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ABSTRACT 

 

Retinal dystrophies are a clinically and genetically heterogeneous group of progressive 

disorders in which retinal cells undergo degeneration and death, leading to either partial 

or complete blindness. Retinitis Pigmentosa (RP) is the most common type of retinal 

dystrophy with a worldwide prevalence ranging from 1: 1000–8000. Most forms of 

retinitis pigmentosa are monogenic and have classical inheritance patterns of autosomal 

dominant, autosomal recessive, X-linked or mitochondrial (maternally inherited). 

However, they show extensive genetic and clinical heterogeneity, with over 40 genes 

identified till date and possibly, more to be identified. Identification of mutations in 

families with retinal dystrophy is possible by various approaches ranging from whole 

genome mapping, linkage and/or haplotyping of candidate gene loci, to direct screening 

of candidate genes for mutations.  

 

The aims of this study were- (1) to identify the disease genes in families with 

autosomal recessive retinitis pigmentosa by homozygosity screening. (2) to map the  

disease locus in a family with autosomal dominant retinitis pigmentosa. (3) to determine 

the role of the RD3 gene in human retinal dystrophy by mutational screening of 100 

unrelated patients. 

 

The study protocol was approved by the Institutional Review Board and adhered 

to the guidelines of the Declaration of Helsinki. Eligible patients with retinal dystrophy 

seen at the outpatient clinic of the retina service of LVPEI were recruited for the study. A 
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total of 34 families with ARRP were included for homozygosity screening as per specific 

aim 1. For Aim 2, one family with ADRP having affected individuals in 3 generations 

was included. For Aim 3, 103 probands with RP and LCA were included for screening of 

the RD3 gene.  

 

Specific Aim 1: Twenty-three candidate genes were selected for homozygosity 

screening. The presence of homozygosity was assessed by genotyping flanking 

microsatellite markers at each locus in affected individuals. Mutations were identified by 

sequencing of coding regions of genes.   

 

Homozygosity was identified in 14/44 families (34 families from the present 

study, 10 from a previous study in our group). Mutational screening in 14 families 

resulted in the identification of mutations in 7/14 families. Five mutations are novel and 

are previously not reported, while all 7 mutations c.1060delA (RPE65), c.2847delT 

(RP1), c.1199G>A (TULP1), c.451C>T (RLBP1), c.1995C>A (ABCA4), c.6088C>T 

(ABCA4), c.1225delA (ABCA4) are being reported for the first time  in Indian patients. 

These mutations belong to different categories such as frameshift (n=3), missense (n=2) 

and nonsense (n=2).  

 

Specific Aim 2: Genotyping of 28 microsatellite markers selected on the basis of 

proximity to loci for retinal dystrophy was carried out on 23 individuals of family RP161, 

with ADRP. Linkage analysis with these markers showed significant linkage of disease to 

chromosome 6q23 with a two-point LOD score of 3.2 for marker D6S262. This was 
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confirmed with multipoint linkage, which gave a maximum LOD score of 1.8 for marker 

D6S262.  

 

Specific Aim 3: RD3 gene screening in 103 unrelated patients with RP and LCA 

resulted in the identification of a pathogenic mutation in one patient with autosomal 

recessive LCA. The mutation co-segregated with disease in the family, was absent in 100 

normal controls and involved the conserved splice donor site (c.296+1G>A) of the 2nd 

intron of RD3 gene.  

 

In conclusion this study revealed novel causes of retinal dystrophy in a subset of 

families of Indian origin. The genes evaluated were found to be responsible for a small 

proportion of total cases suggesting that additional loci are involved in the remaining 

families.   
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1

CHAPTER 1: INTRODUCTION AND REVIEW OF LITERATURE 
              
 

 

1.1 Retina 

 

The retina is the innermost layer of the eye occupying the posterior two-third of the eye. 

It is a layer of photosensitive cells concerned with initial processing of visual 

information. The sensation of sight is based on a step-wise process in which light is 

focused on the retina, converted to electrical impulses that are conveyed through the 

visual pathways to the visual cortex of the brain where it is interpreted as a visual signal. 

 

The neurons in the retina are broadly of three types. (1) the photoreceptors, which 

are located the most externally, (2) the intermediate neurons (3) the ganglion cells.  

 

 

1.1.1 Major types of cells of the retina  

 

1. Photoreceptors 

 

Rods and cones are the two types of photoreceptor cells present in the retina. Rods 

mediate dim light vision, whereas cones function in bright light. Rods provide sensitivity 

to scotopic (dim light) vision whereas cones provide visual acuity for pattern detection 
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and color vision. All the photoreceptors have an outer segment that contains the visual 

pigment and an inner segment which contains the nucleus. 

 

2. Interneurons 

 

The bipolar, the horizontal and the amacrine cells are called as interneurons and their cell 

bodies make up the inner nuclear layer. 

 

3. Bipolar cells 

 

Bipolar cells are a class of retinal interneurons that selectively contact either rods or 

cones and send the signal to the ganglion cells. 

 

4. Horizontal cells  

 

Horizontal cells are the local circuit neurons, which interconnect the photoreceptors 

laterally across the plane of the outer plexiform layer of retina. The processes of 

horizontal cells modulate and transform the visual information that is conveyed to brain. 

 

5. Amacrine cells 
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Amacrine cells are a class of neurons, which forms synaptic contacts with the axons of 

bipolar cells, the dendrites of interplexiform, ganglion cells as well as with other 

amacrine cell processes. 

 

6. Ganglion cells 

 

Ganglion cells are the retinal neurons whose cell bodies lie internal to the inner plexiform 

layer; their dendrites branch in the inner plexiform layer, where they receive synapses 

from bipolar and amacrine cells. The axons of the ganglion cells form the optic nerve. 

 

7. Muller cells 

 

Muller cells are the glial cells of retina and gives the basic architectural support to retina 

and extends radially across the entire thickness of retina to from outer and inner limiting 

membranes. 

 

In histologic sections, the retina is seen to consist of ten layers (shown in Fig 1.1). 

The outermost layer is the retinal pigment epithelium (RPE), consisting of melanin 

granules which help in the absorption of scattered light and increase the efficiency of 

photoreceptors. The RPE also acts as blood retinal barrier, helps in transport of nutrients, 

is essential for metabolism of vitamin A derivatives, and performs phagocytosis of outer 

segments of rods and cones. Inner to the RPE is the layer of rods and cones, which 

consists of the photoreceptor outer and inner segments. The outer segments contain visual 
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pigment and function in phototransduction, while the inner segment contains their 

metabolic machinery i.e the nucleus and dense aggregation of mitochondria. The external 

limiting membrane is adjacent to the photoreceptor inner segments and is formed by the 

Muller cell tight junction connections with the photoreceptors. The next layer consists of 

the outer nuclear layer, which is formed by the nuclei of rods and cones. Inner to the 

outer nuclear layer is the outer plexiform layer, containing synapses between the 

photoreceptors and horizontal and bipolar cells. Interior to this is the inner nuclear layer, 

containing the nuclei and cell bodies of bipolar cells, horizontal cells and muller cells, 

followed by the inner plexiform layer, which is made up of synapses between bipolar, 

amacrine and ganglion cells. The innermost cell layer is the ganglion cell layer, which 

consists of cell bodies of ganglion cells. Inner to this is the nerve fiber layer, which 

consists of the axons of ganglion cells. The innermost layer of retina is the internal 

limiting membrane, formed by the projections of the Muller cells (Blanks et al., 1994).  
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Figure 1.1: Section of the human retina showing the different layers. From the inner 
to the outer retina, these are- internal limiting membrane (ILM), nerve fiber layer 
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer 
(INL), outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting 
membrane (ELM), inner segments (INS) and  outer segments (OS) of the 
photoreceptors, retinal pigment epithelium (RPE), chorio capillaris (CC) (Picture 
taken from Forrester et al., 2001). 
 

 

1.1.2 Topography of the retina 

 

The retina varies in thickness in different regions from about 0.1 mm to 0.5 mm (Reh et 

al., 2001). It has regional specializations that are of functional importance. 

 

1. Fovea 

 

Fovea is on the optic axis of the globe. A beam of light perpendicular to the center of the 

compound lens system of the eye will fall on the fovea. The fovea is 1.5 mm in diameter 

and in its center lies the foveal pit, which is 0.1 mm in diameter. This foveal pit is free of 

cells, except for the outer segments of red and green cones. The central most region 

subtending about 2 degrees of visual angle, is thought to be free of blue cones. The cones 

of the fovea are specialized with an extremely high packing density (Blanks et al., 1994). 

 

2. Area centralis–Macula 
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The area centralis surrounds the fovea. It is more than one cell thick. It is about 6 mm in 

diameter and extends nasally from the fovea, almost reaching the nerve head margin. The 

macula lutea or the yellow spot extends about 1 mm laterally and 0.8 mm above and 

below the fovea. The fovea is surrounded by parafoveal ridge, a region of retina 

thickened by layers of ganglion cells and cells of inner nuclear layer displaced from the 

fovea (Blanks et al., 1994). Macula is a region of highest visual acuity and the best color 

vision. This is due to the presence of highest density of cones in the central foveal region 

of macula. However this density decreases as we move away from the fovea.  

 

 

1.1.3 Distribution of photoreceptors   

 

The density of cones is maximal at the fovea, with an average of 199,000 cones/mm2, but 

the number of cones is highly variable and ranges from 100,000 to 324,000 cones/mm2. 

With increasing distance away from the center of the fovea, the density of cones 

decreases rapidly. This density is 40-45 % greater on the nasal than on the temporal 

retina, and slightly lower in the superior than in the inferior retina at the mid periphery. 

The distribution of rods and cones is heterogeneous. The regional heterogeneity of 

photoreceptors provides a mean for a visual image to differ across the visual field. Rods 

are also distributed unevenly across the retina. There is no rod photoreceptor with in 

approximately the central 0.35 mm of the fovea. The highest concentration of the rods 

occurs along a contour that describes a broad, horizontally oriented ellipse with the same 

eccentricity as the center of optic disc and extending towards the nasal and superior 
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retina. The density of rods slowly decreases from this area to the far periphery. The nasal 

retina has 20-25% more rods than temporal retina and superior retina has 2% more rods 

than the inferior retina (Bron et al., 1997). 

 

 

1.1.4 Structure of photoreceptors 

 

Photoreceptors can be divided into three compartments, namely the outer segment, the 

inner segment and the synapse (Figure 1.2). The outer segments contain photosensitive 

visual pigment rhodopsin in rods and cone opsin in cones. Outer segments have the 

highly specialized function of converting the light energy into the nerve impulses. The 

inner segment contains the cells protein synthesis (golgi body and endoplasmic 

reticulum) and the metabolic machinery (nucleus and mitochondria). The synaptic 

connections are made by second order retinal neuron (bipolar and horizontal cells) 

utilizing an inhibitory neurotransmitter, glutamate. The nerve impulse generated in the 

outer segments during the phototransduction cascade flows rapidly from the outer 

segment to the inner segment and to the synaptic terminal leading to the release of 

neurotransmitter (Bron et al., 1997). 

 

The outer segment of rods is cylindrical in shape and contains stacks of flattened 

double lamellae in the form of discs (shown in Figure 1.2). The number of discs varies 

from 600 to 1000 per rod and each disc has a thickness of 22.5–24.5 nm (Bron et al., 

1997). No attachments are seen between the discs or between the discs and the enclosing 
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plasma membrane. The discs contain 90% of the visual pigment in the rod while the 

remaining visual pigment is scattered on the surface of plasma membrane (Bron et al., 

1997). The outer segment of cones has a morphology that differs depending on the 

location of cones in the retina. At the ora serrata and at the periphery the cone outer 

segments are short and conical, while at the fovea centralis cone outer segments are long 

and resemble the rods. The cone outer segments have more discs (1000-1200 per cone 

cell) than the rod outer segments. Unlike the rod discs the cone discs are attached to each 

other as well as to the surface of plasma membrane (Bron et al., 1997) 
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Figure 1.2. Schematic representation of the structure of the rod and cone cells. 
(Taken from http://thebrain.mcgill.ca ) 
 

 

1.2 Embryology 

 

Experimental embryology of developing eye has been carried out in various organisms 

like zebrafish, frog, chick, drosophila, etc and the process of eye development is largely 

conserved (Gehring et al., 1999, Neumann et al., 2000). The eye is formed almost 

entirely from the ectoderm, however the mesodermal layer contributes to the vascular 

endothelial cells and extraocular (striated) muscles.  

 

Within the eye, the retina is a highly conserved part of the central nervous system, 

with similar cell types and gene activity from drosophila to humans (Zaghloul et al., 

2005). The specification of retinal cell fate begins early in embryogenesis, even before 

gastrulation and the establishment of the neural plate (Figure 1.3). First, a subset of 

pluripotent embryonic cells during cleavage stage acquire the competence to contribute to 

the retina. From this competent pool, a smaller subset is biased to become the definitive 

embryonic retina producing precursors. Later a specified retinal stem cell population 

emerges from the lineage to form the eye field in the anterior neural plate, which gives 

rise to all the structures of the mature retina. Further interactions during neural tube 

morphogenesis segregate this population into three major compartments: optic stalk, 

retinal pigment epithelium (RPE) and neural retina (Figure 1.3). Each of these 

compartments goes in to produce different subset of retinal progenitor cells that 
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ultimately produce several classes of specialized cells: cone and rod photoreceptors in the 

outer nuclear layer, horizontal, bipolar, amacrine and muller glial cells in the inner 

nuclear layer and ganglion cells in the ganglion cell layer (Zaghloul et al., 2005). 

 

Figure 1.3. Development of the retina. Shown are the different steps of retinal 
development. At first a subset of embryonic cells acquires competence to become the 
retina. In response to retinogenic signals some of the cells become DRPs (definitive 
embryonic retina producing precursors) which eventually forms RSCs (retinal stem 
cells). Next the RSCs separate into right and left optic primordia which give rise to 
optic vesicle and eventually to optic cup. Optic cup separates into 3 domains (optic 
stalk (OS), RPE and neural retina (NR)) each of which contains region specific 
RPCs (retinal progenitor cells), which give rise to differentiated cell types of retina 
(This figure is taken from Zaghloul et al., 2005). 

 

These various classes of retinal cells are not produced at a time, by the progenitor 

cells, rather one cell class induces the progenitor cells to make next cell type in a 

sequential process (Reh et al., 2001). Based on the studies done on rat and mouse models, 

it has been suggested that the retinal progenitor cells change over development in the cell 
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types they are competent to give rise to. Firstly the default state is the retinal ganglion 

cells. Next, the progenitor cells shift their competence so that they are more likely to 

produce horizontal cells, and then cone photoreceptor, followed by amacrine cells, rod 

photoreceptor, bipolar cells, and Muller glia cells (Rapaport et al., 2004). 

 

The appropriate development of the structures like neural retina and pigment 

epithelium requires the interaction with the adjacent tissues. This is evident from an 

experiment (Pittack et al., 1997) which showed that if the optic vesicle is isolated from 

the surrounding epidermis and mesenchyme, then the differentiation is arrested at the 

optic vesicle stage and the eye does not forms. It has been found that the lens ectoderm 

immediately adjacent to the presumptive neural retina of the optic vesicle expresses a 

fibroblast growth factor (Moshiri et al., 2004) and treatment of the developing chick optic 

vesicle with exogenous fibroblast growth factor or with the antibodies against this factor 

causes perturbation in the development of retina (Pittack et al., 1997). There is evidence 

showing that fibroblast growth factor controls eye development through its action on a 

class of transcription factors that bind to DNA and selectively activate the genes 

important for eye development (Moshiri et al., 2004). 

 

 

1.2.1 Retinal differentiation 

 

Differentiation of photoreceptors in the retina of various species has been studied and it 

has been found that in all the vertebrates the cone photoreceptors are generated before the 
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rod photoreceptors (Levine et al., 2000). In vitro experiments with chick embryo tissue 

destined to form retinal progenitor cells have suggested that cones are not dependent on 

the surrounding cells for differentiation, while the differentiation of rods in vitro requires 

a critical cell density suggesting a requirement of signaling molecules from surrounding 

cells.  Some of the factors that promote rod photoreceptor differentiation are hedgehog 

factors, activin, retinoic acid, ciliary neurotrophic factor and fibroblast growth factor 

(Levine et al., 2000).  

 

Differentiation of the inner retina starts immediately after the final mitotic 

division at their ventricular surface. Retinal cells then migrate to their appropriate lamina. 

As they migrate, the different types of neuron begin to take on some morphological 

features of their characteristic cell type. For example, ganglion cells begin to elongate 

their axon before the point when their lamina reaches the ganglion cell layer. The next 

phase in the differentiation of retinal neurons is the growth of dendritic processes. In the 

last stages of differentiation the retinal neurons make morphologically identifiable 

synapses with one another and express their transmitters and receptors. The time course 

of these events overlaps considerably (Reh et al., 2001). 

 

 

1.2.2 Retinal maturation 

 

As the retina matures, nearly all the events continue to proceed in a central to peripheral 

direction. Once the process of retinal histogenesis is complete, remodeling continues 
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primarily in the form of retinal stretch, owning to steadily increasing intraocular pressure. 

The development of the fovea in primates is another aspect of later retinal development 

(Reh et al., 2001).  

 

 

1.3. Phototransduction 

 

Phototransduction is the process by which a photon of light captured by a visual pigment 

generates an electrical response in a photoreceptor cell. The phototransduction cascade 

can be divided into three phases (Pugh et al., 1993, Dizhoor et al., 1994, Chen et al., 

1995, Calvert et al., 1995, Burns et al., 2005) (depicted in Figure 1.4) 

 

1. Activation and signal amplification 

2. Recovery of photoresponse 

3. cGMP restoration 

 

1. Activation of the phototransduction cascade and signal amplification 

 

Opsin proteins which are integral membrane proteins, bound to a 11-cis retinal 

chromophore form the vertebrate visual pigments. 11-cis retinal is a light sensitive 

chromophore attached to the opsin protein molecule. Rhodopsin is a protein consisting of 

rod opsin bound to 11-cis retinal chromophore. Capture of a single photon results in the 

isomerization of the chromophore 11-cis retinal to all-trans retinal. The 
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photoisomerization reaction converts the rhodopsin molecule into another species termed 

metarhodopsin II (R*). This activated molecule activates a heterotrimeric (three non-

identical subunits) GTP-binding protein, transducin, by exchanging the GDP bound to the 

α subunit of transducin with GTP. This results in the formation of transducin-GTP 

complex (Gαt-GTP). At this stage of phototransduction cascade the signal amplification 

is achieved by the activation of multiple transducin molecules by a single R*. Studies on 

the toad (Bufo marinus) have shown that 120-150 transducins per second are activated by 

a single R* (Leskov et al., 2000). Further, Gαt-GTP activates phosphodiesterase (PDE), 

which is complexed with cGMP, by binding to the γ subunit of PDE. Activated PDE 

hydrolyses cGMP to 5’ GMP. The cGMP is involved in the activity of cationic channels. 

cGMP binds to the cationic channels in the dark thereby opening them (Figure 1.4), so 

that there is an influx of Ca2+ and Na+ ions into the cell. Hydrolysis of cGMP by activated 

PDE leads to the closing of channels, in turn interrupting the steady inward current of 

Na+ and Ca2+, thus hyperpolarizing the cell and decreasing the neurotransmitter release at 

the synaptic terminal (Figure 1.4) (Pugh et al., 1993, Jindrova et al., 1998, Thompson et 

al., 2003). 

 

2. Recovery of photoresponse 

 

Recovery is essential for the photoreceptors to respond to subsequently absorbed photons. 

Recovery to the dark states requires efficient termination of the each of the steps of the 

phototransduction cascade. Inactivation of R* is achieved by the phosphorylation of R* 

by rhodopsin kinase. A calcium-binding protein recoverin regulates the activity of 
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rhodopsin kinase in a calcium-dependent manner. Recoverin contains a covalently 

attached N-terminal myristoyl group. Ca2+ binding to recoverin extrudes this myristoyl 

group of the protein and enables it to interact with disc membranes and this membrane-

binding inhibits the activity of rhodopsin kinase (Calvert et al., 1995). Rhodopsin kinase 

is inhibited in the dark when intracellular calcium is high. The next step in R* 

inactivation is the binding of arrestin to phosphorylated rhodopsin, preventing further 

activation of of transducin by steric hindrance. The termination of transducin activity is 

achieved by the hydrolysis of transducin (Tα) bound GTP to GDP, in the presence of 

regulator of G protein signaling (RGS9) (Burns et al., 2005, Jindrova et al., 1998). 

 

3. cGMP restoration 

 

In the presence of light, the cGMP-gated channels are closed due to which entry of Ca2+ 

through the cGMP gated channels is stopped while Ca2+ continues to be extruded through 

the Ca2+K+/Na+ exchanger (Figure 1.4) This leads to a decline in the Ca2+ concentration 

of the photoreceptor cell. This fall in Ca2+ is detected by a Ca2+ binding protein called 

guanylate cyclase activating protein (GCAP) which rapidly stimulates cGMP synthesis 

by guanylate cyclase (Dizhoor et al., 1994, Burns et al., 2005). Once the cGMP levels are 

restored the cationic channels open again. 
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Figure 1.4. The phototransduction cascade in the rods. Abbreviations used: R 
(Rhodopsin), R* (activated rhodopsin), T (Transducin), GCAP (guanylate cyclase 
activating protein), PDE* (activated phosphodiesterase), GMP (guanosine 
monophosphate), GTP (guanosine triphosphate), IPM (inter photoreceptor 
matririces), GC (guanylate cyclase). (Taken from 
http://depts.washington.edu/ophthweb/KPgraphpic.html ). 
 

 

1.4 Visual cycle 

 

The visual cycle comprises a series of enzymatic reactions that help in the regeneration of 

11-cis retinal from all-trans retinal. The process of vision begins with the 
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photoisomerization of visual pigment chromophore 11-cis retinal to all-trans retinal. For 

opsin to function in vision, it must reunite with another 11-cis retinal molecule to produce 

rhodopsin or cone opsins. But neither rods nor cones can regenerate 11-cis retinal without 

the involvement of other ocular cells (Mata et al., 2002). The regeneration of 11-cis 

retinal is accomplished by the cycling of vitamin A analogs between the photoreceptors 

and retinal pigment epithelium, in case of rods (Rando et al., 2001) which is well 

accepted, and recently it has been proposed (Calvert et al., 1995) that in case of cones the 

Muller cells are involved in the regeneration of 11-cis retinal (Figure 1.5). 

 

 

1.4.1 Visual cycle in rods 

 

On absorption of light by rhodopsin, the chromophore of rhodopsin, 11-cis retinal, gets 

isomerised to all-trans retinal.  All-trans retinal formed after photoisomerization 

eventually gets detached from opsin, as a result photochemically inactive opsin and all-

trans retinal are formed. For opsin to function again in vision, it must reunite with a 

molecule of 11-cis retinal, to form a rhodopsin molecule. The all-trans retinal is short 

lived in photoreceptors, as it is chemically highly reactive (Lamb et al., 2004), and is 

rapidly reduced to all-trans retinol by alcohol dehydrogenase enzyme (RDH12) in the 

photoreceptor outer segments. All-trans retinol (vitamin A) thus formed leaves the 

photoreceptor outer segment and is transported to retinal pigment epithelium (RPE) by 

interphotoreceptor retinoid-binding protein (IRBP), which is found in the 

interphotoreceptor space. On entry to the RPE all-trans retinol is recognized by cellular 
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retinol binding protein (CRBP), which is highly specific for binding to all-trans retinol in 

comparison to other isomers including 11-cis retinol (Lamb et al., 2004). Next the all-

trans retinol is esterified to all-trans retinyl esters in the presence of lecithin retinol acyl 

transferase (LRAT) enzyme by transferring the acyl group of lecithin to all-trans retinol. 

