may differ but the phenotypes of 

congenital blindness vary depending on the mutation and also with age. 

Aryl hydrocarbon-interacting protein-like 1 (AIPLl), maps within 2.5 megabases (Mb) of 

GUCY2D on 17p13 and is the fourth gene to be associated with LCA (Sohocki et al., 

2000b). The AIPL1 gene consists of 6 exons and encodes a protein of 384 amino acids 

(Dharmaraj et al., 2004). AIPL1 mutations may cause approximately 20% of recessive 

LCA. The mutations in this gene have been reported to cause retinitis pigmentosa, cone

rod dystrophy and Leber congenital dystrophy (Entrez gene, 
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http://www.ncbi.nlm.nih.gov/entrez). According to retina international mutation data base 

approximately 21 mutations and variations are so far reported (Retina international, 

www.sph.uth.tmc.edu) whereas in Pakistani population p.Trp278X in AIPL1 may be the 

founder mutation (Sohocki et aI., 2000b). 

The sequencing results of the gene AIPL1 revealed some variation but further analysis do 

not suggest any pathogenic mutations that may be causing eye disorders in family A. So 

these results suggest that there may be a mutation in the regulatory regions of AIPL1 

gene or GUCY2D gene that also maps in the region of homozygosity identified in 

affected individuals of family A. This would be the first time that AIPL 1 do not contain 

any mutation, as so far all Pakistani families linked to this region have been found to 

contain mutations in AIPLI gene and not the GUCY2D gene, as reported by Jabeen et 

al., (2005). 

Human gene retinal G protein-coupled receptor (RGR) was first localized by Chen et al., 

(1996) to chromosome 10q23 which encodes an opsin protein in Muller ce11s and the 

retinal pigment epithelium (Chen et al., 1996). First mutation in this gene was reported 

by Morimura et aI., (1999), but since than all reported mutations in RGR gene are 

associated with retinitis pigmentosa (Fong et al., 2006). But this gene has never been 

associated with inherited congenital eye disorders. Further it has never been reported to 

be associated with retinitis pigmentosa in any case in Pakistan. But there are several 

genes which cause different eye disorders depending on the mutations which results in 

different functional abnormalities causing different inherited eye disorders for example 

CRBl is responsible for a distinctive form of autosomal recessive RP referred to as RPl2 

and is also associated with LCA. Two other LCA associated genes RPE65 and TULP 1 

are also known to cause some cases of RP (Lotery et al., 2001). A novel splice-site 

mutation ofTULP1, c.l495+2_l495+3insT causes' autosomal recessive severe early

onset retinitis pigmentosa (RP) and also novel 6-base in-frame duplication causes Leber 

congenital amaurosis (Mataftsi et al., 2007; Abbasi et al., 2008). Based on this 

information, RGR gene was sequenced in family B. 
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The sequencing results of RGR gene in the family B revealed that exons 2 and 7 have no 

mutation or variation. While exon 3 and 8 have variations but further analysis revealed 

their non-pathogenic nature. As these polymorphism were not detected in rest of the 

affected family members ofthe family B. The disease causing mutation may be present in 

remaining exons of RGR gene. Identification of mutation in family B will expand the 

clinical representation of retinal dystrophies, as till now RGR mutations are responsible 

for RP. 

The discovery of inherited eye disorder genes and mutatio:ns will help to understand the 

functional outcomes of these mutations and their relation to the phenotype of the disease 

resulting in a better knowledge of development and progression of inherited eye 

disorders. Genetic tests utilizing mutation analysis in causative genes of various inherited 

eye disorders may be used for carrier detection and diagnosis but due to heterogeneity of 

these disorders it is not yet possible but this may help our future generations to develop · 

new therapeutics and diagnostic tools for the cure of inherited eye disorders. Many other 

complex disorders which may have overlapping gene pathways with inherited eye 

disorder may in tum be able to be better understood. This will only be possible if we 

collect a very large genotypic database from different populations and cultures and 

identified all the loci and the genes involved in the disease pathogenesis towards which . 

the present study is a small but handy contribution. 
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ANNEXURE I 

Marker Representative file of Family B 

I II 
INDIVIDUAL 

II 
INDIVIDUAL 

II ALLELE 1 II ALLELE 2 I MARKER ID ID 

I DI0S1658 I 1 1 I 0 II 0 I 
DI0S1658 2 2 0 0 

DI0S1658 3 3 0 0 

DI0S1658 4 4 I 0 II 0 I 
DI0S1658 5 5 I 0 II 0 I 
DI0S1658 6 6 0 0 

I DI0S1658 I 7 7 0 0 

DI0S1658 8 8 0 0 

DI0S1658 9 9 1 2 

I DI0S1658 I 10 10 1 2 

I DI0S1658 I 11 11 0 0 

I DI0S1658 II 12 I 12 0 0 

DI0S1658 13 13 0 0 

DI0S1658 14 14 0 0 

DI0S1658 15 15 1 1 

I DI0S1658 I 16 16 1 1 

I DI0S1658 I 17 17 1 I 2 I 
DI0S1658 18 18 1 2 

DI0S1658 19 19 0 0 

DI0S1658 20 I 20 II 1 II 2 I 
I DI0S1658 II 21 II 21 II 1 II 1 I 

DI0S1658 22 22 1 1 

I DI0S1658 23 23 1 1 



ANNEXURE II 

Pedigree Representative file of Family B 

I FAMILY I 
INDIVIDUAL FATHER 

ID 

FAMILYB 2 

FAMILYB 3 

FAMILYB 4 

FAMILYB 5 I 
FAMILYB 6 I 

I FAMILYB II 7 I 
FAMILYB 8 

FAMILYB 9 
FAMILYB 10 I 

IIFAMILYB 11 I 
FAMiLY.tl 12 

FAMILYB 13 
FAMILYB 14 

I FAMILYB 15 

FAMILYB I 16 I 
I FAMILYB II 17 I 
I FAMILYB I 18 

I FAMILYB 
\ 19 

I FAMILYB 20 

I FAMILYB 21 

I FAMILYB 22 II 
I FAMILYB II 23 

*Sex: M= Male, F= Female 

*Status: N= Normal, A= Affected · 

ID 

0 

0 

1 

1 

0 

0 

0 

3 

5 

5 

7 

5 

7 

10 

10 

10 

11 

14 

19 

19 

19 

19 

MOTHER I SEX* 

ID M:l II F:2 

0 2 

I 0 I 1 

I 2 I 2 

II 2 I 1 

I 0 2 

0 1 

0 2 

4 2 

I 6 1 

I 6 1 

8 2 

6 2 

8 1 

9 2 

9 I 2 

9 I 1 

12 2 

13 1 

18 2 

18 1 

I 18 2 

18 1 

II STATUS* I 

GiJGiJ 
1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

2 

II 2 I 
II 1 I 
I 1 I 
I 1 I 

1 

1 

2 

2 