All-trans retinyl esters formed are then isomerized and hydrolyzed to 11-cis retinol by as 

single enzyme called isomerohydrolase/RPE65 (Moiseyev et al., 2005). The final step in 

the generation of chromophore is the oxidation of 11-cis retinol to 11-cis retinal by 11-cis 

retinol dehydrogenase enzyme (RDH5) (Simon et al.,1999). The 11-cis retinal 

regenerated in the RPE is transported to the outer segments of the photoreceptor through 

IRBP and the bleached opsin is regenerated and the rod visual cycle is completed (Figure 

1.5) (Carlson et al., 1992, Rando et al., 2001). 

 

 

 

 

 

 

Figure 1.5. Schematic of visual cycle in rods (left) and cones (right). (Schematic 
drawn by taking the concept form Rando et al., 2001, Mata et al., 2002)  
 

 

1.4.2 Visual cycle in cones 
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Through experiments on the retinas of cone-dominated animals (chicken and ground 

squirrel) Mata and coworkers (2002), have proposed that the cones regenerate their visual 

pigment by using Muller cells.  Apart from similarities with the rod visual cycle, visual 

pigment regeneration in cones shows three catalytic activities, as shown in Figure 1.5 

(Mata et al., 2002). 

 

The all-trans retinol generated in the cones is transported to the Muller cells, 

where all-trans retinol is isomerized to 11-cis retinol by all-trans retinol isomerase in the 

presence of palmitoyl coenzyme A. The 11-cis retinol formed is converted to 11-cis 

retinyl ester by a second enzyme called 11-cis retinyl ester synthase which is distinct 

from lecithin retinol acyltransferase (LRAT) (Mata et al., 2002). This enzyme catalyses 

the formation of 11-cis retinyl esters but not the all-trans retinyl esters. The11-cis retinyl 

ester is then converted to 11-cis retinol by retinyl ester hydrolase enzyme, and is 

transported to the cones by interphotoreceptor retinoid-binding protein (IRBP). In the 

cones 11-cis retinol is converted to 11-cis retinal by 11-cis retinol dehydrogenase. This 

dehydrogenase is different from the enzyme of the rod visual cycle in that it uses NADP+ 

as cofactor (Mata et al., 2002), while 11-cis retinol dehydrogenase of the rod visual cycle 

uses NAD+ as cofactor (Jang et al., 2000). The 11-cis retinal is used to regenerate the 

cone opsins, and the cone visual cycle is completed. 
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1.5 Retinal dystrophies 

 
Retinal dystrophies are a group of disorders characterized by inherited, progressive 

dysfunction, cell loss and eventual atrophy of retinal tissue. Retinal dystrophies are 

heterogeneous both genetically and clinically and involve primarily the degeneration of 

photoreceptors. They are classified according to the type of photoreceptor (rod or cone) 

primarily involved and on the mode of inheritance. Further, in certain forms, there are 

manifestations of disease that are restricted to the retina (non-syndromic) or involve 

dysfunction of other organs apart from the eye (syndromic). The involvement of both 

rods and cones in advanced stages of disease in several of these disorders may make them 

clinically indistinguishable.  

 

 

1.5.1 Classification 

 

Retinal dystrophies can be broadly classified into following types: 

1. Rod and rod-cone dystrophies  

2. Cone dystrophies 

3. Macular dystrophies 

4. Leber congenital amaurosis 

 

 

1.5.1a. Rod and rod-cone dystrophies 
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Rod and rod-cone dystrophies include those retinal dystrophies which primarily involve 

the degeneration of rod photoreceptors. Loss of rod photoreceptors can be progressive or 

non-progressive. The progressive forms are termed rod-cone types as loss of rod cells 

eventually lead to loss of cone photoreceptors, while in the non-progressive forms, only 

rod cells are lost.  

 

A. Progressive forms of rod and rod-cone dystrophies 

 

i. Retinitis pigmentosa 

 

Retinitis pigmentosa is a major form of rod-cone type of retinal dystrophy, which arises 

due to the primary degeneration of rod photoreceptors. As a consequence of this, visual 

impairment manifests initially in the form of night blindness and peripheral visual field 

loss. The visual field loss may be restricted to a small area, unnoticed by the patient, or it 

may be so severe as to result in profound loss of peripheral visual field, also known as 

tunnel vision. Degeneration of cones occurs in later stages, resulting in loss of central 

vision and may eventually lead to total blindness (Berson, 1993). Retinitis pigmentosa 

(RP) is extremely genetically heterogeneous being inherited in autosomal, sex-linked and 

mitochondrial modes. One of the characteristic features associated with RP is the 

formation of pigmentary deposits which arise from the RPE cells that detach and migrate 

through the Bruchs membrane as photoreceptor loss progresses and deposit around blood 

vessels as perivascular clusters in the form of bone spicules. Other clinical signs include 
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attenuation of retinal vessels as a result of degeneration of the retina, diminished or 

extinguished electroretinogram (ERG) reflecting the loss of photoreceptor activity,  and 

pallor of the optic disc (Berson, 1993). 

 

The term retinitis pigmentosa was first described by Donders in 1855 and 1857 

(Richard et al., 1994). Retinitis means inflammation of retina, but as inflammation is not 

a prominent part of the pathophysiology of the condition, the term is inaccurate. World-

wide prevalence of RP varies from 1 in 3000-5000 (Haim et al., 1992, Bundey et al., 

1984, Bunker et al., 1984) to 1 in 1000 (Xu et al., 2006). According to the Andhra 

Pradesh Eye Disease Study (APEDS) the prevalence of blindness due to RP in Andhra 

Pradesh is 1 in 1000 (Dandona et al., 2001). 

 

RP is sometimes associated with involvement of other tissues in addition to the 

retina. Usher syndrome is the most common forms of syndromic RP. It is defined as an 

autosomal recessive congenital deafness with retinopathy, which is indistinguishable 

from typical RP. It is the most common syndrome associated with RP (Boughman et al., 

1983, Hope et al., 1997). Bardet-Biedl Syndrome (BBS) is another major type of 

syndromic RP. It is characterized by five main features, retinopathy, polydactyly, 

congenital obesity, mental retardation and hypogenitalism (Steiner, 1990). If paraplegia 

(paralysis of lower half of body) is present along with mental retardation and retinopathy 

then this is referred to as Laurence-Moon-Bardet-Biedl syndrome (Clay, 1933). The 

fundus in BBS shows very little pigmentary dispersion in the early stages. Macular 
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abnormalities are seen in the form of macular wrinkling, preretinal membrane formation 

and leakage on fluorescein angiogram from paramacular capillaries (Steiner, 1990). 

 

Sectoral retintis pigmentosa is an atypical variant of RP which is characterized by 

late onset, regionalized areas of bone spicule pigmentation, which is usually found in 

inferior quadrant of retina, subnormal electroretinograms, visual field defects 

corresponding to the sector areas involved and slow to no progression (Richard et al., 

1994). 

 

B. Non-progressive forms of rod dystrophy 

 

Congenital stationary night blindness (CSNB) is a non-progressive type of retinal 

dystrophy which involves the impairment of only rod photoreceptors. Rod 

electroretinograms are severely impaired while the fundus appears normal and cone 

function is normal (Carr, 1974). 

 

Fundus albipunctatus is a type of congenital stationary night blindness which is 

inherited in an autosomal recessive form, characterized by multiple white yellow spots 

located in the RPE and by a delayed course of dark adaptation. These patients show 

severely depressed rod function during dark adaptation, however after 2-3 hours of dark 

adaptation rod sensitivity improves to the normal level. The cone electroretinograms are 

also abnormal (Lamb et al., 2004). Newfoundland rod–cone dystrophy is similar to 

fundus albipunctatus but with a lower age of onset (1st decade) and more rapid 
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progression and substantial or total loss of vision by 4th or 5th decade of life (Eichers et 

al., 2002). 

 

There are other syndromic forms that involve pigmentary retinopathy along with 

the disorders of the other organs. Examples are Leigh syndrome, Refsum syndrome, 

Kearns-Sayre syndrome, Battens disease, Alagille syndrome, Bassen-Kornzweig 

syndrome, Alstrom syndrome etc (Richards et al., 1994) 

 

 

1.5.1b. Cone dystrophies 

 

Cone dystrophies are a group of retinal dystrophies that are characterized by bilateral 

visual loss, color vision abnormalities, central scotomata, nystagmus, photophobia and 

abnormal cone electroretinograms. Cone dystrophies shows genetic as well as clinical 

heterogeneity, and can be inherited as autosomal dominant, autosomal recessive or X 

linked types. They can be divided into two subtypes, stationary and progressive.  

 

1. Stationary cone dystrophies 

 

The stationary sub-types of cone dystrophy are congenital and have normal rod function 

(Michaelides et al., 2004). Stationary cone dystrophies can be further divided into; 

complete achromatopsia, incomplete achromatopsia and oligicone trichromacy 

(Michaelides et al., 2004). 
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2. Progressive cone dystrophies 

 

Progressive cone dystrophies, also referred to as cone-rod dystrophies, are a variant of 

RP, and show an involvement of cone photoreceptors along with rod photoreceptors. 

Cone-rod dystrophies are genetically heterogeneous and show a more central loss of 

visual field and greater degree of early changes in the cone-dominated central retina. 

Colour vision is also compromised. Other clinical features include photophobia, 

nystagmus and visual field abnormalities like central scotomata, peripheral field loss, and 

generalised depression of sensitivity and ring scotomata (a ring shaped area of diminished 

vision in the visual field). Fundus examination may show a bull’s eye maculopathy 

(concentric alternating light and dark areas in the macular region), but in the later stages 

there may be peripheral atrophy and pigmentation (Simunovic et al., 1998).  

 

 

1.5.1c. Macular dystrophies 

 

Macular dystrophies are defined as a group of disorders that are characterized by central 

visual loss with the atrophy of the macula and the underlying retinal pigment epithelium. 

They mostly develop in the 1st and 2nd decades of life. Macular dystrophies show clinical 

and genetic heterogeneity. Autosomal dominant, autosomal recessive, X-linked and 

mitochondrial modes of inheriance have been reported. Types of of the macular 

dystrophies include Bests-vitelliform dystrophy, Sorsby fundus dystrophy, Stargardts 
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disease, fundus flavimaculatus, Doyne honeycomb retinal dystrophy, North Carolina 

macular dystrophy, progressive bifocal chorioretinal atrophy, central areolar choroidal 

dystrophy, butterfly shaped macular dystrophy and  dominant cystoid macular dystrophy 

(Richards et al., 1994). 

 

 

1.5.1d. Leber Congenital Amaurosis (LCA) 

 

 LCA is a severe form of retinal dystrophy that is congenital in onset. It is mostly 

inherited as an autosomal recessive form and is genetically heterogeneous. Autosomal 

dominant inheritance has also been reported in LCA (Sohocki et al., 1998, Bowne et al., 

2006). Patients often have nystagmus (involuntary movements of eye ball) resulting from 

inability to fix due to very poor vision. The characteristic feature of LCA is a diminished 

electroretinographic (ERG) response recordable within the first year of life. The fundus 

may be initially normal, but shows abnormalities in the form of salt and pepper 

pigmentation, attenuation of retinal vessels, atrophy of RPE and choriocapillaris (Perrault 

et al., 1999) Syndromic forms of LCA exist and these are Refsum disease (Russell-Eggitt 

et al., 1989), Senior-Loken syndrome (Ehara et al., 1997) and Joubert syndrome (Parisi et 

al., 2007)  
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1.6 Genetics of RP 

 

1.6.1 Overview of genes causing RP 

 

This section provides an overview of genetics of RP, with a more detailed discussion on 

the genes known to cause ARRP, since this form was the major focus of this study. 

 

RP is genetically heterogeneous and can occur with the following types of inheritance: 

Autosomal Dominant  

Autosomal Recessive 

X linked  

Digenic  

Mitochondrial 

 

There are 18 genes identified so far for ADRP, 23 genes for ARRP, 2 for XLRP and 

atleast 3 mitochondrial genes. Details of the genes are summarized in Tables 1.1-1.4. 

 

 

Table 1.1. Genes involved in ADRP. 

 

# Gene Location Function First report  

1 RHO * 3q22.1 Photosensitive pigment in phototransduction 
(Nathans et al., 1992) 

Dryja et al., 
1990 

2 PRPH2 6p21.2 OS disc structure (Molday et al., 1994) Kajiwara et al., 
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1991 

3 ROM1 11q12.3 
Regulation of disk morphogenesis and the 
viability of mammalian rod photoreceptors 
(Clarke G et al., 2000). 

Sakuma et al., 
1995 

4 CRX 19q13.32 Transcription factor (Furukawa et al., 1997) 
Freund et al., 
1998, Sohocki 
et al., 1998 

5 NRL * 14q11.2 Transcription factor (Bessant et al., 1999) Bessant et al., 
1999 

6 RP1 * 8q12.1 
Likely role either in the transportation of protein 
from inner segments to outer segments or in the 
maintenance of cilial structure  (Liu et al., 2002) 

Sullivan et al., 
1999 

7 PRPF8 17p13.3 Pre-mRNA splicing (Luo et al., 1999) Mckie et al., 
2001 

8 PRPF31 19q13.42 Pre-mRNA splicing (Vithana et al., 2001) Vithana et al., 
2001 

9 FSCN2 17q25.3 
Likely role in the assembly of actin 
microfilaments associated with photoreceptor 
discs (Tubb et al., 2000) 

Wada et al., 
2001 

10 IMPDH1 7q32.1 
Catalyzes the formation of xanthine 
monophosphate from inosine monophosphate 
(Aherne et al., 2004) 

Bowne et al., 
2002 

11 PRPF3  1q21.2 Pre-mRNA splicing (Wang et al., 1997) Chakarova et 
al., 2002 

12 PAP1 7p14.3 Unknown Keen et al., 
2002 

13 CA4 17q23.2 Reversible hydration of carbon dioxide (Yang et 
al., 2005) 

Rebello et al., 
2004 

14 GUCA1B 6p21.1 
Activates photoreceptor guanylyl cyclase in a 
calcium-dependent manner  (Gorczyca et al., 
1995) 

Sato et al., 
2005a 

15 SEMA4A 1q22 Likely role in cell cell interactions between 
photoreceptors and RPE (Rice et al., 2004) 

Abid et al., 
2005 

16 NR2E3 15q23 

Acts synergistically with other transcription 
factors like NRL and CRX and activates rod-
specific genes essential for differentiation of rod 
photoreceptors  (Cheng et al., 2004) 

Coppieters et 
al., 2007 

17 TOPORS 9p21.1 Likely role as as a ubiquitin ligase for 
transcription factors (Rajendra et al., 2004) 

Chakarova et 
al., 2007 

18 RDH12 14q24.1 
Catalyzes reduction of all-trans retinal and its 9-
cis, 11-cis , and 13-cis retinal isomers in the 
presence of NADPH (Maeda et al., 2006). 

Fingert et al., 
2008 

 
Genes marked with astrisk (*) are also involved in ARRP.  Gene symbols used are- rhodopsin 
(RHO), retinal degeneration slow (RDS), retinal outer segment membrane protein 
(ROM1), cone-rod homeobox (CRX), neural retina zipper (NRL), retintis pigmentosa 1 
(RP1),  pre-mRNA processing factor 8 homolog (PRPF8), pre-mRNA processing factor 
31 homolog (PRPF31), fascin homolog 2 (FSCN2), inosine monophosphate 
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dehydrogenease 1 (IMPDH1), pre-mRNA processing factor 3 homolog (PRPF3), pim1 
associated protein (PAP1), carbonic anhydrase IV (CA4), guanylate cyclase activator 1B 
(GUCA1B), semaphorin (SEMA4A), nuclear receptor subfamily 2, group E, member 3 
(NR2E3), topoisomerase I binding, arginine/serine-rich (TOPORS), retinol 
dehydrogenase 12 (RDH12) 
 
 
 
Table 1.2. Genes involved in ARRP. 
 

# Gene Location Function First report  

1 PDE6B 4p16.3 
Hydrolysis of cGMP in phototransduction 
(Jindrova et al., 1998) 

McLaughlin et 
al., 1993 

2 CNGA1 4p12 

Forms a cGMP-gated cation channel in the 
plasma membrane, allowing depolarization of rod 
photoreceptors (Dhallan et al., 1992) Dryja et al., 1995

3 PDE6A 5q33.1 
Hydrolysis of cGMP in phototransduction (Ionita 
et al., 2007) 

Huang et al., 
1995 

4 RLBP1 15q26.1 

Facilitates conversion of all-trans retinyl esters to 
11-cis retinol and prevents esterification of 11-cis 
retinol (Noy et al., 2000) Maw et al., 1997 

5 ABCA4 1p22.1 

Transports all-trans retinylidene-
phosphatidylethanolamine across the disc 
membrane (Ahn et al., 2003) 

Allikmets et al., 
1997a 

6 RPE65 1p31.2 

Involved in the isomerization and hydrolysis of 
all-trans retinyl ester to 11-cis retinol (Moiseyev 
et al., 2005). Gu et al., 1997 

7 SAG 2q37.1 

Inhibits activated phototransduction pathway, 
either by binding to the photoexcited 
phosphorylated rhodopsin or by inhibiting the 
cGMP phosphodiesterase (Yamaki et al., 1990) 

Nakazawa et al., 
1998 

8 TULP1 6p21.31 
Likely role in protein trafficking (Hagstorm et 
al., 1999). 

Banerjee et al., 
1998 

9 RGR 10q23.1 
Required in the conversion of all-trans retinal to 
11-cis retinal (Chen et al., 2001). 

Morimura et al., 
1999a 

10 USH2A 1q41 
Tissue- specific extracellular matrix protein 
(Eudy et al., 1998). 

Rivolta et al., 
2000 

11 MERTK 2q13 
Phagocytosis of apoptotic cells (Scott et al., 
2001) Gal et al., 2000 

12 PNR 15q23 

Acts synergistically with other transcription 
factors like NRL and CRX and activates rod-
specific genes essential for differentiation of rod 
photoreceptors (Cheng et al., 2004). 

Gerber et al., 
2000 

13 PROM1 4p15.32 
Likely role in the morphogenesis of disc ( Zelhof 
et al. 2006) Maw et al., 2000 

14 CNGB1 16q13 

Forms a cGMP-gated cation channel in the 
plasma membrane, allowing depolarization of rod 
photoreceptors (Dhallan et al., 1992) 

Bareil et al., 
2001 
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15 CRB1 1q31.3 

Likely role in the neuronal development of retina, 
presumably through protein-protein interaction 
(den Hollander et al., 1999) 

den Hollander et 
al., 2001, Lotery 
et al., 2001 

16 LRAT 4q32.1 

Catalyses the conversion of the membrane- 
associated form of RPE65 to the soluble form of 
RPE65  (Xue et al., 2004) 

Thompson et al., 
2001 

17 CERKL 2q31.3 

Converts ceramide into ceramide-1 phosphate, 
which is a key mediator of cellular apoptosis and 
survival (Tuson et al., 2004) 

Tuson et al., 
2004 

18 PRCD 17q25.1 Unknown 
Zangerl et al., 
2006 

19 EYS 6p12 
Likely role in disc morphogenesis (Collin et al., 
2008) 

Abd El-Aziz et 
al., 2008, Collin 
et al., 2008 

20 IDH3B 20p13 

Catalyze the oxidative decarboxylation of 
isocitrate into alpha-ketoglutarate in the citric 
acid cycle (Hartong et al., 2008)  

Hartong et al., 
2008 

 
 
Genes NRL, RHO and RP1 are involved in both ARRP and ADRP. Gene symbols are- 
phosphodiesterase 6B, cGMP specific beta subunit (PDE6B), cyclic nucleotide gated 
channel alpha 1 (CNGA1), phosphodiesterase 6A cGMP specific alpha subunit (PDE6A), 
retinaldehyde binding protein 1 (RLBP1), ATP binding cassette transporter retinal 
(ABCA4), retinal pigment epithelium specific protein 65kDa (RPE65) arrestin (SAG), 
tubby-like protein 1 (TULP1), retinal G protein coupled receptor (RGR), usher syndrome 
2A (USH2A), c-mer proto-oncogene tyrosine kinase (MERTK)  photoreceptor cell-
specific nuclear receptor gene (PNR), prominin 1 (PROM1), cyclic nucleotide gated 
channel, β1 subunit (CNGB1), crumbs homolog 1 (CRB1), lecithin retinol acyltransferase 
(LRAT), ceramide kinase like (CERKL), progressive rod-cone degeneration (PRCD) eyes 
Shut, Drosophila, homolog of, (EYS, SPAM), isocitrate dehydrogenase 3 (NAD+) beta 
(IDH3B) 
 
 
Table 1.3. Genes involved in XLRP. 
 
# Gene Location Function First report 
1 RPGR Xp11.4 Ciliary protein (Hong et al., 2003) Meindl et al., 1996 
2 RP2 Xp11.23 Unknown Schwahn et al., 1998 
 
Gene symbols refer to retinitis pigmentosa GTPase regulator (RPGR), retinitis Pigmentosa 
gene 2 (RP2) 
 
 
Table 1.4. Mitochondrial genes associated with RP. 
 
# Gene Function First report 
1 MT-ATP6 ATP synthesis (Santorelli et al., 1993) Santorelli et al., 1993 
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2 MT-TS2 mitochondrial translation (Mansergh et al., 1999) Mansergh et al., 1999
3 MT-TH oxidative phosphorylation (Crimi et al., 2003) Crimi et al., 2003 
 
Gene symbols refers to mitochondrially encoded ATP synthase 6 (MT-ATP6), 
mitochondrially encoded tRNA serine 2 (MT-TS2), mitochondrially encoded tRNA 
histidine (MT-TH) 
 
 
 
Table 1.5. Genes involved in autosomal dominant LCA. 
 
# Gene Location Function First report  

1 CRX 19q13.32 Transcription factor (Furukawa et al., 1997) 
Sohocki et 
al., 1998 

2 IMPDH1 7q32.1 
catalyzes the formation of xanthine monophosphate 
from inosine monophosphate (Aherne et al., 2004) 

Bowne et al., 
2006 

 
Gene symbols- cone-rod homeobox (CRX), inosine monophosphate dehydrogenease 1 
(IMPDH1) 
 
 
Table 1.6. Genes involved in autosomal recessive LCA. 
 

# Gene Location Function First report  

1 GUCY2D 17p13.1 

Catalyses the conversion of guanosine 
triphosphate to cyclic 3’, 5’- guanosine 
monophosphate (Perrault et al., 1999). 

Perrault et al., 
1996 

2 RPE65 1p31.2 

Involved in the isomerization and hydrolysis of 
all-trans retinyl ester to 11-cis retinol (Moiseyev 
et al., 2005). 

Marlhens et 
al., 1997 

3 CRX 19q13.32 Transcription factor (Furukawa et al., 1997) 
Swaroop et al., 
1999 

4 AIPL1 17p13.2 Chaperone-like function (Spuy et al., 2004) 
Sohocki et al., 
2000 

5 RPGRIP1 14q11.2 
involved in the disk morphogenesis (Gerber et al., 
2001) 

Dryja et al., 
2001 

6 CRB1 1q31.3 

Likely role in the neuronal development of retina, 
presumably through protein-protein interaction 
(den Hollander et al., 1999) 

Lotery et al., 
2001 

7 LRAT 4q32.1 

Catalyses the conversion of the membrane- 
associated form of RPE65 to the soluble form of 
RPE65  (Xue et al., 2004) 

Thompson et 
al., 2001 

8 RDH12 14q24.1 

Catalyzes reduction of all-trans retinal and its 9-
cis, 11-cis-, and 13-cis retinal isomers in the 
presence of NADPH (Maeda et al., 2006). 

 Perrault et al., 
2004 

9 TULP1 6p21.31 
Likely role in protein trafficking (Hagstorm et al., 
1999). 

Hanein et al., 
2004 

10 RD3 1q32.3 Likely role in cellular processes and influence the Friedman et 
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function of subnuclear bodies (Friedman et al., 
2006) 

al., 2006 

11 CEP290 12q21.32 
Involved in G protein trafficing ( McEwen et al., 
2007) 

den Hollander 
et al., 2006 

12 LCA5 6q14.1 
Associated with  centrosomal or ciliary function 
(den Hollander et al., 2007c). 

den Hollaner 
et al., 2007c 

13 SPATA7 14q31.3 Unknown 
Wang et al., 
2009 

 
Gene symbols refer to- retinal guanylate cyclase 2D (GUCY2D), retinal pigment 
epithelium specific protein 65kDa (RPE65), cone-rod homeobox (CRX), aryl 
hydrocarbon receptor interacting protein like 1 (AIPL1), RPGR interacting protein 
(RPGRIP1), crumbs homolog 1 (CRB1), lecithin retinol acyltransferase (LRAT), retinol 
dehydrogenase 12 (RDH12), tubby like protein 1 (TULP1), chromosome 1 open reading 
frame 36 ( RD3, C1ORF36), centrosomal protein 290 (CEP290), spermatogenesis 
associated protein 7 (SPATA7) 
 

 

1.6.2 Genes involved in ARRP 

 

1. Rhodopsin (RHO, RP4) 

 

The rhodopsin gene is located on chromosome 3q21-q24. The gene codes for a 348 

amino acid protein. Rhodopsin belongs to a family of G-protein coupled receptors, also 

known as 7-transmembrane (7-TM) domain receptors. It is localized on the disc 

membranes as well as on the plasma membrane of the rod outer segments. The N-

terminal part of the protein is enclosed in the intradiscal space; the C-terminal region and 

the intracellular loops face the cytoplasm (Nathans et al., 1992). Rhodopsin has two 

components, a chromophore 11-cis retinal and an opsin protein.  11-cis retinal is bound to 

opsin at lysine 296 by protonated Schiff-base linkage. The 11-cis retinal is the light-

absorbing unit of rhodopsin that allows rhodopsin to mediate vision in dim light. 
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Phototransduction starts with the absorption of a photon of light by rhodopsin. This 

induces cis to trans isomerisation of the rhodopsin chromophore 11-cis retinal, and a 

conformational change of rhodopsin to its active state known as metarhodopsin (II, R*) 

which activates the rhodopsin. The R* catalytically stimulates the G-protein transducin. 

The transducin mediates the signal transmission between the rhodopsin and cGMP 

specific phosphodiesterase (Nathans et al., 1992). The R* is inactivated by its 

phosphorylation with rhodopsin kinase and subsequently by the binding of arrestin.  

 

 Mutations in the rhodopsin gene are a predominant cause of ADRP in American 

and European populations with mutations occurring in 10 to 30% of patients with ADRP 

from these populations (Inglehearn et al., 1992, Bareil et al., 1999, Bunge et al., 1993, 

Sung et al., 1991). Mutations in rhodopsin are also associated with congenital stationary 

night blindness (Dryja et al., 1993) and recessive RP (Rosenfeld et al., 1992). Mutation 

of proline-23 to histidine is found in 12.7% and mutation of proline-347 to leucine is 

found in 5.3% of the US population (Vaithinathan et al., 1994). The presence of the 

uncommon CA allele repeat polymorphism in the first intron of the rhodopsin gene in 

patients with the proline-23 to histidine mutation suggests it to be a founder mutation 

(Dryja et al., 1991) and less likely to be a mutational hotspot. Absence of linkage 

disequilibrium between the mutation of proline-347 to leucine and CA repeat 

polymorphism in the patients with this mutation is suggestive of a mutational hot spot 

(Dryja et al., 1991).  

 

2 & 3. Rod cGMP phosphodiesterase type 6 (PDE 6) (α and β subunits) 
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PDE6 belongs to a family of cyclic nucleotide phosphodiesterases and is an important 

enzyme of phototransduction pathway hydrolyzing cGMP. PDE6 is a membrane-

associated heterotetrameric enzyme and consists of α-, β- and γ-subunits. The α- and β- 

subunits (encoded by the PDE6A and PDE6B genes, respectively) form the catalytic core 

of the enzyme while the 2 identical γ-subunits (encoded by the PDE6G gene) are the 

inhibitory subunits which keep the enzyme in inactive state (Ionita et al., 2007). 

Mutations in the β-subunit cause ARRP (McLaughlin et al. 1993) or autosomal dominant 

CSNB (Gal et al., 1994). 3 to 5% of patients with ARRP have mutations in the PDE6B 

gene (McLaughlin et al. 1993, Bayes et al., 1995). 2.4% of patients with ARRP are 

known to have mutations in the PDE6A gene (Dryja et al., 1999). Till date no mutations 

have been reported in the PDE6G gene in patients with any form of retinal dystrophy, 

although PDE6G mouse model shows features similar to human patients with retinitis 

pigmentosa (Tsang et al., 1996). 

 

4. Cyclic nucleotide gated channel alpha 1 (CNGA1) 

 

Cyclic nucleotide gated channels are tetramers in their native form and composed of two 

subunits, A and B, that adopt a 3A:1B stoicometry (Zhong et al., 2002). The A-subunit 

(α-subunit) is encoded by CNGA1 gene and the B-subunit (β-subunit) is encoded by 

CNGB1 gene and are expressed in the outer segments of rod and cone photoreceptors. 

The CNGA1 gene is located on chromosome 4p12. CNG channel subunit A has carboxy 

terminal leucine zipper domain that helps in the interaction of the two subunits (Zhong et 
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al., 2002). The CNG channels are opened by the direct binding of 3’-5’cyclic guanosine 

monophosphate (cGMP). CNGA1 gene mutations cause 2.3% of autosomal recessive RP 

(Dryja et al., 1995). 

 

5. Cellular retinaldehyde binding protein 1 (RLBP1, CRALBP) 

 

The CRALBP gene is located on chromosome 15q26. CRALBP protein is a 317 amino 

acid protein expressed in the neural retina, RPE, ciliary body, cornea, optic nerve, pineal 

gland and brain (Noy et al., 2000). Within the RPE and neural retina it shows a high 

affinity for 11-cis retinoids. CRALBP is known to have two functions- first, it facilitates 

the conversion of all-trans retinyl esters to 11-cis retinol. Second, it prevents the 

esterification of 11-cis retinol and stimulates its oxidation to 11-cis retinal (Noy et al., 

2000). Mutations in CRALBP are causative of a range of retinal phenotypes namely 

ARRP (Maw et al., 1997), retinitis punctata albescens, Newfoundland rod-cone 

dystrophy (a severe form of retinitis punctata albescens) (Eichers et al., 2002) and 

Bothnia dystrophy (Morimura et al., 1999). 

 

6. ATP binding cassette transporter retinal (ABCA4, RP19)  

 

The ABCA4 gene is located on chromosome 1p22.3-p22.2. The 2273 amino acid protein 

product is known as the Rim protein (Allikmets et al., 1998). The ABCA4 gene is 

exclusively expressed in the retina and the protein is localized to the disc membrane of 

rod outer segments (Sun et al., 2000) as well as in the peripheral and foveal cones 
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(Molday et al., 2000). ABCA4 protein consists of two multispanning membrane domains 

(MSD), that serve as a pathway for the translocation of substrate across the membrane 

and two ATP-binding cassettes or nucleotide binding domains (NBD) that provide energy 

for substrate transport. ABCA4 protein transports all-trans retinylidene-

phosphatidylethanolamine across the disc membrane by utilizing energy from ATP 

hydrolysis (Ahn et al., 2003). The ABCA4 gene is involved in the pathogenesis of 

Stargardts disease, cone rod dystrophy and recessive RP, and is being suggested to be a 

major risk factor in the pathogenesis of AMD by some studies (Allikmets et al., 1997) 

but not by others (De La Paz et al., 1999, Webster et al., 2001). 74% to 79% of patients 

with Stargardts disease have mutations in the ABCA4 gene (Lewis et al., 1999, Rivera et 

al., 2000).  ABCA4 gene is found to be involved in 23.6% to 65% (Ducroq et al., 2002, 

Fishman et al., 2003) of patients with cone rod dystrophy. Mutations in the ABCA4 have 

also been reported in families with ARRP (Martínez-Mir et al., 1998, Cremers et al., 

1998, Rozet et al., 1999, Fukui et al., 2002, Klevering et al., 2004b). 2% (2/96) of 

patients with ARRP are found to have mutations in the ABCA4 gene (Fukui et al., 2002). 

ABCA4 mutation screening is facilitated by a microarray chip which includes ~400 

known disease causing variants as well as polymorphisms in ABCA4 gene (Jaakson et al., 

2003).  This chip was found to be 98% effective in detecting the known variants. Genetic 

testing through this chip is available commercially with Asper Ophthalmics, Estonia 

(http://www.asperophthalmics.com/ABCRgenetest.htm). The chip has now been 

upgraded by them to detect 496 known disease-causing variants. 
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Cremers and co-workers (1998) have hypothesized that a combination of 2 ABCA4 

null alleles results in ARRP, a severe phenotype, while a combination of a null allele with 

a second mutation with residual ABCA4 function leads to the less severe phenotype of 

CRD. Similar genotype-phenotype correlation has been observed by Klevering and 

coworkers (2004) in two Dutch families. In both the families patients with Stargardts 

disease were compound heterozygous for a mild mutation (2588G>C) and a severe 

mutation (768G>T or IVS33+1G>A), while patients with RP were homozygous for a 

severe ABCA4 mutation (768G>T).  

 

7. Retinal pigment epithelium specific protein 65kDa (RPE65, RP20)  

 

RPE65 gene is located on chromosome 1p31 and codes for a protein of 533 amino acids. 

This protein is expressed exclusively in the retinal pigment epithelium (Nicoletti et al., 

1995). RPE65 protein exists in two forms; a membrane associated form and a soluble 

form. The membrane- associated form is triply palmitoylated. It is a chaperone for all-

trans retinyl esters and allows their entry into the visual cycle for processing into 11-cis 

retinal. The soluble form of RPE65 is not palmitoylated and is a chaperone for vitamin A. 

The palmitoylation of RPE65 controls its ligand binding selectivity. The membrane 

associated form and the soluble form can be interconverted by lecithin retinol 

acyltransferase (LRAT) enzyme (Xue et al., 2004). Within the visual cycle RPE65 is an 

isomerohydrolase, and functions in the isomerization and hydrolysis of all-trans retinyl 

ester to 11-cis retinol (Moiseyev et al., 2005). Mutations in RPE65 gene are known to 

cause two phenotypes- autosomal recessive RP and LCA. RPE65 gene mutations occur in 
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2% of ARRP patients (Morimura et al. 1998, 1999) and 6.8% to 16% of LCA patients 

(Lotery et al., 2000; Morimura et al. 1998).   

 

8. Arrestin (S-Antigen (SAG))  

 

The gene SAG (S antigen)/arrestin) is located on chromosome 2q37.1 and is expressed 

exclusively in the retina and pineal gland. Arrestin inhibits the activated 

phototransduction pathway, either by binding to the photoexcited phosphorylated 

rhodopsin and quenching the activation of light-dependent cGMP phosphodiesterase or 

by directly inhibiting the cGMP phosphodiesterase (Yamaki et al., 1990). Loss of the 

arrestin gene leads to continuous activation of the phototransduction cascade and it is 

hypothesized that this induces a Ca2+ stress that signals apoptosis in the cell (Fain et al., 

1999). Mutations in the arrestin gene cause recessive RP (Nakazawa et al. 1998) and 

recessive Oguchi disease (Fuchs et al., 1995). Oguchi disease is characterized by 

congenital stationary night blindness associated with fundus discoloration and delayed 

dark adaptation (Maw et al., 1995). Nakazawa and coworkers (1998) screened 120 

unrelated ARRP patients for the c.1147delA mutation, a frequent cause of Oguchi disease 

(Fuchs et al., 1995). They found a homozygous c.1147delA change in 3 unrelated 

families with ARRP, showing variable expressivity of the arrestin gene mutation. No 

mutations in the arrestin gene were found in the Canadian/American patients with ADRP 

(n=177) or ARRP (n=85) or stationary night blindness (n=10) (Sippel et al., 1998).    

 

9. Tubby-like protein 1 (TULP1, RP14)  
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TULP1 gene is located on chromosome 6p21.3. TULP1 gene sequence is conserved 

across species suggesting its vital cellular function (North et al., 1997). Expression of 

TULP1 protein is restricted to the retina. TULP1 knockout mice show degeneration of 

both rods and cones. Hagstrom and coworkers (1999) have observed accumulation of 

vesicular structures in the interphotoreceptor matrix and mislocalization of cone and rod 

opsins in TULP1-/- mice. They have speculated that TULP1 has an essential role in the 

protein trafficking pathway (Hagstrom et al., 1999). Mutations in the TULP1 gene are 

found in 2.2% of patients with ARRP (Gu et al., 1998, Hagstrom et al., 1998, Paloma et 

al., 2000, Mandal et al.,2005) and 3.7 % of patients with LCA (Hanein et al., 2004, Li et 

al., 2009) . It is interesting to note that Li and coworkers (2009) have found Q301X 

mutation in the TULP1 gene in 5 unrelated families with LCA from Saudi Arabia.  A 

founder effect was not investigated in the study.  

 

10. Retinal G protein coupled receptor (RGR) 

 

The RGR gene is located on chromsome10q23 and codes for a protein of 295 amino 

acids. RGR is a G-protein coupled receptor homologous to rhodopsin. It is found 

exclusively in the RPE and Muller cells. It is required in the conversion of all-trans 

retinal to 11-cis retinal in the RPE. It was proposed to act in a light-dependent manner 

(Chen et al., 2001) as a photoisomerase. Another study has suggested that it acts 

independent of light, presumably by influencing the isomerohydrolase activity in the RPE 
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(Wenzel et al., 2005). Mutations in RGR protein cause ARRP in about 0.5% of cases 

(Morimura et al., 1999). 

 

11. Usher syndrome 2A (USH2A, RP39)  

 

USH2A gene is located on chromosome 1q41 and codes for a protein of 1546 amino 

acids. The USH2A protein also known as usherin, which is known to interact with type 4 

collagen and is a part of the basement membrane in cochlea, retina and many other 

tissues (van Wijk et al., 2004). The USH2A protein is thought to be a tissue-specific 

extracellular matrix protein or a cell adhesion molecule due to its similarity to laminins 

and cell adhesion molecules, a potential N-glycosylation site and a stretch of 20 residues 

of hydrophobic amino acids at the amino-terminus (Eudy et al., 1998). A mutation 

cysteine-759 to phenylalanine was found to be the most prevalent mutation in north 

American and Spanish populations (Rivolta et al., 2000). It was found in 4.5% (10 out of 

224) (Rivolta et al., 2000) and 7% (10 out of 146) (Seyedahmadi et al., 2004) of patients 

with non-syndromic ARRP. These studies suggest that USH2A gene is likely to be 

involved in more than 4.5% to 7% of patients with ARRP as all the exons were not 

screened for mutations in these studies (Seyedahmadi et al., 2004, Rivolta et al., 2000).   

 

12. c-mer proto-oncogene tyrosine kinase (MERTK, RP38) 

 

The MERTK gene codes for a protein of 999 amino acids. MERTK protein has a putative 

transmembrane segment, a tyrosine kinase domain, N-glycosylation sites and tyrosine 
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phosphorylation sites (Graham et al., 1994). Studies on MERTK knockout mice showed 

that MERTK- null mice are extremely sensitive to the endotoxin lipopolysaccharide 

(LPS). The mice exhibit excessive TNFα production and increased susceptibility to 

septic shock. Thus it has been hypothesized that the MERTK gene is involved in 

modulating and dampening of cell activation in response to LPS endotoxin by 

downregulating the production of cytokines like TNFα (Camenisch et al., 1999). MERTK 

protein is also involved in the phagocytosis of apoptotic cells and thus has been suggested 

to maintain tissue homeostasis and the prevention of autoimmunity (Scott et al., 2001). 

1% (3 of 328 patients) of patients with various retinal dystrophies were found to have 

mutations in the MERTK gene; the 3 patients with MERTK gene mutations had a 

diagnosis of ARRP (Gal et al., 2000). Tada and coworkers (2006) have analysed the 

MERTK gene in 96 patients with ARRP, and a disease-causing mutation was identified in 

a single patient with ARRP.   

 

13. Photoreceptor cell-specific nuclear receptor gene (PNR, NR2E3, RP37)  

 

The protein encoded by the PNR gene is a part of a large family of nuclear receptor 

transcription factors that are involved in signaling pathways (Gerber et al., 2000). It is 

expressed preferentially in the rod photoreceptors. PNR acts synergistically with other 

transcription factors like NRL and CRX and activates rod-specific genes essential for 

differentiation of rod photoreceptors (Cheng et al., 2004). PNR has also been reported as 

a repressor of cone specific genes in rods (Chen et al., 2005). Mutations in the PNR gene 
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cause enhanced S-cone syndrome (abnormal increase in the number of short wave type of 

cones) (Cheng et al., 2004) and ARRP (Gerber et al., 2000).  

 

14. Prominin 1 (PROM1, RP41) 

 

PROM1 gene is located on the short arm of chromosome 4 at 4p15.32. It codes for a 865-

amino acid protein (Maw et al., 2000). PROM1 is known as an antigenic marker (AC133 

antigen) in human hematopoietic stem cells. Its expression is observed in retina and 

retinoblastoma cell lines (Miraglia et al., 1997) and the protein is localized to the base of 

outer segments (Maw et al., 2000). In Drosophila prominin is known to interact with 

spacemaker and a cell adhesion molecule called chaoptin and results in the formation of 

open type of rhabdomere system in which rhabdomeres are separated from each other 

(Zelhof et al., 2006). It has been suggested that in humans prominin may play a role in 

the morphogenesis of discs (Zelhof et al., 2006). Mutations in the PROM1 gene are 

associated with autosomal recessive RP (Maw et al., 2000), and autosomal recessive RP 

with macular degeneration (Zhang et al., 2007), autosomal dominant Stargardts disease, 

autosomal dominant cone rod dystrophy and autosomal dominant bull’s eye macular 

dystrophy (Yang et al., 2008)  

 

15. Cyclic nucleotide gated channel, β1 subunit (CNGB1) 

 

CNGB1 protein has a unique bipartite structure, consisting of a membrane spanning 

region (β part) and a large cytosolic amino-terminal region known as GARP (glutamic 
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acid rich protein). GARPs are localized in the rod outer segments and have high affinity 

towards alpha and beta subunits of phosphodiesterase, guanylate cyclase and ABCA4 

(Korschen et al., 1999). In contrast to CNGA1, CNGB1 does not form functional channels 

alone, but in combination with CNGA1 forms heteromeric CNGA1/CNGB1 channels. The 

N-terminal region of CNGB1 interacts with the C-terminal region of the CNGA1 subunit 

and forms a functional cyclic nucleotide gated channel (Trudeau et al., 2002). Mutations 

in the CNGB1 gene are known to cause ARRP (Bareil et al., Kondo et al., 2004).  

 

16. Crumbs homolog 1 (CRB1, RP12)  

 

Human CRB1 protein is a 1376 amino acid single transmembrane protein with a large 

extracellular part, containing 3 laminin A globular-like domains, 19 epidermal growth 

factor (EGF)-like domains and a cytoplasmic domain of 37 amino acids (McKay et al., 

2005). The function of CRB1 in humans is not known. In drosophila, CRB1 protein co-

localizes with the zonula adherens (a belt-like structure encircling the apex of epithelial 

cells) in the apical plasma membrane and drosophila mutant of the CRB1 gene shows 

mis-localization of the apical proteins which is suggestive of a role of the CRB1 in 

localization of apical proteins (Wodarz et al., 1995). The EGF-like domain interacts with 

other transmembrane proteins containing EGF repeats (De Celis et al., 1993). The 

combination of EGF-like domains, which are present in proteins involved in neuronal 

development and laminin A globular-like domain in CRB1 and its preferential expression 

in the retina suggests that it may be involved in the neuronal development of retina (den 

Hollander et al., 1999). CRB1 also functions in the maintenance of zonula adherens and 
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protection against light-induced retinal degeneration in drosophia (Meuleman et al., 

2004). Mutations in the CRB1 gene cause LCA and RP with Coats-like exudative 

vasculopathy. Mutations in CRB1 gene are found in 9% of patients with LCA (Lotery et 

al., 2001) and in 55.6% of patients with RP with Coats-like exudative vasculopathy (den 

Hollander et al., 2001). 

 

17. Lecithin retinol acyltransferase (LRAT) 

 

The LRAT gene is located on chromosome 4q31. LRAT protein is a 230 amino acid 

palmitoyl transferase, which catalyses the conversion of the membrane-associated form 

of RPE65 to the soluble form of RPE65 (Xue et al., 2004). Screening of LRAT gene in 

patients with different form of retinal dystrophies such as RP/flecked retinal dystrophies 

resulted in the identification of LRAT gene mutations in patients with LCA (Senechal et 

al., 2006) and ARRP (Thompson et al., 2001). No mutations were found in the LRAT 

gene upon screening 82 patients with LCA and 190 patients with ARRP, suggestiong it to 

be a rare cause of LCA and ARRP (Sweeney et al., 2007) 

 

18. Ceramide kinase-like (CERKL, RP26)  

 

The CERKL gene code for a protein of 557 amino acids. Within the retina, CERKL is 

predominantly expressed in the retinal ganglion cells (Tuson et al., 2004) and has a role 

in phosphorylation of an unknown lipid substrate (Graf et al., 2008). It has been shown 

that in oxidative stress conditions CERKL prevents cells (COS-7 cells) from undergoing 



Chapter 1: Introduction and Review of Literature 
 

 
Molecular Genetic Studies on Retinal Dystrophies 

 

45

apoptosis (Tuson et al., 2009). CERKL gene mutations are reported in families with 

autosomal recessive retinitis pigmentosa (Tuson et al., 2004, Avila-Fernandez et al., 

2008) and in families with ARRP with macular involvement (Auslender et al., 2007, Ali 

et al., 2008). Known mutation screening through microarray based on array primer 

extension technology resulted in the identification of CERKL gene mutaions in 3.3% (7 

of 210) of patients with non-syndromic RP (Avila-Fernandez et al., 2008). 

 

19. Neural retina leucine zipper (NRL, RP27) 

 

NRL is a member of basic motif-leucine zipper (bZIP) family of transcription factors. It is 

expressed exclusively in the rod photoreceptors and pineal gland. It interacts with the 

retina-specific homeodomain protein CRX (cone-rod homeobox) and regulates the 

expression of genes including rhodopsin (Bessant et al., 1999) and α and β subunits of 

rod cGMP phosphodiesterase (Yoshida et al., 2004). In mouse models Mears and 

coworkers (2001) have shown that NRL has a role in the differentiation of the rods and in 

its absence immature photoreceptors adopt the short-wave cone phenotype. The NRL 

gene is involved in autosomal dominant RP (Bessant et al., 1999) as well as recessive 

form of clumped pigmentary retinal degeneration (Nishiguchi et al., 2004). Bessant and 

coworkers (2000) found a mutation of serine-50 to threonine in four unrelated families 

from south-eastern England Possibly arising from a founder effect. 2% (4/200) of British 

patients with autosomal recessive RP carry a NRL gene mutation (Bessant et al., 2000). 

 

20. Retinitis pigmentosa 1 (RP1) (Oxygen regulated photoreceptor protein 1) 
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The RP1 gene is located on chromosome 8q12 and codes for a protein of 2156 amino 

acids. It is expressed exclusively in the photoreceptors and its expression levels are 

modulated by oxygen levels in vivo (Pierce et al., 1999). The N-terminal sequence of 

RP1 is similar to doublecortin. Doublecortin is a protein of the central as well as 

peripheral nervous system (Gleeson et al., 1999), which helps in neuronal migration 

during development. Hence it is believed that RP1 may have a role in neuronal migration 

(Liu et al., 2002). The RP1 protein is present in the connecting cilium of both rod and 

cone photoreceptors, which is suggestive of its role either in the transportation of protein 

from inner segments to outer segments or in the maintenance of cilial structure (Liu et al., 

2002). The RP1 gene was first known to be involved in the pathogenesis of ADRP. 

However, mutations have subsequently been reported in ARRP families from Pakistan 

(Khaliq et al., 2005, Riazuddin et al., 2005). 6.8% of patients with ADRP have mutations 

in the RP1 gene. A nonsense mutation at arginine-677 (forming an Opal codon) is one of 

the more prevalent RP1 mutations, found in 2 to 3.7% of the north American patients 

with ADRP. It is not likely to be a result of a founder effect since a common haplotype 

was not observed in individuals carrying the mutation (Pierce et al., 1999, Bowne et al., 

1999). 

 

21. Progressive rod-cone degeneration (PRCD, RP36) 

 

PRCD gene mutations are a common cause of hereditary retinal disease leading to 

blindness in dogs (Acland et al., 1998). The PRCD gene is located on human 
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chromosome 17q25.1. The PRCD gene codes for a protein of 54 amino acids (Zangeri et 

al., 2006). PRCD gene is highly conserved in the vertebrates and no homologue has been 

identified in the invertebrates, thus it has been hypothesized that the protein may be 

important for those aspects of photoreceptors structure or metabolism which are unique to 

vertebrate visual cycle (Zangeri et al., 2006). The expression of PRCD is mainly seen in 

retina, RPE and choroid. PRCD does not show any similarity with the known gene 

families and hence the function of this protein is not known (Zangeri et al., 2006). 

Screening for PRCD mutations in 1863 patients with retinitis pigmentosa and other 

inherited retinal degenerations, revealed a homozygous disease-causing mutation in one 

individual with autosomal recessive RP (Zangeri et al., 2006). 

 

22. Eyes Shut homolog (Drosophila) (EYS, SPAM, RP25) 

 

The EYS gene is located on chromosome 6q12. It codes for a protein of 3165 amino 

acids. (Collin et al., 2008). The gene is expressed abundantly in the retina. The EYS 

protein is localized in the outer segments of photoreceptors (El-Aziz et al., 2008). EYS 

protein contains 28 epidermal growth factor (EGF)-like domains and five laminin A G-

like domains. The EYS protein is the ortholog of Drosophila spacemaker protein encoded 

by the eys (eyes shut) gene, hence it was given the name. On the basis of established 

functions of the insect orthologs, EYS is proposed to have a role in maintaining the 

integrity of photoreceptors (El-Aziz et al., 2008). Mutations in the EYS gene cause 

autosomal recessive RP (Collin et al., 2008, El-Aziz et al., 2008). 
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23. Isocitrate dehydrogenase 3 (NAD+) beta (IDH3B) 

 

IDH3B catalyzes the conversion of isocitrate to α-ketogluterate in the Krebs cycle by 

using a molecule of NAD+. IDH3B gene is located on 20p13 and codes for a protein of 

385 amino acids. Screening of 261 individuals with recessive RP and 265 individuals 

with simplex RP, revealed pathogenic mutations in 2 patients with autosomal recessive 

RP. Although IDH3B catalyses an essential step of metabolic pathway, patients with 

IDH3B gene mutations had no evident pathology other than retinitis pigmentosa (Hartong 

et al., 2008).  

 

 

1.6.3. Genotype-phenotype correlations 

 

Genotype-phenotype correlation in retinal dystrophies have been derived for some genes 

based characteristic features (Heckenlively  et al., 1982,  Morimura  et al., 1999, Burstedt 

et al., 1999, Eichers et al., 2002). However, genotype-phenotype correlations are not 

always possible due to the overlap of clinical features in different forms of RP (Kajiwara 

et al., 1993, Souied  et al., 1996) clinical heterogeneity of RP, and due to loss of both rod 

and cone function in advanced stages of disease (Richard  et al., 1994, Cremers  et al., 

1998). 

 

1. Rhodopsin 

 



Chapter 1: Introduction and Review of Literature 
 

 
Molecular Genetic Studies on Retinal Dystrophies 

 

49

Genotype-phenotype correlations have been proposed for patients with rhodopsin gene 

mutations (Sandberg et al., 1995). Severity of phenotype was found to be correlated with 

the position of the mutated amino acid. Patients (n=60) with mutations in the intradiscal 

domain of rhodopsin had significantly better visual acuities (mean VA=20/24) than 

patients (n=26) with mutations in transmembrane domain (mean VA=20/30) or patients 

(n=42) with mutations in the cytoplasmic domain (mean VA=20/34). Similarly visual 

fields were significantly better in patients (n=60) with mutations in intradiscal domain 

(mean diameter=91.6+4.4) than those with mutations in the transmembrane domain 

(mean diameter=81.1+6.6, n=26), or with mutations in the cytoplasmic domain (n=41; 

mean diameter=64.4+5.3). ERG amplitudes also show similar trends, and the best ERG 

amplitudes were observed in patients with mutations in the intradiscal domain (10µV, 

n=59) (Sandberg et al., 1995). Thus patients with mutations in the transmembrane 

domain of RHO protein have an intermediate phenotype, as compared with patients that 

have mutations in the intradiscal and cytoplasmic domains of RHO protein (Sandberg et 

al., 1995). It was also observed in other studies that patients with mutations in intradiscal 

domain, Pro23His, Thr17Met (Richards et al., 1991, Fishman et al., 1992), had a less 

severe phenotype as compared to patients with mutation in the transmembrane domain 

Lys296Glu (Keen et al., 1991) and cytoplasmic domain, Pro347Leu (Berson et al., 

1991a, Berson  et al., 1991b). On the contrary a retrospective review of 119 families (Gal 

et al., 1997) with rhodopsin gene mutations suggest a wide range of severity of 

phenotype associated with the mutations in the 3 major domains of rhodopsin gene.  

 

2. RLBP1 
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RLBP1 gene mutations result in small yellow deposits subretinally as well as in the RPE 

and RPE atrophy in the form of patches in the periphery with well-defined round 

margins. This phenotype is designated as retinitis punctata albescens (RPA) (Morimura et 

al., 1999, Katsanis et al., 2001, Fishman et al., 2004). A similar phenotpye was also 

reported for mutations in the PRPH2 (Kajiwara et al., 1993) and RHO genes (Souied et 

al., 1996) in dominant forms of the disease. 

 

In addition to signs of retintis punctata albescens, maculopathy with central pigment 

deposits in the early stages followed by areolar maculopathy has been observed in 

patients from northern Sweden in association with RLBP1 gene mutations (Morimura et 

al., 1999, Burstedt et al., 2001, Gränse  et al., 2001). This is the phenotype of Bothnia 

dystrophy. It is termed Bothnia dystrophy, an autosomal recessive rod-cone disorder with 

an estimated frequency of 1 per 4500 of the population (Burstedt et al., 2001). The 

R234W mutation in RLBP1 underlies this disorder and is due to a founder effect in the 

area adjacent to the gulf of Bothnia in northern Sweden (Burstedt et al., 1999). At least 

63 unrelated affected individuals have been identified to carry the R234W mutation in the 

above geographical area (Morimura et al., 1999b, Burstedt et al., 2001, Gränse et al., 

2001).  

 

Similarly in the island of New Foundland, Eichers and coworkers (2002) identified 26 

patients from 6 families with a variant of retinitis punctata albescens. This variant has 

been termed New Foundland Rod Cone Dystrophy (NFRCD). Phenotype of NFRCD is 
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similar to that of retintis punctata albescens but with an early age of onset (1st decade), 

absence of bone spicules and rapid progression. NFRCD is associated with two splice site 

mutations in the RLBP1 gene (Eichers et al., 2002).  

 

It has been observed that mutations in the RLBP1 gene result in different phenotypes. 

For example, mutation of R150Q in the RLBP1 gene is known to cause phenotypes 

ranging from ARRP (Maw et al., 1997) to fundus albipunctatus (Katsanis et al., 2001) to 

retinitis punctata albescens (Katsanis et al., 2001). Similarly the R233W mutation has 

been associated with Bothnia dystrophy (Burstedt et al., 1999) as well as with retinitis 

punctata albescens (Morimura et al., 1999).  

 

3. PRPF31 

 

Pre-mRNA processing factor 31 (PRPF31) gene mutations have been observed in at least 

13 families with autosomal dominant form of RP (Al-Maghtheh et al. 1996, McGee et 

al., 1997, Waseem et al., 2007, Xia et al., 2004, Sato et al., 2005, Wang et al., 2003). 

Families (n=12) with the PRPF31 gene mutations have been reported to have incomplete 

penetrance. (Al-Maghtheh et al. 1996, McGee et al., 1997, Waseem et al., 2007, Xia et 

al., 2004, Sato et al., 2005). In  families with PRPF31 gene mutation clinical examination 

did not show any sign of disease in asymptomatic mutation carriers while symptomatic 

individuals showed signs of night blindness, extensive peripheral retinal degeneration 

with macular atrophy, reduced visual fields,  and reduced ERG responses (rod-cone type) 

(Evans et al., 1995). Vithana and coworkers (2003) determined the molecular mechanism 
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of pathogenesis in a family with 11-bp deletion in the exon 11 of PRPF31 gene. The 

asymptomatic mutation carriers (n=7) had similar levels of wild type PRPF31 mRNA as 

compared to control individuals while symptomatic carriers (n=8) had much lower levels 

of wild type PRPF31 mRNA as compared to control individuals (Vithana et al., 2003). 

Similar findings were  made by Rivolta and coworkers (2006). 

 

4. ABCA4 

 

Mutations in the ABCA4 gene cause a wide spectrum of phenotypes ranging from 

Stargardts disease to cone rod dystrophy to retinitis pigmentosa (Lewis et al., 1999, 

Ducroq et al., 2002, Birch et al., 2001. Genotype-phenotype correlations have been 

proposed for ABCA4 mutations based on the predicted severity of the mutations. This was 

discussed in the section above under ‘Genes causing ARRP’ 

 

Genotype-phenotype correlation with respect to age of onset has been proposed 

for Stargardts disease (Lewis  et al., 1999, Yatsenko et al., 2001). Late onset (>35 years) 

Stargardts disease, was found in patients with missense mutations outside the functional 

ATP-binding (codons 965 to 1093 and codons 1975 to  2102)  and the transmembrane 

domains (codons 648 to 855 and 1674 to 1898), whereas early onset was associated with 

missense mutations in the 1st transmembrane domain (codons 648 to 855).   

 

5. X-linked RP 
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Two genes have been identified for XLRP, namely RP2 and RP3 (known as retinitis 

pigmentosa GTPase regulator, RPGR) (http://www.sph.uth.tmc.edu/Retnet/). 

 

It has been observed that mutations in RP2 gene result in a more severe phenotype 

as compared to RP3 gene mutations (Kaplan  et al. 1992, Wright et al., 1991, Sharon et 

al., 2003). Severity of the phenotype has been described on the basis of early age of onset 

(Kaplan et al. 1992, Wright et al., 1991) and poorer visual acuity (Wright et al., 1991) in 

patients with RP2 gene mutations compared to patients with RP3 gene mutations. It is 

found that patients with RP2 gene mutations (19 affected individuals of 5 families) show 

symptoms at a mean age of 3.5 years while patients with RP3 gene mutations (11 

patients, 5 families) show onset of symptoms at a mean age of 10.6 years (Kaplan et al. 

1992, Wright et al.). Similarly patients with RP2 gene mutations (n=16, 9 families) have 

significantly lower visual acuities (mean VA =20/210) as compared to the visual acuities 

(mean VA = 20/82) of patients with RP3 gene mutations (n=156, 98 families) (Sharon et 

al., 2003). Genotype-phenotype correlation has been observed within the RPGR gene as 

well.  It has been observed that compared to mutations in RPGR exon 1-14, patients with 

mutations in exon 15 have a better prognosis, larger visual fields, ERG amplitudes and 

better pan-retinal function (Sharon et al., 2003). Although the phenotype of RPGR gene 

mutations is milder than the phenotype associated with RP2 gene mutations, it has been 

observed that patients with RPGR gene mutations (n=113) show faster rate of progression 

and tend to lose visual acuity at twice the mean rate of patients with RP due to rhodopsin 

gene mutations (Sandberg et al., 2007).  
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1.7 Animal models of retinal dystrophy  

 

The course of progression of retinal dystrophies can be characterized on the basis of 

clinical manifestations and changes in the retina that are evident on eye examination 

although this is not always achievable in practice because patients may present at the 

clinic only at more advanced stages of disease or may not be available for periodic 

monitoring during the course of disease progression. The end point stage of the disease is 

more likely to be documented in humans but since different types of retinal dystrophies 

ultimately lead to the loss of both types of photoreceptors, they have overlapping 

manifestations especially in the end stages. Thus, it may be difficult to distinguish one 

type of retinal dystrophy from another in advanced stages of disease.   

 

Secondly, the study of mechanism through which a particular pathogenic 

mutation causes retinal degeneration requires experimental model systems and cannot be 

learnt directly on humans. Hence animal models are a valuable resource in answering 

these questions. Apart from this, molecular investigations in animal models yield new 

potential candidate genes for human disease or even lead to the identification of the 

previously unrecognized retinal genes like MERTK (Dowling et al., 1962), C1ORF36 

(Friedman et al., 2006) and Peripherin/RDS (Sanyal et al., 1980). 

 

Animal models can be spontaneous or induced. Both spontaneous and induced 

animal models for available in retinal dystrophies. The rodents have been used 

extensively as a model system for retinal dystrophies, although canine, porcine, feline 
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and avian model systems are also available. The animal models for different genes known 

to cause retinal dystrophy are discussed here. 

 

1. Beta subunit of cGMP phosphodiesterase-6 gene (PDE6B) 

 

Retinal degeneration mice (rd) are one of the oldest known animal models for retinal 

dystrophies. The disease phenotype in rd mouse arises due to a mutation in the beta 

subunit of the cGMP-phosphodiesterase (Pde6b) gene (Bowes et al., 1990). In rd mice 

the rod cells degenerate earlier and faster than the cone cells. It has been observed that in 

rd mice, rods and cones in the peripheral retina survive for a longer time than in the 

posterior retina. 98% of the rod cells are lost by the postnatal day 17. At this age most of 

the cone nuclei are present. By the postnatal day 36 only the cone photoreceptors are left, 

along with a few rod cells. Number of cone cells starts decreasing from day 17 onwards 

and by postnatal day 36 their number is reduced to half. By the age of 18 months only 1.5 

% of original cone cell population remains in the posterior retina and 5% in the peripheral 

retina. In the posterior retina rod nuclei could be seen through at least 47 days (Carter-

Dawson et al., 1978).  

 

 A spontaneous mutation in the beta subunit of cGMP phosphodiesterase gene has 

also been observed in Red Irish Setters dog with retinal degeneration. This locus is also 

known as rod cone dysplasia (RCD). The eyes appear normal till 15 to 20 days after birth. 

After this age the nuclei of outer nuclear layer starts degenerating and there is a 

progressive loss of night vision. The night vision is totally lost by 3-4 months of age, 
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which is suggestive of almost total rod cell loss. During this stage there is a loss of 

secondary blood vessels. The day vision starts deteriorating from 3 months onward. By 3 

years of age there is a complete loss of vision. The cataract can appear from 1 to 4 years 

of age. By 4 years of age the blood vessels completely disappears. The RPE inner nuclear 

layer and ganglion cell layers are almost normal (Parry et al., 1953). 

 

2. Retinal pigment epithelium 65 (RPE65) 

 

Retinal dystrophy in the Swedish Briard/Briard-Beagle dogs is caused because of the 

RPE65 gene mutation. Affected Briard dogs show membrane bound lipofuscin-like 

inclusions bodies in the RPE in the central fundus primarily, which spreads to the 

periphery with age. Outer segments show disorganization followed by degeneration and 

ultimately lead to the loss of complete rod and cone cells. The degeneration process of 

photoreceptors starts from the peripheral retina and extends to the central retina with age. 

The fundus appears normal till 3 years of age, however ERG can detect the degeneration 

process by 5 weeks of age. Through ERG, rod responses are barely recordable while cone 

responses are weak (Narfstrom et al., 2003). 

 

In the Rpe65 knockout mice it has been observed that at 7 weeks of age the outer 

segments of rod photoreceptors start disorganising while the loss of photoreceptor nuclei 

becomes evident by 15 weeks of age. At this age the RPE show increased number of lipid 

inclusions (Redmond et al.,1998). 
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3. Retinal degeneration slow (RDS)/Peripherin 

 

Retinal degeneration slow (RDS) phenotype in mice is caused due to a spontaneous 

mutation in the peripherin gene (Ma et al., 1995). Peripherin transgenic mice are also 

available which represent a model for autosomal dominant type of retinal dystrophy. The 

photoreceptor degeneration is slower in the heterozygotes compared to homozygote 

mutants. The outer segments of rod and cone photoreceptors are shorter and disorganized 

(whorl-like) in the retina of heterozygous mice while outer segments are not at all formed 

in the homozygous mutant mice. In the high peripherin expressing background, of the 10 

to 11 rows of photoreceptor nuclei 6-7 rows remain after 1 month and 2 rows by 7 

months. In the low peripherin expressing background, there is slower photoreceptor 

degeneration, 6-7 rows of photoreceptor nuclei remain after 6 months. The development 

of inner nuclear, inner plexiform and ganglion cell layers appear to be normal (Sanyal  et 

al., 1980, Kedzierski  et al., 1997). 

 

4. Rhodopsin (RHO) 

 

English Mastiff dogs are a natural model for autosomal dominant type of retinal 

dystrophy, caused due to mutation in the rhodopsin gene. Electrophysiology 

measurements show that by 3 to 6 months of age ERG responses are normal in both 

RHO+/- and RHO-/-  dogs. The ERG responses become severely abnormal by 18 months 

of age. The degeneration of photoreceptors is not uniform. Degeneration is more in the 
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area surrounding the optic nerve head, while the region beyond this area have relatively 

preserved photoreceptors in an 11-month old RHO+/- dog (Kijas et al., 2002). 

 

  In rhodopsin transgenic mice, at postnatal day 15 the nuclei of rods and cones 

appear normal, while the outer segments are absent in the Rho -/- retinas while they are 

~50% shorter in Rho +/- retinas. By 30 days in the Rho -/- mice the nuclei of 

photoreceptors starts degenerating and outer nuclear layer thickness decreases by 1 to 2 

layers. The degeneration of outer nuclear layer completes by 90th day. In Rho +/- mice the 

outer nuclear layer starts degenerating by 90th day (Lem et al., 1999).  

 

The degeneration is relatively uniform from the periphery to the central retina. At 

13 weeks of age Rho +/- and Rho +/+ mice show similar ERG response  for rods and 

cones and bipolar cells. While at the same age rods and cones of Rho-/- mice show no 

response in ERG while a very mild response is seen for the bipolar cells. In Rho-/- mice 

at 7 weeks of age cone cells response are nearly normal and rod cells response are 

extinguished (Humphries et al., 1997). 

 

In a transgenic pig model, the outer nuclear layer becomes thinner at 4 weeks of 

age. The rod cells show degeneration while the cone cells and RPE are unaffected at this 

age. At 6-8 weeks of age the degeneration process accelerates. Most of the rod nuclei 

disappear and cone cells also become a part of degeneration. The RPE is normal till this 

point. Mild proliferative reaction of RPE is noted at 24 weeks of age and cone cells 

degeneration progresses slowly after this. The degeneration process of rods and cones in 
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the peripheral retina is more severe compared with that of posterior pole (Tso et al., 

1997). 

 

5. Mer tyrosine kinase protooncogene (MERTK) 

 

Royal College of Surgeon (RCS) rats represent a spontaneous model of retinal dystrophy 

(D'Cruz et al., 2000). The first degenerative sign is seen at 12 days of age in the form of 

accumulation of the extra outer segment like lamellae between the ends of developing 

rods and the pigment epithelium.  Till 18 days of age the photoreceptors are normal in 

appearance and function. By 22 days the inner segments and some nuclei of 

photoreceptors begins to degenerate and ERG starts diminishing. By 32 days the inner 

segments disappear completely. By second month after birth the degeneration spreads to 

other parts of retina. By the 40th day of age the RPE cells break the Bruch’s membrane 

and migrates towards the outer segment debris. By 1 year of age the debris zone 

completely disappears and retina displays an intact Bruch’s membrane (Dowling et al., 

1962). 

 

6. Guanylate cyclase-1 (GC1) 

 

Retinal degeneration chicken (rd) carries a spontaneous recessive mutation in the 

guanylate cyclase (GC1) gene. Histology results in a 1-day-old chicken show no signs of 

degeneration but rod and cone cell response is not measurable through ERG. The 

photoreceptors start degenerating in the central retina from 7-10 days after hatch. The 
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degeneration then follows to the periphery. By 6 to 8 months the photoreceptor layer is 

almost completely lost. The degeneration of RPE and inner retina follows after the 

degeneration of photoreceptors.  The levels of cGMP are significantly reduced in the 

retina of rd-/- chicken (Semple-Rowland et al., 1998). 

 

7. Chromosome 1 open reading frame 36 (C1ORF36) 

 

Retinal degeneration-3 (rd3) mouse is a spontaneous model for autosomal recessive type 

of retinal dystrophy, which is caused due to mutation in C1ORF36 gene (Friedman et al., 

2006). In rd3/rd3 mice the photoreceptors are normal at 2 weeks of age but quickly 

degenerate there after. At 3 weeks the outer nuclear thickness is reduced, at 4 weeks only 

cones are observed and at 8 weeks of age almost no photoreceptors can be observed. At 

no age rod and cone ERG responses are normal in rd3/rd3 mice. The maximal ERG 

response is detectable at 4 weeks of age, which is 25% of normal. The ERG responses 

reduce further with age and at 7 weeks of age ERG responses becomes undetectable 

(Chang et al., 1993). 

 

8. ATP binding cassette, subfamily A, member 4 (ABCA4)  

 

The photoreceptor degeneration starts slowly in Abcr knockout mice. The cone cells 

degeneration start first followed by degeneration of rod cells. The rod cells remain 

normal till 13 weeks of age while the cone cells are normal till 8 weeks of age. By one 

year there is 35% reduction in the photoreceptors as shown by ERG. A2E (N-
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retinylidene-N-retinylethanol-amine) a major fluorophore of lipofuscin is significantly 

elevated in the RPE and electron micrographs show a significant thickening of the 

Bruch’s membrane (Weng et al., 1999). 

 

9. Cone rod homeobox containing gene (CRX) 

 

Crx gene knockout mouse is a model for autosomal dominant form of retinal dystrophy.  

Homozygous Crx-/- mice do not develop outer segments and the outer nuclear layer show 

thinning and dislocation at postnatal day 21. Heterozygous Crx+/- mice at postnatal day 

21 are similar to wild type mice except for smaller outer segments. Functional defects are 

evident by 1 month in Crx+/- mice, since cone ERG responses are not detectable while 

rod responses are reduced.  The cone responses, which were absent, start developing 

again by 2 months of age in Crx+/- mice. The homozygous knockout mice have both 

responses extinguished by 1 month of age (Furukawa et al., 1999). In the Crx-/- mice the 

nuclei of photoreceptors show further progressive degeneration and at 6 months the 

photoreceptor layer thickness reduces to 1 to 3 rows compared to 14 to 16 rows in normal 

mice. (Furukawa et al., 1999).  

 

10. Gamma subunit of cGMP phosphodiesterase (PDE6G) 

 

Tsang and coworkers (1996) first generated the homozygous knockout mouse for the 

gamma subunit of cGMP phosphodiesterase gene through the gene targeting approach. 

The knockout mouse shows that the outer segments fail to develop normally and are lost 
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by postnatal day 13, while the nuclear layer is intact till this time. From the postnatal day 

14 to 21 the nuclear layer also degenerates and the loss is more prominent in the central 

relative to peripheral portion of retina. Single row of photoreceptors remain by 3 weeks 

of age and the retina is almost completely devoid of photoreceptors by 8 weeks of age. 

Tsang and coworkers have observed that before photoreceptor degeneration, levels of 

cGMP in the retinal tissue rise to about five-fold and after degeneration cGMP levels in 

the retinal tissue reduce to below normal levels (Tsang et al., 1996). 

 

11. Interphotoreceptor retinoids binding protein gene (IRBP) 

 

Irbp gene knockout mouse is a model for the recessive form of retinal dystrophy. At 

postnatal day-11 Irbp-/- mice show poorly oriented and significantly shorter outer 

segments and reduction in the thickness of the outer nuclear layer. However at this stage 

the RPE and the other cell layers like inner nuclear layer, ganglion cell layer and 

plexiform layers appear normal. The thickness of outer nuclear layer further reduces with 

age. Liou and coworkers (1998) were able to detect photoreceptor responses through 

ERG in Irbp-/- mice, inspite of photoreceptor cell loss with age. This suggests that even 

at late stages of the disease, outer segments in Irbp-/- mice contain the light sensitive 

pigment to initiate electrical response (Liou et al., 1998). 

 

12. Tubby-like protein 1 (TULP1) 
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Ikeda and coworkers (2000) for the first time generated knockout mouse for tubby-like 

protein 1 (Tulp1). Homozygous Tulp1-/- mice at 3 weeks of age show normal thickness 

of the outer nuclear layer. The outer segments are shorter, fragmented and photoreceptor 

lamellae are distorted. The RPE and inner retina is normal at this stage. By 4 weeks of 

age thickness of outer nuclear layer starts reducing. It is reduced to 1-2 layers by 12 

weeks of age. By 20 weeks of age there is apparently no outer nuclear layer in some areas 

and some areas retain 1-2 layers of outer nuclear layer. This variability in thickness of 

outer nuclear layer is random. 

 

TULP1 and tub proteins belong to TULP family.  The TULP1 protein resembles 

tub protein in its structure and expression- hence it is believed that both may have similar 

function. Tub-/- mice show progressive retinal degeneration along with hearing loss and 

obesity. However, Ikeda and coworkers have observed that the hearing ability and body 

weight of Tulp1-/- mice is comparable to that of normal mice (Ikeda et al., 2000). 

 

13. Arrestin (SAG) 

 

Arrestin knockout mouse is a model for the slowly progressing retinal dystrophy. The 

degenerative changes start at postnatal day 100. The outer segments appear shorter and 

disorganized. The outer nuclear layer starts reducing in thickness at postnatal day 100. By 

1 year of age the outer nuclear layer is reduced to less than 50% of normal thickness. The 

degenerative changes are more severe in the inferior than the superior hemisphere (Chen 

et al., 1999). 
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1.8 Therapeutic approaches in retinal dystrophies 

 

1.8.1 Gene therapy approaches 

 

Gene therapy is a procedure in which a disease is treated by transfer of the desired gene 

into the diseased tissue. Success of gene therapy depends on the efficient delivery of the 

gene to the target cell as well as its long-term expression in the required tissue (Strachan 

et al., 1999). Genetic material can be delivered to the cells either by viral vectors or by 

non-viral vectors. Viral vectors have evolved as an efficient means of transferring genetic 

material but because of the pathogenic risk associated with the viruses, non-viral vectors 

are also being considered. Although non-viral vectors are non-pathogenic compared to 

viruses they are less efficient in delivery of genetic material to the cell. The viral vectors 

that have been used in gene therapy are retrovirus, lentivirus, HSV-1, adeno-associated 

virus (AAV) and adenovirus (Robbins et al., 1998). In retinal gene therapy adeno-

associated viruses have been used most commonly because of their ability to transfect 

non-dividing cells and non-pathogenic and non-inflammatory nature (Bennett et al., 

2000). The main disadvantage of AAV is its small packaging capacity (<5kb). 

Adenoviruses  and lentiviruses which have a larger packaging capacity (8 kb) have also 

been used in retinal gene therapy but adenoviruses are known to cause an inflammatory 

response (Byrnes et al., 1995 ) and lentiviruses are known to induce oncogenesis (Themis 

et al., 2005) hence they have been used less in retinal gene therapy. The non-viral gene 

delivery methods mainly includes electroporation, ultrasound, gene gun, liposomes, and 

polymer mediated gene delivery. In electroporation the cell membrane is permeabilized 
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for the DNA uptake by the application of controlled electric field (Widera et al., 2000). 

Gene delivery through electroporation has been used to deliver DNA to the tumor tissue 

(Li et al., 2001, Heller et al., 2001). In ultrasound approach of gene delivery permeability 

of cell membrane is increased to macromolecules such as DNA by irradiating ultrasonic 

waves to the tissue after injection of DNA. Microbubbles have also been used in 

combination with ultrasound to increase the gene expression levels (Teupe et al., 2002, 

Song et al., 2002). In gene gun method DNA is loaded onto microscopic gold beads and 

shot into the cells with a helium gas gun this results in the delivery of DNA into the 

nucleus. However, a disadvantage of this method is the shallow penetration of DNA into 

the tissue (Kuriyama et al., 2000). Liposomes are spherical colloidal particles which can 

entrap DNA molecules, protect them from environmental factors and can deliver to the 

target cells. Liposomes are of two types anionic and cationic. Cationic liposomes are 

more commonly used as they are easy to prepare and show high transfection efficiency 

over anionic liposomes (Gao et al., 1995, Liu et al., 1996). In polymer mediated gene 

delivery DNA is complexed with cationic polymers such as polyethylenimine (PEI). The 

polymer/DNA complex is taken up by the cells and lead to gene expression (Goula et al., 

1998). Among the non-viral gene delivery methods gene delivery through liposomes is 

most widely used as the liposomes are cheap and easy to make (Robbins et al., 1998).   

 

One of the important reasons to do genetic testing on patients with retinal 

dystrophy is to identify patients suitable for future gene therapy trials. Since the 

molecular bases of diseases vary, gene therapy approaches that can be applied will also 

vary depending on the type of inheritance and the gene mutation present. In recessively 
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inherited disease, mutations generally lead to loss of function, and hence the aim of gene 

therapy is to introduce the required gene to the diseased tissue which will induce the local 

production of the missing protein. In case of dominantly inherited diseases, the 

pathogenic mechanism could be due to haploinsufficiency or abnormal accumulation of 

the mutant protein which is toxic for the cell or the mutant protein may interfere with the 

normal protein. Thus in disorders with mutations leading to gain of function the aim of 

gene therapy is to silence the mutant allele by using ribozymes or siRNA. Due to 

extensive mutational heterogeneity in genes causing RP, it is simpler to have one 

molecule (siRNA etc) to target a specific gene and all mutant versions of it. This would 

involve destruction of the normal (wild type) allele as well. Hence simultaneous 

replacement of the wild type allele of the gene is also carried out (Bennett et al., 2000).   

 

In retinitis pigmentosa and related disorders gene therapy trials have been done 

mostly on animal models by mainly using adeno-associated viruses and adenoviruses. 

The approaches used in the gene therapy are discussed in this section.  

 

A. Gene/mutation dependent approach 

 

In this approach photoreceptors are targeted to rescue from degeneration by directly 

replacing the diseased gene.  In this section outcomes of the gene replacement in the 

different models of retinal degeneration are discussed. 

 

1. PDE6B gene 
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One of the first gene therapy trials in retinitis pigmentosa was done on rd mice, which 

lack the beta subunit of cGMP phosphodiesterase gene. Lem and coworkers showed that 

it is possible to rescue the photoreceptors in rd mice through the introduction of Pde6b 

gene in a 1-cell mouse embryo (Lem et al., 1992). Subsequently, photoreceptor rescue 

effects in rd mice have also been shown by sub-retinal injections of adenovirus, adeno-

associated virus or lentivirus containing the Pde6b gene (Bennett et al., 1996, Jomary et 

al., 1997, Takahashi et al., 1999). 

 

2. Peripherin/RDS gene 

 

Travis and coworkers have shown that injection of Rds gene in the pronucleus of 

fertilized egg of rds mouse results in preservation of photoreceptor degeneration (Travis 

et al., 1992). Ali and coworkers have shown a rescue effect in this mouse model even in 

post-natal stages when the degeneration has not progressed fully. They found that sub-

retinal delivery of the transgene by an adeno-associated virus (AAV) vector at post-natal 

day-10 also had a rescue effect in the rds mice. The treated mice showed successful 

expression of the transgene in its normal location, preservation of the disc structure and 

significantly improved ERG b waves (Ali et al., 2000).  

 

3. RPE65 gene 
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Swedish Briard dogs are a natural RPE65 knockout model for retinal dystrophy. Thus 

they are very good model to check the potential of gene therapy in higher mammals.  It 

has been shown in the above dog model that recombinant AAV-mediated RPE65gene 

delivery into the sub-retinal space results in restoration of visual function, as assessed by 

improved ERG, pupillometric responses and by behavioral responses (Acland et al., 

2001, Narfstrom et al., 2003). Success of gene therapy in the canine model paved the way 

for  phase-I gene therapy trials on humans with Lebers congenital amaurosis due to 

RPE65 gene mutations.  Phase-I gene therapy trials have been done on a total of 9 

patients (age 17 to 26 years) at 3 different centers (Bainbridge et al., 2008, Maguire et al., 

2008, Hauswirth et al., 2008). All the 3 studies have demonstrated the safety of adeno-

associated virus mediated sub-retinal RPE65 gene delivery. Maguire and coworkers 

reported an improvement in the visual acuity in the treated eye as compared with the 

untreated eye in all the 3 patients from the study however the other two studies did not 

find an improvement in visual acuity. In these studies patients were followed up for a 

period of 3 months (Hauswirth et al., 2008), 1.25 to 4.75 months (Maguire et al., 2008) 

and 6 to12 months (Bainbridge et al., 2008). 

 

4. RPGRIP gene 

 

RPGRIP gene has also been subjected to gene therapy trials in mouse models and these 

experiments have shown success. Pawlyk and coworkers have shown that that AAV-

mediated delivery of Rpgrip gene in the sub-retinal space of Rpgrip knockout mice at 
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postnatal day 18 to day 20 resulted in the formation of well-developed outer segements, 

thicker outer nuclear layer, and improved ERG b-wave amplitudes (Pawlyk et al., 2005).  

 

5. MERTK gene 

 

Royal College of  Surgeons (RCS) rat strains have a defect in the Mertk gene, due to 

which the RPE is unable to phagocytose outer segments which eventually leads to 

progressive loss of photoreceptors. Vollrath and coworkers have shown that sub-retinal 

delivery (adenovirus mediated) of the Mertk gene in the RCS rats at postnatal day 22 to 

day 85 show correction of RPE phagocytosis defects, preservation of structure of outer 

segments and increased thickness of outer nuclear layer (Vollrath et al., 2001). 

 

6. RHO gene 

 

Gene therapy for the autosomal dominant form of retinitis pigmentosa has been applied 

on rats with Rho gene mutations. Lewin and coworkers have shown that rate of 

photoreceptor loss and the ERG decline can be slowed down in P23H mutant rats by the 

use of ribozymes directed against the mutant P23H transcripts (Lewin et al., 1998). Since 

more than 100 mutations are known in the rhodopsin gene, customizing ribozymes for 

each mutation is not a feasible option and hence approaches that knock down the  

endogenous rhodopsin mRNA are being used. In these approaches suppression is targeted 

to a site independent of the mutation, as a result both wild type and mutant alleles are 

suppressed, simultaneously another transcript modified at the recognition site of shRNA 
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by using degeneracy of the codon, is injected which replaces the knocked down 

endogenous protein (Farrar et al., 2002). O’Reilly and coworkers have used an AAV 

construct containing shRNA sequence targeted against the endogenous Rho transcript, in 

addition the construct also contained Rho transcript with degenerate codon at the shRNA 

target sequence. Injection of the AAV in the sub-retinal space of 10-day old Rho+/- mice 

resulted in better preservation of photoreceptors in the treated mice as compared to 

control mice as assessed by the increased thickness of the outer nuclear layer (O,Reilly et 

al., 2007).  

 

B. Gene/mutation independent approaches 

 

Mutation-independent approaches aim at photoreceptor rescue by delivering genes which 

are not directly involved in the degeneration of photoreceptors, but are known to have 

neuro-protective properties.  In this section such methods will be discussed.  

 

1. CNTF 

 

Ciliary neurotrophic factor (CNTF) belongs to interleukin-6 family of cytokines. It has a 

role in the survival and differentiation of neurons (Lo, 1993).  The photoreceptor rescue 

effect of adenovirus or adeno-associated virus mediated delivery of CNTF has been 

assessed in a variety of rodent models such as rds mice (Bok et al., 2002),  Rho knock-out 

mice (Liang et al., 2001), rd mice (Cayouette et al., 1997) and Rho knock-out rats (Liang 

et al., 2001b). It has been shown that sub-retinal or intravitreal injection of AAV or 
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adenoviral-mediated delivery of CNTF can slow down the degeneration of 

photoreceptors as assessed by the thickness of outer nuclear layer but on the contrary 

these studies have found a decrease in scotopic a- and b-wave amplitudes and a decrease 

in photopic b-wave amplitude in the injected eye compared to uninjected eye (Cayouette 

et al., 1997, Bok et al.,2002,  Liang et al., 2001, Liang et al., 2001b). A single study has 

shown functional rescue by intravitreal injection of AAV-mediated delivery of CNTF in 

rds mice at age 20-days (Cayouette et al., 1998). Schlichtenbrede and coworkers have 

studied the role of combination approach of neuroprotection and gene replacement by 

injecting AAV containing CNTF and AAV containing Prph2 gene in the sub-retinal 

space of the rds mice. No functional rescue was observed in this study (Schlichtenbrede 

et al., 2003). 

 

In addition CNTF has also been administered through direct intravitreal injection 

of CNTF peptide (Chong et al., 1999), and with encapsulated cell implants (Tao et al., 

2002). Photoreceptor rescue effects of CNTF in different types of animal models such as 

RCD1 dogs (Tao et al., 2002), rd mice (Cayouette et al., 1997), as well as in a feline 

model of retinal degeneration (Chong et al., 1999) led to phase I clinical trials in human 

patients with RP. In a phase I trial, CNTF implants made by enclosing RPE cells in a 

semipermeable polymer-based outer membrane were used. The RPE cells were 

transfected with the CNTF gene and stable CNTF-expressing cell lines were enclosed in 

the implant. The implants were placed in the eyes of 10 RP patients and these were found 

to be safe for at least 6 months (Sieving et al., 2006). The visual acuity also showed 
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improvement in the study although a larger study would be required to make conclusion 

about changes in visual acuity.  

 

2. GDNF 

 

Glial cell line derived neurotrophic factor (GDNF) is a neurotrophic factor required for 

the survival and differentiation of dopaminergic neurons (Lin et al., 1993). The beneficial 

effects of AAV-mediated delivery of GDNF were studied by Buch and coworkers in 2 

animal models of retinal degenerations, rds mice which lack functional Prph2 gene and 

RCS rats which lack functional Mertk gene. They injected the AAV-GDNF gene 

construct into the sub-retinal space of 10-day old rds mice and 12-day old RCS rats. Sub-

retinal delivery of GDNF resulted in enhanced survival of the photoreceptors as accessed 

histologically as well as there was functional rescue as assessed by enhanced b-wave 

amplitudes in the treated animals compared to control animals. The rescue effect was 

enhanced upon introduction of the replacement gene (i.e., Mertk in RCS rats and Prph2 

in rds mice) in combination with GDNF gene therapy (Buch et al., 2006).  

 

Protective effect of GDNF have also been observed in rd mice and Rho knock-out 

rats by sub-retinal injections of GDNF peptide (Frasson et al., 1999) and intravitreous 

injection of GDNF encapsulated in poly (D,L-lactide-co-glycolide) (PLGA) microspheres 

(Andrieu-Soler et al., 2005). This led to an increase in the number of cells in the outer 

nuclear layer as well as increase in the ERG amplitudes. No major side effects were 

observed in these studies.  
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3. bFGF 

 

Basic fibroblast growth factor (bFGF) is a neurotrophin involved in the regeneration, 

proliferation and survival of the neurons of the central nervous system (Eckenstein et al., 

1994).  bFGF is also expressed in the retina (Connolly et al., 1992), and is required for 

the survival of  photoreceptors (Campochiaro et al., 1996).   

 

Akimoto and coworkers have shown that adenovirus mediated delivery of bFGF 

into the sub-retinal space of 21-day old RCS rats resulted in the rescue of photoreceptors 

as indicated by the increased thickness of outer nuclear layer as compared to the control 

rats (Akimoto et al., 1999). Lau and coworkers have shown that AAV-mediated sub-

retinal delivery of bFGF in the Rho knockout rats at postnatal day 15 resulted in the 

rescue of photoreceptors as assessed by increased outer nuclear layer thickness and better 

organization of outer and inner segments compared to control rats. ERG responses did 

not showed any functional rescue in the treated rats (Lau et al., 2000). 

 

4. BDNF 

 

Brain derived neurotrophic factor (BDNF) belongs to a family of neurotrophic factors 

and has a role in the neuronal development and survival (Binder et al., 2004). Hojo and 

coworkers have assessed the photoreceptor rescue effect of BDNF in rats with light 

induced photoreceptor damage. They transduced autologous iris pigment epithelial (IPL) 
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cells with AAV-mediated BDNF, the modified IPL cells expressing BDNF were 

transplanted into the sub-retinal space of the Sprague-Dawley rats of age 3 months. After 

transplantation the rats were subjected to phototoxicity by one week of constant 

illuminance of 2000 to 2500 lux. Photoreceptor rescue in the form of increased outer 

nuclear layer thickness was observed in the treated eye compared to control eye (Hojo et 

al., 2004). Lawrence and coworkers modified the Schwann cells by transfecting them 

with the plasmids containing BDNF c.DNA. They injected the modified Schwann cells 

into the sub-retinal space of the RCS rats of age 23-25 days. Photoreceptor rescue was 

observed in the form of increased outer nuclear layer thickness and better head tracking 

to the moving stimulus in the treated eye compared to the control eye (Lawrence et al., 

2004) 

 

5. Anti-apoptotic genes 

 

Photoreceptor cell death in retinitis pigmentosa animal models has been shown to occur 

by apoptosis (Portera-Cailliau et al., 1994). The process of apoptosis often involves a 

family of cysteine proteases known as caspases that cleave key cellular targets leading to 

cell death (Nicotera, 2002). It has been shown that inhibitors of apoptosis (IAPs), which 

interfere with the activity of caspases can block cell death (Liston et al., 1996).  X-

chromosome linked inhibitor of apoptosis protein (XIAP) has been shown to be a potent 

inhibitor of caspase-3 activation and apoptosis (Liston et al., 1996). Leonard and 

coworkers have assessed the potential of XIAP gene therapy in the animal models of 

inherited retinal degeneration. They have found that sub-retinal injection of AAV-



Chapter 1: Introduction and Review of Literature 
 

 
Molecular Genetic Studies on Retinal Dystrophies 

 

75

mediated XIAP gene delivery in Rho knock-out rats of age 14 to 17 days resulted in the 

structural and functional rescue of photoreceptors as assessed through preservation outer 

nuclear layer thickness as well as greater preservation of a-wave amplitudes over control 

rats (Leonard et al., 2007).  

 

Bcl2 is another anti-apoptotic protein which is capable of preventing apoptosis in 

neuronal cells dying through apoptosis (Allsopp et al., 1993). Bennett and coworkers 

tested the role of Bcl2 in halting the process of apoptosis in the rodent model of retinal 

degeneration and found that adenovirus-mediated delivery of Bcl2 in the sub-retinal 

space of 4-day old rd mice resulted in the rescue of photoreceptors. The photoreceptor 

rescue was indicated by lesser pigmentary deposition in the fundus and greater thickness 

of outer nuclear layer as compared to control mice (Bennett et al., 1998). 

 

6. Channelopsin-2 gene 

 

Bi and coworkers have explored the feasibility of genetically converting the inner retinal 

neurons into photosensitive cells by the introduction of microbial channel rhodopsin-2 

(Chop2) gene. They have shown that AAV-mediated delivery of Chop2 gene into the 

sub-retinal space of 2 to 12 month old rd mice resulted in restoration of the ability of 

retina to transmit light signals to the visual cortex (Bi et al. 2006). Tomita and coworkers 

have shown that intravitreal AAV-mediated delivery of Chop2 gene in 10 month old RCS 

rats resulted in the partial rescue of the visual response as assessed by the better 

amplitudes of the VEP (visually evoked potentials) (Tomita et al., 2007). Although the 
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light evoked responses were seen in rd mice and RCS rats, Chop2 treated retinas only 

responded to light of highest intensities of 1014–1015 photons cm-2s-1 compared to normal 

threshold of 106 to 1010 photons cm-2s-1 of rods and cones respectively.  

 

 

1.8.2. Non-genetic therapeutic approaches 

 

The majority of genes involved in the retinal degenerations belong to the functional 

classes of phototransduction cascade, Vitamin A metabolism, structural proteins of rod 

and cone photoreceptors, development pathway or transcription factors. In retinal 

dystrophies, it is evident that whatever the causative gene photoreceptors die through the 

final common pathway of apoptosis (Pierce et al., 2001). Thus it has been hypothesized 

that therapies that can prevent apoptosis or slow down the process of apoptosis will be of 

advantage in that they are applicable to patients regardless of gene mutations involved in 

the disease. Other approaches that are under investigation are aimed at enhancing 

photoreceptor survival in retinal dystrophies, such as treatment with growth factors, and 

nutritional supplements. Another approach involves cell transplantation in order to 

replace the dying cells. The retinal prosthesis is another kind of treatment option where 

an electronic device is used to replace the function of photoreceptors and are used to 

convert light into electrical signal that stimulates neurons in visual pathway. The present 

status of advancements in these areas is discussed below. 
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1.8.2a. Growth factors 

 

Some of the growth factors that have been successfully tested in experimental models for 

rescue of the photoreceptors in retinal degenerations are discussed in this section. 

 

 Mullen and coworkers in 1976 while studying chimeric rats (cells from RCS rat 

embryo and normal rat embryo) observed that photoreceptors lying opposite as well 

neighboring the wild type RPE cells were protected from degeneration whereas 

photoreceptors lying opposite to mutant RPE cells show severe degeneration. They 

attributed this rescue to the probable diffusion of trophic factor/s from the wild type RPE 

cells. This led to the first experimental attempt of the therapeutic use of growth factor and 

to the identification of the rescue effect of basic fibroblast growth factor (bFGF) in RCS 

rats (Faktorovich et al., 1990). The rescue effect was also observed in other studies 

involving intravitreal injection of encapsulated bFGF secreting fibroblasts in RCS rats 

(Uteza et al., 1999) as well as through direct intravitreal injection of bFGF in light-

induced retinal degeneration mouse model (Driscoll et al., 2007). However, side effects 

in the form of macrophage invasion, neovascularization and cataractogenesis were also 

observed (Faktorovich et al., 1990, Uteza et al., 1999). These studies suggest that bFGF 

has a protective effect on photoreceptors but the side effects make it unsuitable for 

therapeutic purpose. The success with bFGF triggered the identification of other factors. 

In 1992 Lavail and coworkers evaluated the protective role of various growth factors, 

cytokines and neutrophin-3 through intravitreal injections in the light-induced rat retinal 

damage model. Through light microscopy they measured the thickness of the outer 
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nuclear layer and observed that bFGF (basic fibroblast growth factor), BDNF (brain 

derived neurotrophic factor), CNTF (ciliary neurotrophic factor), interleukin 1 beta and 

aFGF (acidic fibroblast growth factor) have a protective role in light-induced retinal 

damage. Lavail and coworkers in 1998, in a subsequent study used animal models of 

retinal degeneration the rd mice and rds mice, in order to examine the efficacy of survival 

factors CNTF, Neutrophin-3 and 4, human insulin-like growth factor, human leukemia 

inhibitor and mouse nerve growth factor in rescuing photoreceptors. They found that only 

CNTF had a protective role in rd mice. 

 

Ciliary neurotrophic factor is effective in photoreceptor rescue in different types 

of animal models such as RCD1 dogs (Tao et al., 2002), rd mice (Cayouette et al., 1997), 

as well as in a feline model of retinal degeneration (Chong et al., 1999). CNTF has been 

administered through different approaches such as direct intravitreal injection of CNTF 

peptide (Chong et al., 1999), intravitreal adenovirus-mediated CNTF gene delivery 

(Cayouette et al., 1997) as well as with encapsulated cell implants (Tao et al., 2002). 

Rescue effect of CNTF observed in animal models led to phase-I clinical trials in human 

patients with RP. In a phase-I trial, CNTF implants made by enclosing RPE cells in a 

semipermeable polymer-based outer membrane were used. The RPE cells were 

transfected with CNTF gene containing plasmids and stable CNTF expressing cell lines 

were enclosed in the implant. The implants were placed in the eyes of 10 RP patients and 

these were found to be safe for at least 6 months (Sieving et al., 2006). The visual acuity 

also showed improvement in the study although it was not powered to make conclusions 
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about changes in visual acuity. Further studies are required in order to determine the 

functional effectiveness of CNTF in humans. 

 

In vitro as well as in vivo studies have shown protective effects of glial cell line-

derived neurotrophic factor (GDNF) on dopaminergic neurons (Lin et al., 1993). Through 

in situ hybridization Nosrat and coworkers (1996) have shown the expression of GDNF 

in the retina. It was hypothesized that if GDNF is expressed in neurons and has a 

protective role then it may have a similar protective role in retina as it is expressed in the 

retina. This led to multiple in vivo studies on different animal models such as rd mice as 

well as on mutant rhodopsin rats, which have shown a protective effect of GDNF in the 

form of increase in the number of cells in the outer nuclear layer as well as increase in the 

ERG amplitudes (Sanftner et al., 2001, Frasson et al., 1999, Andrieu-Soler et al., 2005). 

These studies have used different modes of GDNF transfer including subretinal injection 

of adeno-associated viral vectors (Sanftner et al., 2001), direct subretinal injections of 

GDNF peptide (Frasson et al., 1999) and intravitreous injection of GDNF encapsulated in 

poly(D,L-lactide-co-glycolide) (PLGA) microspheres (Andrieu-Soler et al., 2005). No 

major side effects were observed in these studies. Clinical trials of this factor require 

studies on the appropriate dose in larger animal models. 

 

 

 

 

 



Chapter 1: Introduction and Review of Literature 
 

 
Molecular Genetic Studies on Retinal Dystrophies 

 

80

1.8.2b. Ca channel blockers 

 

It has been observed in rd mice and rcd1 dogs that mutation in the PDE6B gene lead to 

abnormal accumulation of cGMP (Pierce et al., 2001). cGMP gates cationic channels that 

are responsible for the flow of light-sensitive current in photoreceptors. In the presence of 

excess of cGMP these channels remains open continuously and lead to metabolic 

overload by demanding continuous activity of Na+/K+ ATPase to maintain 

electrochemical gradients (Pierce et al., 2001). It has been hypothesized that this 

abnormal increase could be the reason for the death of photoreceptors (Farber et al., 

1974). Frasson and coworkers in 1999 proposed that diltiazem, a known Ca channel 

blocker in cardiac diseases, may also block cGMP gated channels and this blocking of 

cGMP channels will prevent photoreceptor degeneration. They observed that 

photoreceptors in rd mice were rescued (both structurally and functionally) by the regular 

use of intraperitoneal injection of diltiazem. However, the results could not be replicated 

in canine rcd 1 model (PDE6B mutant) (Kelling et al., 2001), and in the rd mouse model 

(Pawlyk et al., 2002). It has been speculated that diltiazem action may be a species-

specific phenomenon (Frasson et al., 1999, Pawlyk et al., 2002).  

 

 

1.8.2c Anti-oxidant/nutrient supplementation 

 

Oxidative stress has been shown to be one of the causes of death of photoreceptors 

(Carmody et al., 1999). Lutein and zeaxanthins are known to be powerful antioxidants 
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and filter high energy blue light, they belong to the xanthophyll family of carotenoids and 

form a major component of the macular pigments (Lutein and zeaxanthin. Monograph. 

2005). It has been observed that higher dietary intake of lutein and zeaxanthin is 

associated with lower relative risk for AMD (Seddon et al., 1994) and persons with 

higher amount of lutein and zeaxanthin pigments are at a lower risk to AMD (Bone et al., 

2001). Pilot studies done on patients with retinal degeneration in order to study the effect 

of lutein supplementation on the visual acuity have shown beneficial (Dagnelie et al., 

2000) as well as no effect (Aleman et al., 2001) on the visual function. A double masked 

randomized placebo controlled trial has shown that lutein supplementation (10 mg/day 

for 12 weeks followed by 30 mg/day for 12 weeks) had some beneficial effect on the 

visual activity, contrast sensitivity and visual field radius but the effects were not found 

to be statistically significant (Bahrami et al., 2006). Through studies on the rd1 mouse 

model it has been observed that a combined dose of lutein, zeaxanthin, alpha-lipoic acid 

and L-glutathione slowed the degeneration of the rod photoreceptors as evident by the 

significant decrease in the number of TUNEL positive cells at postnatal day 11 in the 

outer nuclear layer of treated animals. This effect was not observed when these 

antioxidants were administered singly (Sanz et al., 2007). 

 

Berson and coworkers in 1985 studied the natural course of retinitis pigmentosa 

and observed that patients taking vitamin A and vitamin E supplements in their diet show 

relatively slow decline in ERG with time. This led them to do a randomized control trial. 

They made four treatment groups- group A received 15,000 IU of vitamin A, group E 

received 400 IU of vitamin E, group A+E received 15,000 IU of vitamin A and 400 IU of 
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vitamin E while the fourth control group received trace amounts of both vitamins. The 

main outcome measure was ERG amplitudes. It was observed that the rate of progression 

of disease as evident by decline in ERG amplitudes was slower in group A (6.1%) and 

group A+E (6.3%) compared to control group (7.1%) or group E (7.9%). Consumption of 

400 IU of vitamin E without vitamin A led to faster progression of the disease. The visual 

acuity declined by almost 1 letter per year in all the four groups (group A 1.1 letter per 

year, control group 0.9 letter, group A+E and group E 0.7 letter per year) (Berson et al., 

1993).  

Long-term daily use of vitamin A has been found to be safe in retinitis 

pigmentosa patients (Sibulesky et al., 1999). 

 

 

1.8.2d Cell/tissue Transplantation 

 

Several studies using RCS rats, rd mice as well as light-induced models of retinal 

degeneration have shown photoreceptor rescue through the transplantation of retinal 

pigment epithelial cells of adult rat into RCS rats as well as transplantation of human 

fetal RPE into RCS rats (Lopez et al., 1989), transplanting of photoreceptor sheets from 

adult rat retina to the subretinal space of rat (Silverman et al., 1992), and transplantation 

of intact sheet of fetal tissue to the subretinal space of the of rat retina in the light-induced 

retinal degeneration model (Seiler et al., 1998). The success of these approaches relies on 

the release of trophic factors from the healthy transplanted cells or due to transplanted 

cells making appropriate connections with the functional part of the retina (Aramant et 
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al., 2002). Fetal retinal cells have been transplanted to RP patients in a study done at LV 

Prasad Eye Institute in India (Das et al., 1999) as well at Johns Hopkins University (Del 

Cerro et al., 2000). The Indian group has shown some subjective improvement in the 

change in visual acuity from light perception to hand motion in some patients, change in 

counting fingers at 15 cm to counting fingers at 50 cm in some patients and one patient 

showed improvement in visual fields. The Johns Hopkins group did not observe any 

improvement in the vision of treated patients. No adverse effect or rejection was reported 

in either of the two studies. Kaplan and coworkers (1997) transplanted sheets of human 

cadaveric photoreceptors into the subretinal space of 2 RP patients. No improvement in 

vision or adverse effects or rejection were reported in these patients (Kaplan et al., 1997).  

 

Takahashi and coworkers (1998) first transplanted rat hippocampus derived 

neural progenitor cells into the vitreous cavity of the healthy rat eye. They found that 

these cells localize to a wide variety of heterologous environments and express some of 

the features of retinal cells. Similarly, there are reports of transplantation of progenitor 

cells derived from murine brain (Van Hoffelen et al., 2003), as well as from rat fetal 

retina (Chacko et al., 2000) and they have shown the integration of retinal progenitor 

cells into the retina of Brazilian opossums (Van Hoffelen et al., 2003) and of rats 

(Chacko et al., 2000) respectively but without any demonstration of synaptic connections 

with other neurons or restoration of visual acuity. A recent report from MacLaren and 

coworkers (2006) has shown using rd, RDS and rhodopsin- mutant mice that if cells are 

taken from the developing retina at a time coincident with the peak of rod genesis then 
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these transplanted cells are able to differentiate and form connections and improve visual 

function. 

 

 

1.8.2e. Retinal prosthesis 

 

The retinal prosthesis is an electronic device that converts light into electrical signals that 

in turn stimulate neurons in the visual pathway. The neuronal signal is then processed by 

the brain to generate a visual response (Winter et al., 2007). There are two basic types of 

retinal prosthetic devices namely multiphotodiode array (MPDA) (Chow et al., 2004) and 

microelectrode arrays (MEAs) (Humayun et al., 2003). MPDA is implanted into the 

subretinal space. MPDA devices have a very limited electrical output which is 

insufficient to activate diseased neurons as they have higher than normal activation 

thresholds. MPDA devices have been used in patients with advanced RP, and have been 

found to be safe, however visual acuity has shown only subjective improvement in some 

patients in the form of gain of letters on ETDRS charts (Chow et al., 2004). More studies 

are required in order to comment on the improvement in visual acuity through MPDA 

devices. MEAs consist of planar microelectrode arrays connected to an implantable 

signal processor. The MEA can be implanted in the epiretinal or subretinal space. 

Epiretinal implantation of MEAs with 16 microelectrodes in a patient with advanced RP 

with no light perception has shown success in the form of perception of light at all the 16 

electrodes as well as detection of motion and direction (Humayun et al., 2003). 
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 The implanted devices to date have 16 functional electrodes which provides a 

vision of 20/1200. It is estimated that 256 to 625 electrodes are required to yield visual 

acuity of 20/420 and 20/30 respectively (Winter et al., 2007). 

 

 

1.9. Approaches and potential uses of molecular diagnostic testing 

 

Genetic testing for molecular diagnostics in retinal dystrophies is important because it 

may serve to confirm the clinical diagnosis made by an ophthalmologist and allow 

prediction of prognosis. Genotype-phenotype correlations can be determined by means of 

classification of sufficiently large numbers of patients with specific mutations and their 

corresponding clinical features.  If suitable correlations are developed for different genes, 

this information can be used in prediction of prognosis for individual patients and as a 

guide to genetic screening based on phenotypic features. Genetic testing can help in 

providing genetic counseling and can offer an option of prenatal screening for those 

desiring it. For those already born with the disease, genetic testing can help in identifying 

the disease-causing gene and guide the way towards suitable therapy if it is available. 

Gene therapy has shown success in animal models in case of several different genes as 

discussed in the preceding section but few have reached clinical trials so far.  

 

In retinal dystrophies application of genetic testing in molecular diagnostics is 

challenging because of the fact that retinal dystrophies are genetically heterogeneous, 

have multiple inheritance patterns and a large number of mutations per gene. In order to 
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minimize the cost and labour involved in genetic testing, various approaches such as the 

screening genes based on their frequency in causing disease in the specific population, or 

screening for the most frequent mutations causing retinal dystrophy, may be used. The 

known mutations can be screened efficiently in a short time period by using microarray 

based technology (Zernant  et al., 2005, Henderson et al., 2007, Vallespin et al., 2007, 

Yzer et al., 2006). This is available commercially for the genes involved in autosomal 

recessive RP, autosomal dominant RP and LCA. Genes for which microarray-based 

screening is available are ABCA4, CERKL, CNGA1, CNGB1, MERTK, PDE6A, PDE6B, 

PNR, RDH12, RGR, RLBP1, SAG, USH2A, USH3A, CA4, FSCN2, IMPDH1, NRL, 

PRPF3, PRPF31, PRPF8, RDS, RHO, ROM1, RP1, RP9, CRX, AIPL1, CRB1, GUCY2D, 

LRAT, TULP1, CEP290, LCA5 and RPE65 

(http://www.asperophthalmics.com/index_testing.htm). Other shortcut approaches are 

based on sorting the families based on their mode of inheritance and the use of 

homozygosity testing for families with recessive disease (Singh et al., 2006, Kondo et al., 

2004) or by the co-segregation of a haplotype with the disease phenotype in families with 

dominant mode of inheritance (Kondo et al., 2003). This approach can only be applied to 

identify known retinal dystrophy genes in families with 2 or more affected individuals. 

SNP microarrays have also been reported to be successful in identifying even new genes 

in families with only 2 affected family members through whole genome homozygosity 

screening (Ramprasad et al., 2008, den Hollander et al., 2007).  
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1.10 Objectives of the study 

 

This study was designed with the following objectives: 

 

1. To identify genes causing autosomal recessive disease in affected 

families by screening for homozygosity at known candidate gene loci. 

 

2. To map and identify the disease locus in a family with autosomal 

dominant RP. 

 

3. To directly screen candidate genes for mutations in a pool of unrelated 

patients with retinal dystrophy.  
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CHAPTER 2: MATERIALS AND METHODS 

 
 

2.1 Recruitment of patients and sample collection  

 

The study protocol was approved by the Institutional Review Board and adhered to the 

guidelines of the Declaration of Helsinki. Eligible patients with retinal dystrophy seen at 

the outpatient clinic of the retina service of LVPEI were recruited for the study. Patients 

and subjects recruited were in the following categories- 1) Families with ARRP as 

ascertained through history and with two or more affected individuals were included. In 

these families first-degree relatives of probands were also called to participate in the 

study. 2) Probands with a diagnosis of autosomal dominant/autosomal recessive/sporadic 

RP and LCA were included. 3) Large families with dominant or recessive RP with 

multiple affected members available in 2 or more generations (at least 10 children in 

autosomal dominant inheritance and at least 6 affected offspring in autosomal recessive 

inheritance). All subjects underwent a complete ocular examination and diagnostic 

features were reviewed and confirmed independently by two ophthalmologists. 

Diagnostic criteria are detailed below. 

 

2.1.1 Inclusion criteria 

 

2.1.1a Inclusion criteria for RP 
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Patients who presented with at least two of the signs listed below were included 

 

a. Bilateral diffuse and widespread (defined as involving the retina beyond the posterior 

pole) retinal pigment epithelium (RPE) degeneration (appear as fine, white or grayish 

discoloration of deeper retinal layers) 

b. Visual field loss commensurate with clinical lesions or with advanced disease.  

c. Visual acuity <6/60 or fields not possible. 

d. Electroretinogram (ERG) criteria: Extinguished or b-wave < 50 µV in maximal 

response. 

e. Arterial narrowing 

f. Progressive visual loss 

 

Other clinical signs that may be present but were not essential for the diagnosis were: 

 

a. Pigment migration including bone corpuscular pigmentation. 

b. Vitreous opacities and vitreous pigments. 

c. Associated RPE atrophic changes in the macular area. 

d. Diffuse disc pallor. 

e. Stellate opacities in the crystalline lens. 

f. Nyctalopia. 

 

2.1.1b Inclusion criteria for LCA 
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a. Visual loss since birth defined on the basis of history if present within the first 6 

months of life. 

b. Diffuse and widespread RPE degeneration.  

c. Nystagmus since birth/infancy. 

 

Additional signs that may or may not be present were: 

 

Eye poking, arterial narrowing, disc pallor, no progression of disease, extinguished ERG, 

visual acuity <20/200 in better eye, hyperopia >4.0 sph. 

 

2.1.2 Exclusion criteria 

 

2.1.2a Exclusion criteria for RP 

 

Unilateral disease, macular retinal dystrophy with no evidence of widespread retinal 

photoreceptor involvement, evidence of ocular trauma, retinal vascular occlusion, retinal 

detachment surgery, exudative retinal detachment, retinal vasculitis, chorioretinitis or any 

other secondary cause of pigmentary retinal changes, involvement of any other systems, 

patients not willing to participate in the study. 

 

2.1.2b Exclusion criteria for LCA 
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Absence of nystagmus, patchy retinal involvement, no loss of vision at birth, patients not 

willing to participate in the study. 

 

2.1.3 Sample collection 

 

Patients who fulfilled the above inclusion criteria were explained the purpose of the 

study. Patients/families that were willing to participate were asked to sign a consent form, 

the contents of which were explained to them. Family histories were taken and complete 

pedigrees were drawn. 4-5 ml of blood was drawn in sodium heparin vacuettes [Greiner 

bio-one, Kremsmuenster, Austria] by venipuncture from the arm. Blood samples were 

then stored frozen at -20°C. 

 

2.1.4 Details of patients and families  

 

1. A total of 34 families with autosomal recessive retinitis pigmentosa with 76 affected 

and 88 unaffected individuals were included, out of which 24 families were 

consanguineous and 10 were non-consanguineous.  

 

2. 100 probands with a diagnosis of autosomal recessive (n=55), autosomal dominant 

(n=14),  and sporadic (n=31) forms of RP and 3 probands with a diagnosis of LCA, 

autosomal recessive (n=2) or sporadic (n=1) were included for candidate gene screening. 
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3. One family with autosomal dominant retinitis pigmentosa with 9 affected individuals 

was recruited. Blood samples were collected from 8 affected, 17 unaffected and 7 

individuals with mild RPE/pigmentary changes with normal best-corrected visual 

acuities. Electroretinography and visual field data could not be obtained in these patients 

and hence their status was not conclusive of RP. Hence their affection status for the 

purpose of analysis was treated as unknown. 

 

2.1.5 Controls 

 

Blood samples from the control individuals were collected after obtaining informed 

written consent. More than 100 control individuals were included in the study. All the 

control individuals were examined in the clinics of LVPEI and were without any history 

of retinal disease.  

 

2.2 Molecular genetic analysis 

 

2.2.1 Extraction of genomic DNA from blood leukocytes 

 

Blood samples were first thawed at room temperature and were then transferred to 50ml 

polypropylene centrifuge tubes. Four volumes of buffer A (Sucrose (Sigma – Aldrich, St. 

Louis, USA) – 320mM, MgCl2 (Sigma–Aldrich, St. Louis, USA)–5mM, Triton X 100 

(Sigma–Aldrich, St. Louis, USA)–1%, Tris-HCl (pH-8)-10 mM ) was added to the blood 

sample and mixed gently till the solution became clear. Tubes were then centrifuged at 
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3000 rpm for 8 minutes, so as to obtain a white blood cell (WBC) pellet. The supernatant 

containing the lysed red blood cells (RBCs) were decanted. The WBC pellet was 

disturbed thoroughly and half the volume (as that of blood) of buffer B (400 mM Tris-

HCl (pH-8), 60 mM Na-EDTA  (Sigma–Aldrich, St. Louis, USA), 150 mM NaCl  

(Sigma–Aldrich, St. Louis, USA), 1% SDS  (USB, Cleveland, USA)) was added, pellet 

was then gently mixed and kept for incubation at 37ºC for 10 minutes. Buffer C (5 mM 

sodium perchlorate (MERCK, NJ, USA) was then added at one-fourth the volume of 

blood taken for extraction and the solution was mixed gently for 3-4 minutes. This was 

followed by addition of equal volume (as that of blood) of phenol (Ambion, Texas, USA) 

and chloroform (Qualigens, Mumbai, India). Solution was mixed well gently and 

centrifuged at 3000 rpm for 10 minutes so as to separate three layers namely, aqueous 

layer, interface and organic layer. The aqueous phase was transferred to fresh 15 ml 

polypropylene centrifuge tubes, and an equal volume of chloroform was added, mixed 

gently and centrifuged at 3000 rpm for 5 minutes. The aqueous phase was transferred to 

another fresh 15 ml polypropylene centrifuge tube. 2 volumes of chilled absolute ethanol 

was added for precipitation of DNA. DNA was spooled out in a fresh 1.5 ml centrifuge 

tube and was washed twice with 70% ethanol and air dried to remove alcohol. The DNA 

pellet was dissolved in 200 µl of sterile deionised water. DNA was then incubated at 

56ºC for 1 hour to dissolve and then at 37ºC overnight. DNA samples were quantified on 

UV spectrophotometer. Tubes containing DNA were labeled with codes depicting family 

and patient number, and concentration of DNA, and were stored at -20ºC. 
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2.2.2 Quantitation of DNA  

 

To estimate the concentration of DNA, 5 µl of the sample was transferred to a fresh 

microfuge tube and diluted to 1 ml with deionised water. Absorbance was measured at 

wavelengths 260 nm and 280 nm in a spectrophotometer (UV-1601, Shimadzu). An 

optical density (OD) value of 1 corresponds to 50 micrograms (µg/ml) for double-

stranded DNA. The concentration of DNA was calculated using the given formula: 

 

Concentration (µg/ml) = OD260 X 50 (concentration of double stranded DNA at OD 260 

value of 1) X 200 (dilution factor) 

 

2.2.3 Polymerase chain reaction (PCR) 

 

PCR amplifications were carried out for genotyping of microsatellite markers as well as 

for amplifying coding regions of genes for mutational screening.  Reaction volumes for 

PCR were 30 µl for genotyping and 25 µl for exon-specific PCR. Primers were designed 

by using Webprimer software [http://seq.yeastgenome.org/cgi-bin/web-primer] for exon-

specific amplifications so as to be complementary to flanking intronic regions. For 

microsatellite markers, primer sequences were obtained from databases such as UniSTS 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists) and Human Genome Database. The 

primer sequences are listed in appendix 1, Table 1. PCR reactions were carried out with 

50 ng of genomic DNA, 5-10 pmol each of forward and reverse primers, 1.0 -3.5 mM 

magnesium chloride, 1X PCR buffer (100 mM Tris (pH9.0), 500 mM potassium chloride, 
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0.1% gelatin), 200 mM dNTPs and 1unit of Taq polymerase (Bangalore Genei, 

Bangalore, India). Dimethyl sulphoxide (DMSO, Sigma–Aldrich, St. Louis, USA) was 

used at a concentration of 5% to 10% for GC-rich templates. Annealing temperature and 

concentration of MgCl2 standardized for each primer pair are listed in Table 2.2. PCR 

conditions used were: initial denaturation at 95 ºC for 4 minutes, followed by 30-34 

cycles with denaturation at 94 ºC for 30 sec, annealing at 51 ºC-69 ºC for 15 sec , 

extension at 72ºC for 30 sec and one cycle of final extension at 72 ºC for 5 minutes. 

 

2.2.4 Genotyping and Linkage analysis 

 

i. Genotyping for ARRP 

 

Candidate gene loci listed in Table 2.1 were tested for homozygosity. Markers for 

genotyping of these loci were selected based on proximity to the gene and on 

heterozygosity. Information on the microsatellite markers, including heterozygosity, 

location and primer sequences was obtained from public databases such as the UniSTS 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists), Human Genome Database and 

NCBI Mapview, (http://www.ncbi.nlm.nih.gov/mapview/) databases. Primers were 

commercially synthesized with one of each pair having fluorescent tags of Fam, Hex or 

Tet for detection on the ABI system. Sequences of primers used for genotyping of 

microsatellite markers are listed in Appendix 1, Table 1.  
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Table 2.1: Genes selected for homozygosity screening. 

# Gene name Gene symbol 
1 Guanylate cyclase 2D, membrane (retina-specific) GUCY2D 
2 Phosphodiesterase 6A, cGMP-specific, rod, alpha PDE6A 
3 Phosphodiesterase 6B, cGMP-specific, rod, beta PDE6B 
4 Phosphodiesterase 6G, cGMP-specific, rod, gamma PDE6G 
5 Guanylate cyclase activator 1A (retina) GUCA1A 
6 Rhodopsin RHO 
7 Cyclic nucleotide gated channel alpha 1 CNGA1 
8 Cyclic nucleotide gated channel beta 1 CNGB1 
9 Peripherin 2 (retinal degeneration, slow) PRPH2 
10 Retinal outer segment membrane protein 1 ROM1 
11 Crumbs homolog 1 (Drosophila) CRB1 
12 Retinitis pigmentosa 1  RP1 
13 Cone-rod homeobox CRX 
14 Neural retina leucine zipper NRL 
15 ATP-binding cassette, sub-family A (ABC1), member 4 ABCA4 
16 Retinol binding protein 1, cellular RBP1 
17 Retinaldehyde binding protein 1 RLBP1 
18 Retinal pigment epithelium-specific protein 65kDa RPE65 
19 Retinal G protein coupled receptor RGR 
20 Tubby like protein 1 TULP1 
21 Prominin 1 PROM1 
22 Aryl hydrocarbon receptor interacting protein-like 1 AIPL1 
23 Retinitis pigmentosa GTPase regulator interacting protein 1 RPGRIP1 
 

 

Table 2.2. Microsatellite markers used in multiplex PCR.  

Pool Marker Label Product Size Annealing temp MgCl2 
D1S406 Fam 205 bp 
D1S236 Tet 190-218 bp 
D3S3584 Tet 143-147 bp 1 

D4S432 Tet 224-272 bp 

57ºC 2.5 mM 

D3S3552 Hex 161-177 bp 
D19S219 Tet 160-190 bp 
D3S2302 Tet 295 bp 2 

D1S1170 Fam 120 

58ºC 2.5 mM 

D6S1575 Fam 88-110 bp 
D19S540 Fam 182-190 bp 
D15S972 Tet 222-236 bp 3 

D17S948 Tet 125 149 bp 

55ºC 1.25 mM 

4 D1S2806 Fam 133-163 bp 55ºC 2.5 mM 
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D15S1046 Hex 116-148 bp 
D5S2090 Tet 189-205 bp 
D3S3607 Fam 144-164 bp 
D1S219 Hex 154-176 bp 
D17S796 Tet 144-174 bp 5 

D11S1883 Fam 224-266 bp 

55ºC 1.25 mM 

D17S1810 Fam 108-122 bp 
D11S4017 Hex 178-179 bp 6 
D1S2829 Tet 177-225 bp 

55ºC 1.25 mM 

D15S202 Fam 226-247 bp 7 D2S2228 Hex 191-215 bp 53ºC 2.5 mM 

D11S4357 Tet 157 bp 
D17S1161 Fam 175 bp 8 
D6S936 Tet 308-368 bp 

57ºC 2.5 mM 

D1S2779 Hex 229-247 bp 9 D17S1832 Hex 151-195 bp 53ºC 3.75 mM 

D6S1568 Hex 84-110 bp 
D14S1042 Hex 253-267 bp 
D14S123 Tet 365-423 bp 10 

D4S405 Fam 250 bp 

55ºC 1.25 mM 

D6S388 Fam 60-160 bp 
D6S273 Tet 101-201 bp 
D4S251 Hex 100-110 bp 11 

D4S1518 Fam 177 bp 

57ºC 1.25 mM 

D4S2971 Tet 133-155 bp 
D17S1353 Hex 184-222 bp 
D17S1791 Fam 232- 290 bp 12 

D1S1726 Tet 261-279 bp 

55ºC 1.25 mM 

D1S2622 Hex 165-189 bp 
D14S72 Fam 250 bp 13 
D14S972 Fam 201-211 bp 

58ºC 2.5 mM 

D17S786 Tet 135-157 bp 14 D1S373 Fam 283-330 bp 57ºC 1.8 mM 

D15S972 Tet 222-236 bp 
D3S3607 Fam 144-164 bp 
D3S1671 Hex 136 bp 15 

D11S1883 Fam 224-266 bp 

55ºC 1.25 mM 

D10S1753 Tet 223-279 16 D16S3080 Hex 269-285 55ºC 2.5 mM 

D16S682 Fam 292 17 D8S285 Fam 108-124 55ºC 2.5mM 

D16S3120 Tet 216-262 18 D4S403 Hex 217-231 55ºC 3.5 mM 
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Shown above are the list of microsatellite 57 markers and their PCR conditions in 
the 18 multiplex PCR reactions. 
 

 

2-4 primer sets were combined in each multiplex PCR reaction. 18 multiplex PCR 

reactions were standardized for a total of 57 primer pairs. The markers amplified in each 

multiplex PCR along with PCR conditions used are given in Table 2.2. PCR reactions 

were carried out in 30 µl volume as described in the previous section. Cycling conditions 

used were: initial denaturation at 95ºC for 4 minutes, 10 cycles of 94ºC for 15 sec, 55ºC 

for 15 sec and 72ºC for 30 sec. This was followed by 20 cycles with denaturation at 89ºC 

for 15 sec, annealing at 55ºC for 15 sec , extension at 72ºC for 30 sec and one cycle of 

final extension at 72ºC for 10 minutes. The PCR products were electrophoresed on ABI 

310 automated DNA sequencer (Applied Biosystems Inc, Foster City, California, USA). 

 

 ii). Genotyping for ADRP 

 

In the ADRP family (family RP161) studied, known ADRP loci were genotyped using a 

set of 28 markers (Table 2.3) selected from the ABI linkage mapping set (ABI PRISM 

linkage mapping set, version 2.5-MD10), based on their proximity to the known gene loci 

in retinal dystrophies. These markers were flanking the 14 known ADRP genes 

(GUCA1B, PRPH2, PAP1, RHO, NRL, ROM1, IMPDH1, CA4, FSCN2, PRPF8, 

PRPF31, TOPORS, RP1 and CRX), 5 genes for autosomal dominant cone/cone rod 

dystrophy (GUCA1A, RIMS1, AIPL1, PITPNM3, UNC119), 2 mapped loci (RCD1, 

CORD4) for autosomal dominant cone/cone-rod dystrophy for which genes are not yet 
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identified and a gene for Refsum disease (PEX7). Distances of the markers from the 

genes were taken from the NCBI Map Viewer (http://www.ncbi.nlm.nih.gov/mapview/). 

Fine mapping was done by genotyping 7 additional markers (D6S434, D6S287, D6S408, 

D6S270, D6S1009, D6S1649, D6S1637) which were selected based on location within 

the interval in which evidence of linkage was obtained by genotyping the 28 markers 

mentioned above. Allele frequencies for relevant markers showing positive LOD scores 

were calculated by genotyping 30 control individuals. The markers were amplified 

individually in a 7.5 µl PCR reaction. The PCR products were electrophoresed on ABI 

3130XL automated DNA sequencer (Applied Biosystems Inc, Foster City, California, 

USA).  

 

Table 2.3. Shortlisted markers corresponding to ADRP loci from the ABI linkage 
panels. 

Gene/ locus Name Phenotype 
Panel 
Marker 

Distance 
from the 
gene Label 

Allele 
size 
range 

Pools for 
loading 

RCD1 CRD D6S264 1 Mb Fam 108-130 
GUCA1A/GUCA1B/
PRPH2 CRD D6S1610 5 Mb Fam 200-214 
RP9/ PAP1 RP D7S517  2 Mb Fam 243-261 
RIMS1 CRD D6S460 6 Mb Fam 279-303 

PEX7 
Refsum 
disease D6S308  4 Mb Fam 326-354 

RHO RP D3S1292 5 Mb Ned 111-145 
GUCA1B/GUCA1A/
PRPH2 RP D6S257 4 Mb Ned 167-195 
NRL RP D14S261 1 Mb Ned 273-305 

PEX7 
Refsum 
disease D6S262  4 Mb Vic 169-189 

ROM1 RP D11S4191 5 Mb Vic 89-119 

Pool-I 

IMPDH1 RP D7S486 1 Mb Fam 221-235 
RCD1 CRD D6S1581 2 Mb Fam 257-271 
RP9/PAP1 RP D7S484  2 Mb Fam 97-115 
IMPDH1 RP D7S640 3 Mb Ned 110-150 
CA4/CORD4/FSCN2 RP D17S785 1 Mb Ned 165-193 
PAP1/RP9 RP D7S657 1 Mb Ned 244-270 

Pool-II 
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RP1/RP9 RP D8S285 1 Mb Ned 314-330 
CA4/CORD4/FSCN2 CRD D17S784 1 Mb Vic 230-244 
PAP1/RP9 RP D7S630 2 Mb Vic 327-355 
CA4/CORD4/FSCN2 CRD D17S949 1 Mb Fam 210-228 
GUCY2D/PITPNM3
/PRPF8/AIPL1 CRD D17S938 1 Mb Fam 238-258 
GUCY2D/PITPNM3
/PRPF8/AIPL1 CRD D17S1852 1 Mb Fam 279-310 
CA4/CORD4/FSCN2 RP D17S944 1 Mb Ned 318-334 
TOPORS RP D9S171   Ned 160-186 
TOPORS RP D9S285   Ned 80-110 
CRX/PRPF31 RP/CRD D19S210 1 Mb Vic 172-192 
UNC119 CRD D17S798 5 Mb Vic 298-322 
CRX/PRPF31 RP/CRD D19S418 1 Mb Vic 87-107 

Pool-III 

 

Gene symbols refer to; AIPL1, aryl hydrocarbon receptor interacting protein-like 1; CA4 
carbonic anhydrase IV; CORD 4, cone rod dystrophy 4; CRX, cone-rod homeobox; 
FSCN2 fascin homolog 2 actin-bundling protein, retinal; GUCA1A, guanylate cyclase 
activator 1A retina;  GUCA1B, guanylate cyclase activator 1B retina; GUCY2D, 
guanylate cyclase 2D,  IMPDH1, IMP inosine monophosphate dehydrogenase 1; NRL, 
neural retina leucine zipper; PAP1, PIM1-associated protein; PEX7, peroxisomal 
biogenesis factor 7;  PRPF31, pre-mRNA processing factor 31 homolog; PRPF8, pre-
mRNA processing factor 8 homolog; PRPH2, peripherin 2;  RCD1, retinal cone 
dystrophy 1; RHO, rhodopsin; RIMS1, regulating synaptic membrane exocytosis 1;  
ROM1, retinal outer segment membrane protein 1;  RP1, retinitis pigmentosa 1;  
TOPORS,  topoisomerase I binding, arginine/serine-rich;  UNC119, unc-119 homolog; 
PITPNM3, PITPNM family member 3. 
 

 

For loading, PCR products were diluted 20 times (Fam, Tet, Vic labeled) or 10 times 

(Hex, Ned labeled). In case of 28 markers from the ABI panels, loading was done in 3 

pools (shown in Table 2.3). A loading mix consisting of 0.25 µl per reaction of 

Tamra/Liz size standard and 10 µl per reaction of deionised formamide was prepared. To 

the above mix, 2 µl of diluted PCR product was added. The mix was then denatured at 

95oC for 5 minutes and immediately transferred to ice and then loaded in ABI 310/ ABI 

3130 XL. Alleles were detected using GeneScan v 3.7 and GeneMapper v 4.0 software 

(Applied Biosystems Inc, Foster City, California, USA). 
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Linkage analysis for the ADRP family was done by using EasyLinkage package v 

5.08 (Lindner TH et al., 2005). Two-point LOD score was calculated using SuperLink v 

1.6. The disease model used was autosomal dominant with full penetrance and a 

frequency of disease gene of 0.0001. Linkage was determined using equal allele 

frequencies for all markers. Subsequently, allele frequencies of markers having positive 

LOD scores were determined in the control population (30 unrelated individuals) and 

LOD scores were re-calculated based on these allele frequencies. Multipoint analysis was 

done for 9 microsatellite markers using the GeneHunter program in the above software 

package. Multipoint analysis was done under the assumption of fully penetrant autosomal 

dominant disease gene locus with the frequency of disease allele as 0.0001. 

 

2.2.5 Gel electrophoresis 

 

2.2.5a Agarose gels 

 

PCR products were checked by electrophoresis on 1.5% agarose gels to determine their 

amplification and quality. Agarose gels (1.5- 2.0% (w/v agarose; Colloids Implex, 

Madrid, Spain) were prepared by dissolving the required quantity of agarose in 1X Tris-

Acetate-EDTA (TAE; 0.04M tris-acetate, 0.001M EDTA) electrophoresis buffer by 

heating in a microwave oven, followed by addition of 0.25 µg/ml ethidium bromide. The 

agarose solution was poured into a gel tray containing a comb, allowed to cool and 

solidify, and then placed in an electrophoresis tank and submerged in 1X TAE buffer. 
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The DNA samples were mixed with DNA loading buffer (0.25% bromophenol blue, 

0.25% xylene cyanol, 40% w/v sucrose). Samples were loaded on the gel along with 

DNA size standard (MBI Fermentas, Lithuania). Horizontal electrophoresis was carried 

out at approximately 80-100V. DNA fragments were detected by staining with ethidium 

bromide and visualized on a UV transilluminator (UVITec, Cambridge, UK).  

 

2.2.5b. Polyacrylamide gels 

 

PCR products digested with the restriction enzymes were resolved on polyacrylamide 

gels. 8-10% of polyacrylamide gels were prepared from the 30% acrylamide stock 

solution  (29:1; acrylamide:bisacrylamide; Sigma–Aldrich, St. Louis, USA)  with 1X 

Tris-borate-EDTA (TBE) buffer (0.09M tris-borate, 0.002M EDTA). Final volume was 

adjusted with autoclaved deionized water to a 50 ml. Polymerization was done with the 

addition of 300 µl of 10% ammonium persulfate (APS) (Sigma, St. Louis, MO, USA )  

and 30 µl of N,N,N',N'-Tetramethylethylenediamine (TEMED) (USB, Cleveland, USA). 

The mix was then poured  between glass plates (20X16 cm) with 1.5 mm spacers. After 

polymerization samples were loaded along with the 6X loading dye (0.25% bromophenol 

blue, 0.25% xylene cyanol, 40% w/v sucrose) and electrophoresis was done in an vertical 

electrophoretic unit (Hoefer SE 600 Series, electrophoretic unit, Amersham Biosciences, 

San Francisco, USA) at a voltage of 80-100 V. The polyacrylamide gels were stained 

with ethidium bromide (0.5 µg/ml in 1X TBE) and DNA fragments were visualized on a 

UV transilluminator (UVITec, Cambridge, UK). 
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2.2.6 DNA sequencing 

 

i. Purification of PCR products 

 

PCR products were purified to remove primers and dNTPs prior to sequencing by using 

Ultraclean TM PCR clean up DNA purification kit (MOBIO Laboratories, Carlsbad, 

California, USA) according to the protocol given by the manufacturer. 

 

 The eluted DNA (50 µl) in the collection buffer was the precipitated by adding 2 µl of 

5M sodium chloride and 100 µl of ethanol and centrifuged at 13000 rpm for 5 minutes. 

The DNA pellet was air-dried and dissolved in 15 µl of autoclaved deionized water. The 

PCR products were checked by agarose gel electrophoresis after column purification and 

subjected to sequencing. 

 

ii. Sequencing 

 

PCR products were sequenced using Sanger’s dideoxy chain-termination method using 

fluorescent labeled ddNTPs, available with Big Dye version 3.1 cycle sequencing kit 

(Applied Biosystems Incorporated, Foster city, CA ). Sequencing reactions were carried 

out in a 10 µl reaction volume with 0.8 µl of Big Dye reaction mix v 3.1 (Applied 

Biosystems Incorporated, Foster City, CA), 3.2 pmol of primer and 50-100 ng of 

amplified template. Cycle sequencing was done with initial denaturation at 96 ºC for 1 

minute, followed by 25 cycles of 96 ºC for 10 sec, 50 ºC for 5 sec and 60 ºC for 4 
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minutes. The amplified products were purified by sodium acetate/ethanol precipitation 

according to the ABI instructions (given in manual “Automated DNA sequencing, 

chemistry guide” part no. 4305080B, year 2000, page 3-41). Briefly, PCR products were 

diluted to 100 µl with deionised water followed by the addition of 3 µl of 3M sodium 

acetate pH 4.6 (0.09M final concentration,) and 250 µl of ethanol. Samples were 

incubated on ice for 15 minutes followed by centrifugation at 12,000 rpm for 20 minutes 

at room temperature. The pellets were then washed twice with 70% ethanol, air dried and 

dissolved in 15 µl of deionised formamide (Applied Biosystems Incorporated, Foster city, 

CA) and were analyzed on the ABI 310 or ABI 3130XL genetic analyzer. 

 

2.2.7 PCR-RFLP  

 

PCR-RFLP (Polymerase chain reaction-Restriction fragment length polymorphism) 

analysis was used to screen for the presence of sequence variants in the control 

population as well as to ascertain segregation of sequence changes in the family members 

of probands. Sequence changes that led to the creation or abolition of recognition sites for 

restriction enzymes were tested by this method. Restriction enzyme sites were searched 

using the web-based program from New England Biolabs NEBcutter v. 2.0 

(http://tools.neb.com/NEBcutter2/index.php). PCR products were digested with 2.5 units 

of the restriction enzyme in a final volume of 20 µl using the recommended buffer. 

Reactions were incubated overnight at 37 oC or another temperature as recommended. 

Polyacrylamide gel electrophoresis was used to resolve the restriction enzyme digested 

PCR products. Depending on the size difference between the digested products, 8 to 10% 
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non-denaturing gels were prepared for electrophoresis and separated DNA fragments 

were visualized on a UV transilluminator (UVITec, Cambridge, UK). 

 

2.2.8 Gene sequences and nomenclature 

 

Genomic or cDNA sequences of the genes screened for mutations were obtained from 

Ensembl database (http://www.ensembl.org). The sequences obtained were compared 

with the publicly available sequence of the gene. Ensembl transcript IDs of the genes 

tested in this study are listed in Table 2.4. For nomenclature of sequence changes, 

numbering of residues was with reference to cDNA sequences and started with the first 

base of the initiation codon (ATG).  

 

Table 2.4. Transcript IDs of the genes selected for mutation screening 

Gene Name Transcript ID 

ABCA4 ENST00000370225 

CNCG1 ENST00000358519 

CRB1 ENST00000367400 

NRL ENST00000396997 

PDE6B ENST00000255622 

RDS ENST00000230381 

RD3 ENST00000367002 

RGR ENST00000358110 

RLBP1 ENST00000268125 

ROM1 ENST00000278833 

RP1 ENST00000220676 

RPE65 ENST00000262340 
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TULP1 ENST00000229771

 

 

2.2.9 Multiple sequence alignment 

 

Multiple sequence alignment of protein sequences was done to evaluate the degree of 

conservation of amino acid residues found to have mutations. Protein sequences were 

obtained from the NCBI protein database (http://www.ncbi.nlm.nih.gov/sites/entrez). 

Homologous protein sequences were aligned using ClustalW2 software 

(http://www.ebi.ac.uk/Tools/clustalw2/). 

 

2.2.10. SIFT 

 

The SIFT (sorting intolerant from tolerant) tool was also used to predict the effect of 

sequence changes on the protein’s function, based on homology search and the 

physical properties of amino acids. For calculating SIFT scores, the protein sequence 

of the candidate gene was downloaded from NCBI in the FASTA format. This SIFT 

scores of <0.05 suggest that the amino acid change is not tolerated (Ng and Henikoff; 

2003).  
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CHAPTER 3: IDENTIFICATION OF GENES IN FAMILIES WITH ARRP 

BY HOMOZYGOSITY SCREENING 

 

 

3.1 Introduction 

 

This chapter describes the screening of candidate gene loci in 34 families with ARRP. 

The strategy used was homozygosity mapping as described by Lander and Botstein 

(1987) to map the disease gene in families affected with recessive disease.  A region 

spanning to several centimorgans surrounding the disease gene is almost always 

homozygous in the affected offspring of consanguineous marriages and such 

homozygosity can be used to map the disease gene. In this study microsatellite markers 

located close to known genes for RP were genotyped to detect homozygosity shared by 

affected members of a family with recessive disease.  If one or more affected individuals 

of a family were found heterozygous for the marker alleles then that locus was considered 

as unlikely to be co-segregating with disease. If a parent or unaffected sibling was found 

homozygous at a marker locus in addition to homozygosity of the affected individuals 

then that marker was considered as uninformative. Markers found to be homozygous only 

in all the affected individuals of a family but not in unaffected siblings/parents were 

interpreted to be possibly co-segregating with the disease. Such results were confirmed 

by genotyping additional markers in this region. Families in which homozygosity was 

found at 2 or more markers at a given candidate gene locus specific for affected 
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individuals were further followed up by screening of the relevant candidate gene for 

pathogenic changes.  

 

3.2 Results 

 

3.2.1 Homozygosity screening 

 

34 families with ARRP consisting of a total of 76 affected and 88 unaffected individuals 

were included (Table 3.1). Of these, 24 families were consanguineous and the rest were 

non-consanguineous. Genotyping was initially carried out with 57 microsatellite markers 

(Table 2.2). These markers flanked 23 different genes which are commonly linked with 

ARRP or related disorders. The genes included  14 known genes for ARRP (PDE6A, 

PDE6B, RHO, CNGA1, CNGB1, CRB1, RP1, NRL, ABCA4, RLBP1, RPE65, RGR, 

TULP1, PROM1); 7 genes for disorders such as digenic RP (ROM1 and RDS), cone-rod 

dystrophy (GUCA1A), Lebers congenital amaurosis (RPGRIP1) and for both cone-rod 

dystrophy and Lebers congenital amaurosis (GUCY2D, CRX and AIPL1). Two genes, 

PDE6G and RBP1, were selected as they are candidates for retinal dystrophy since mouse 

models for PDE6G gene show features similar to human retinitis pigmentosa (Tsang et 

al., 1996) and RBP1 is an intracellular carrier of retinol and mutations in the extracellular 

carrier of retinol (RBP4) are known to cause retinal dystrophy (Seeliger et al., 1999). The 

details of the genes are provided in Chapter 2, Table 2.1. 
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Table 3.1. Number of individuals screened in the 34 families. 

# Family code 
No. of 
affected 
individuals 

Number of 
unaffected 
individuals 

1 RP149 2 5 
2 RP141 2 4 
3 RP173 2 4 
4 RP192 2 5 
5 RP145 3 4 
6 RP168 3 4 
7 RP119 2 2 
8 RP147 2 3 
9 RP157 2 3 
10 RP170 2 3 
11 RP171 2 3 
12 RP200 2 3 
13 RP225 2 3 
14 RP184 2 3 
15 RP201 2 3 
16 RP142 3 3 
17 RP220 3 3 
18 RP136 3 3 
19 RP198 1 2 
20 RP126 2 2 
21 RP129 2 2 
22 RP152 2 2 
23 RP199 2 2 
24 RP205 2 2 
25 RP215 2 2 
26 RP213 2 2 
27 RP128 3 2 
28 RP172 4 2 
29 RP169 2 1 
30 RP153 2 1 
31 RP160 2 1 
32 RP121 2 1 
33 RP207 2 1 
34 RP135 3 1 
 

34 families are shown along with numbers of affected and unaffected members that were 
genotyped for homozygosity. 
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Results of homozygosity screening at the 23 different loci are discussed below:  

 

1. ABCA4 locus (1p22.1-p21) 

 

4 microsatellite markers, D1S406, D1S2779, D1S236 and D1S1170 located within an 

interval of 2 megabase (Mb) of the ABCA4 gene were genotyped to test for homozygosity 

at this locus. Homozygosity was observed at this locus in family RP213 (Figure 3.1A). 

Marker D1S406 was uninformative in this family as the father (III:1, Figure 3.1A) was 

homozygous as well, while marker D1S2779 was not typed in individual (IV:3, Figure 

3.1A) due to failure of amplification. Markers D1S236 and D1S1170 were homozygous 

in both the affected individuals (IV:3, IV:4, Figure 3.1A, Table 3.2) and heterozygous in 

unaffected individuals  III:1, IV:6 (Figure 3.1A, Table 3.2), suggesting co-segregation 

with disease. This was further supported by genotypes for marker D1S188 (shown in 

Table 3.2).  

 

No evidence of homozygosity was found in any of the other families at this locus.  

Hence this locus can be ruled out as a cause of disease in 33 families. Family RP213 was 

taken for further screening of the ABCA4 gene to detect pathogenic mutations. 
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Table 3.2 Genotyping results at ABCA4 locus in family RP213 

III:1 
 

IV:6 
 

IV:3 
 

IV:4 
 Gene Marker 

Father Unaffected Affected Affected 
Interpretation 

ABCA4 D1S406 5/5 5/6 5/5 5/5 Uninformative 
ABCA4 D1S2779 6/10 10/12 Not done 10/10 Incomplete 
ABCA4 D1S236 6/12 6/13 6/6 6/6 Positive for homozygosity 
ABCA4 D1S1170 7/8 7/9 7/7 7/7 Positive for homozygosity 
ABCA4 D1S188 1/3 1/2 1/1 1/1 Positive for homozygosity 
 

Shown above are the genotypes of markers tested in the members of family RP213.  

 

 

2. CRX locus (19q13.32) 

 

2 microsatellite markers, D19S540 and D19S219 located within a 1 Mb interval of the 

CRX gene were genotyped in 76 affected and 88 unaffected individuals of the 34 

families. None of the families showed apparent co-segregation of marker alleles at the 

CRX gene locus with disease. Hence CRX gene locus is unlikely to have homozygous 

disease causing mutations in the affected individuals of the 34 families and was ruled out 

as a cause of disease in all families. 

 

 

3. GUCY2D locus (17p13.1) 

 

3 microsatellite markers (D17S796, D17S1810, D17S1832) located within a region of 

1Mb flanking the GUCY2D gene were genotyped. In all the 34 families, genotypes of one 

or more affected individuals were heterozygous for one or more markers. Hence, it is 
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unlikely that affected individuals will carry homozygous mutations in the GUCY2D 

locus. Thus the GUCY2D gene was ruled out from further analysis in the 34 families.  

 

 

4. PDE6A locus (5q33.1) 

 

Two microsatellite markers, D5S594 and D5S2090, located within 1 Mb of the PDE6A 

gene, were genotyped at this locus. Homozygosity was not found to co-segregate with the 

disease phenotype in any of the families; hence the involvement of the PDE6A gene locus 

in these families was not considered further. 

 

5. PDE6B locus (4p16.3) 

 

3 microsatellite markers namely D4S3038, D4S412 and D4S432 were tested, all of which 

were located within 5 Mb of the PDE6B gene. In family RP119 (Figure 3.1B), the 

affected individuals (VI:1, VI:3, Figure 3.1B) were homozygous for markers D4S3038, 

D4S412 and D4S432 and the mother (V:1, Figure 3.1B) and the unaffected sibling (VI:2, 

Figure 3.1B ) were heterozygous (Table 3.3). Three more markers D4S2936, D4S3023 

and D4S2285 were genotyped in this family to confirm homozygosity, and a similar 

result was obtained (Table 3.3). Based on genotypes of 6 markers in this family, it was 

concluded that the PDE6B locus may be co-segregating with the disease in this family.  
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The genotypes of the 3 markers (D4S3038, D4S412 and D4S432) at the PDE6B 

locus in the remaining 33 families suggested that it is unlikely that mutations at this locus 

cause the disease phenotype.  

  

 

Table 3.3 Genotyping results in family RP119 

V:1 VI:1 VI:3 VI:2 Gene Marker Mother Affected Affected Unaffected
Interpretation 
 

PDE6B D4S3038 13/17 17/17 17/17 13/17 Positive for homozygosity
PDE6B D4S412 7/9 7/7 7/7 7/9 Positive for homozygosity
PDE6B D4S432 5/22 22/22 22/22 5/22 Positive for homozygosity
PDE6B D4S2936 9/11 11/11 11/11 9/11 Positive for homozygosity
PDE6B D4S3023 18/19 18/18 18/18 18/19 Positive for homozygosity
PDE6B D4S2285 9/11 11/11 11/11 10/11 Positive for homozygosity
 

Shown above are the genotypes of markers tested at the PDE6B gene locus in family 
RP119.  
 

 

6. PDE6G locus (17q25) 

 

Markers D17S1161 and D17S948, both within a 1 Mb interval of the PDE6G gene, were 

genotyped.  One or more affected individuals of all the 34 families were found 

heterozygous for one or both the markers, and hence the PDE6G locus was ruled out as a 

cause of pathogenicity in these 34 families. 

 

 

7. RBP1 locus (3q21-q22) 
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This locus was screened by genotyping 3 microsatellite markers (D3S3552, D3S2302 and 

D3S3646). All the 3 markers are located within 1 Mb of the RBP1 gene. In all the 34 

families at least 2 out of 3 markers did not show co-segregation of homozygosity with the 

disease phenotype. Hence it is unlikely for the affected individuals in these families to 

inherit a disease causing homozygous mutation in the RBP1 locus.   

 

8. RDS/GUCA1A locus (6p21.1-p21.2) 

 

Two microsatellite markers D6S1575 and D6S936 were genotyped in order to screen this 

locus. Both these markers are located within 1 Mb of the GUCA1A and RDS genes and 

marker D6S1575 is in a region of about 7 Mb of the RDS gene. The genotyping results 

suggest that this locus can be ruled out as a cause of pathogenicity in the 34 families as 

one or more affected individuals of these families were heterozygous for one or both 

markers.  

 

9. RHO locus (3q22.1) 

 

The RHO locus was screened for homozygosity by genotyping 2 microsatellite markers 

D3S3584 and D3S3607. Both the markers are within a region of 1 Mb flanking the RHO 

gene. The heterozygous genotypes of the affected individuals in all families negate the 

likely involvement of RHO locus in the pathogenesis in these families.  

 

10. RLBP1 locus (15q26) 
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 Three microsatellite markers D15S972, D15S1046 and D15S202, located within 4 Mb of 

the RLBP1 gene, were genotyped to screen for homozygosity at this locus. In family 

RP169 (Figure 3.1C) both the affected individuals (IV:3, IV:5, Figure 3.1C) were 

homozygous and the mother (III:2, Figure 3.1C) was heterozygous for alleles of all the 3 

markers (Table 3.4). To corroborate these results two more markers D15S111 and 

D15S963 were genotyped in this family, which also showed co-segregation of 

homozygosity with the disease phenotype (Table 3.4). As the homozygosity of 5 markers 

co-segregated with the disease phenotype, the RLBP1 gene was considered as a possible 

cause of disease in this family.  

 

In the remaining 33 families either 2 or all the 3 markers did not show co-

segregation of homozygosity with the disease phenotype. Hence it is unlikely for the 

affected individuals in these families to inherit a disease causing homozygous mutation in 

RLBP1 gene locus. 

 

Table 3.4. Genotyping results in family RP169 

III:2 
  

IV:3 
  

IV:5 
  Gene Marker 

Mother Affected Affected 
Interpretation 

RLBP1 D15S972 23/26 26/26 26/26 Positive for Homozygosity 
RLBP1 D15S1046  7/9 9/9 9/9 Positive for Homozygosity 
RLBP1 D15S111 16/18 18/18 18/18 Positive for Homozygosity 
RLBP1 D15S963 27/29 27/27 27/27 Positive for Homozygosity 
RLBP1 D15S202 6/9 6/6 6/6 Positive for Homozygosity 
 

Shown above are the markers tested at the RLBP1 gene locus in family RP169. 
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11. ROM1 locus (11q12.3) 

 

This locus was screened by genotyping 3 microsatellite markers D11S4357, D11S1883 

and D11S4017. All the markers are within 1 Mb of the ROM1 gene. Genotyping results 

of the 3 markers at the ROM1 locus indicated that involvement of this locus can be ruled 

out in the 34 families as one or more affected individual of these families was found to be 

heterozygous for the alleles of one or all markers tested.  

 

12. RPE65 locus (1p31) 

 

3 microsatellite markers D1S2829, D1S806 and D1S219 were genotyped in order to 

screen this locus. All the 3 markers are within 1 Mb of the RPE65 gene. In family RP205 

(Figure 3.1D), both the affected individuals (IV:1, IV:2, Figure 3.1D) were homozygous 

for allele 14 of marker D1S2829 while both the parents (III:3, II:5, Figure 3.1D) were 

heterozygous with genotypes of 14/16 and 11/14 (Table 3.5). Markers D1S2806 and 

D1S219 were uninformative due to the presence of homozygous alleles in one of the 

parents as well as the affected individuals. Genotyping was done with 2 more markers, 

D1S1162 and D2S410 to confirm the above observations. Marker D1S1162 showed co-

segregation of homozygosity with the disease phenotype and marker D1S410 was 

uninformative as father (II:5, Figure 3.1D) was homozygous for this marker (Table 3.5). 

These results suggest that the RPE65 gene may be the disease locus in family RP205.  
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In the remaining 33 families, this locus was ruled out as a possible cause of 

disease as homozygosity of marker alleles did not co-segregate with the disease 

phenotype.  

 

Table 3.5. Genotyping results in family RP205 

II:5 III:3 IV:2 IV:1 
Gene Marker Father Mother Affected Affected Interpretation 
RPE65 D1S2829 14/16 11/14 14/14 14/14 Positive for Homozygosity 
RPE65 D1S2798 9/12 9/12 9/9 Not done Incomplete 
RPE65 D1S2806 12/13 12/12 12/12 12/12 Uniformative 
RPE65 D1S410 2/2 2/5 2/2 2/2 Uniformative 
RPE65 D1S219 11/11 7/11 11/11 11/11 Uniformative 
RPE65 D1S1162 2/5 2/5 2/2 2/2 Positive for Homozygosity 
 

Shown above are the genotypes of markers at the RPE65 gene locus in family RP205 
along with their interpretation.  
 

13. TULP1 locus (6p21.3) 

 

The TULP1 locus was screened for homozygosity using 3 microsatellite markers 

D6S388, D6S1568 and D6S273. All the 3 markers are within 4 Mb of the TULP1 gene. 

In family RP126 both the affected individuals (IV:1, IV:2, Figure 3.1E) were 

homozygous for markers D6S1568 and D6S273 and the parents (III:4, III:5, Figure 3.1E) 

were heterozygous for both the markers (Table 3.6, Figure 3.1E). Marker D6S388 was 

uninformative in this family (Table 3.6). In order to confirm the presence of 

homozygosity two more markers (D6S1583 and D6S1629) were genotyped in this 

family, both of which were found to be positive for homozygosity (Table 3.6). The 

results suggest that the TULP1 gene is likely to cause disease in family RP126 due to the 

presence of co-segregation of homozygosity with the disease phenotype.  
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Heterozygous genotypes were obtained for 2 or more markers in the affected 

individuals of the remaining 33 families, suggesting that it is unlikely that homozygous 

mutations at this locus are responsible for the disease phenotype in these families.   

 

Table 3.6. Genotyping results in family RP126 

III:4 III:5 IV:1 IV:2 Gene Marker Father Mother Affected Affected Interpretation 

TULP1 D6S388 30/30 30/31 30/30 30/30 Uninformative 
TULP1 D6S1568 3/8 8/10 8/8 8/8 Positive for homozygosity 
TULP1 D6S1629 7/16 15/16 16/16 16/16 Positive for homozygosity 
TULP1 D6S1583 22/27 22/27 22/22 22/22 Positive for homozygosity 
TULP1 D6S273 22/24 22/23 22/22 22/22 Positive for homozygosity 
 

Shown above are the genotyping results of markers tested at the TULP1 locus in family 
RP126. 
 

14. NRL locus (14q11.1-q11.2) 

 

Genotyping was done with 2 microsatellite markers D14S1042 and D14S123, within 5 

Mb of the NRL gene. In family RP153 (Figure 3.1F), the affected individuals (IV:1, IV:2, 

Figure 3.1F) were homozygous for marker D14S1042 (genotype 9/9) while the parent 

(III:1, Figure 3.1F) was heterozygous with a genotype of 9/12. Marker D14S123 was 

uninformative as all the individuals were homozygous (Table 3.7).  Three more markers 

(D14S972, D14S64 and D14S990) were genotyped in this family in order to determine 

the involvement of this locus. Homozygosity only in affected siblings was found for 

marker D14S990 while markers D14S972 and D14S64 were uninformative (Table 3.7).  
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Based on the genotyping results in family RP153 the NRL gene was selected for further 

testing of its involvement in disease in this family by mutational screening. 

 

Genotypes of the remaining 33 families suggested that the NRL gene locus is 

unlikely to be involved in the disease.  

 

Table 3.7. Genotyping results in family RP153 

III:1 
  

IV:1 
  

IV:2 
  Gene Marker 

Father Affected Affected 
Interpretation 

NRL D14S1042 9/12 9/9 9/9 Positive for homozygosity 
NRL D14S972 1/1 1/1 1/1 Uninformative 
NRL D14S123 15/15 15/15 15/15 Uninformative 
NRL D14S64 2/2 2/2 2/2 Uninformative 
NRL D14S990 4/8 8/8 8/8 Positive for homozygosity 
 

Shown above are the genotypes of of markers at NRL gene locus in family RP153, along 
with the interpretation of genotyping results. 
 

 15. CNGA1 locus (4p12) 

 

This locus was screened for homozygosity by genotyping 4 microsatellite markers 

D4S405, D4S251, D4S1518 and D4S2971, all within an interval of 8 Mb from the 

CNGA1 gene. In family RP200, markers D4S405 and D4S2971 were homozygous in 

both the affected individuals (IV:1, IV:2, Figure 3.1G) while the parents (III:1, III:2, 

Figure 3.1G) were of heterozygous genotype (Table 3.8). The other 2 markers D4S251 

and D4S1518 were uninformative in this family due to the presence of homozygosity in 

one of the parents in addition to the affected individuals. To corroborate the results of 

markers D4S405 and D4S2971, two more markers (D4S174 and D4S2996) were 
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genotyped in this family. Both the markers were positive for homozygosity as indicated 

by the co-segregation of the homozygosity with the disease phenotype (Table 3.8). The 

results suggest that in family RP200, CNGA1 gene may have a homozygous pathogenic 

mutation. This locus was ruled out from further consideration based on genotypes 

obtained in the remaining 33 families. 

 

Table 3.8.  Genotyping results in family RP200 

III:1 
  

III:2 
  

IV:1 
  

IV:2 
  Gene Marker 

Father Mother Affected Affected 
Interpretation 

CNGA1 D4S405 20/21 18/20 20/20 20/20 Positive for Homozygosity 
CNGA1 D4S251 13/13 10/13 13/13 13/13 Uninformative 
CNGA1 D4S1518 9/12 9/9 9/9 9/9 Uninformative 
CNGA1 D4S174 7/13 7/10 7/7 7/7 Positive for Homozygosity 
CNGA1 D4S2996 25/27 25/26 25/25 25/25 Positive for Homozygosity 
CNGA1 D4S2971 5/10 5/9 5/5 5/5 Positive for Homozygosity 
 

Shown above are the markers tested at the CNCA1 gene locus in family RP200 and their 
genotypes and interpretation. 
 

16. AIPL1 locus (17p13.2) 

 

Three markers D17S1353, D17S786, and D17S1791 were genotyped in order to screen 

this locus. All the 3 markers are within a region of 1 Mb of the AIPL1 gene. Presence of 

heterozygous genotypes for one or more of these markers in the affected individuals 

suggest that this locus is unlikely to be pathogenic in the 34 families. 

 

17. CRB1 locus (1q31-q32.1) 
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This locus was screened for homozygosity by genotyping 2 microsatellite markers 

D1S1726 and D1S373, located within an interval of 3 Mb of the CRB1 gene. In families 

RP126 (Figure 3.1E) and RP160 (Figure 3.1H) affected individuals were homozygous 

while the parents were heterozygous for both the markers D1S1726 and D1S373. Thus to 

confirm the presence of homozygosity in these two families, 3 more markers (D1S2622, 

D1S1181 and D1S2853) were genotyped. All the 3 markers were found to be positive for 

homozygosity in family RP126 (Table 3.10). In family RP160, markers D1S2622 and 

D1S1181 were positive for homozygosity while the marker D1S2853 was uninformative 

due to the presence of homozygous genotype in the father (IV:6, Figure 3.1H).  In 

families RP126 (Table 3.10) and RP160 (Table 3.9) homozygosity co-segregated with the 

disease phenotype, and thus the CRB1 gene was considered as the possible cause of 

disease in the 2 families. In the presence of heterozygous genotypes for one or more 

markers in the affected individuals of the remaining 32 families, the CRB1 locus was 

interpreted as unlikely to be the cause of the disease in these families.  

 

Table 3.9 Genotyping results in family RP160 

IV:6 
  

V:4 
  

V:5 
  Gene Marker 

Father  Affected Affected 
Interpretation 

CRB1 D1S1726 27/28 28/28 28/28 Positive for Homozygosity 
CRB1 D1S2622 11/16 11/11 11/11 Positive for Homozygosity 
CRB1 D1S1181 31/33 31/31 31/31 Positive for Homozygosity 
CRB1 D1S2853 13/13 13/13 13/13 Uninformative 
CRB1 D1S373 13/14 14/14 14/14 Positive for Homozygosity 
 

Shown above are the markers tested at the CRB1 in family RP160 along with the 
genotypes and their interpretation.  
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Table 3.10. Genotyping results in family RP126 

III:4 III:5 IV:1 IV:2 Gene Marker Father Mother Affected Affected Interpretation 

CRB1 D1S1726 14/17 14/17 17/17 17/17 Positive for homozygosity 
CRB1 D1S373 17/21 18/21 21/21 21/21 Positive for homozygosity 
CRB1 D1S1181 5/22 22/33 22/22 22/22 Positive for homozygosity 
CRB1 D1S2853 9/15 7/15 15/15 15/15 Positive for homozygosity 
CRB1 D1S2622 11/14 11/14 11/11 11/11 Positive for homozygosity 
 

Shown above are the markers tested at the CRB1 gene locus in family RP126. 

 

18. RGR locus (10q23) 

 

Two markers D10S1765 and D10S1753 were genotyped at this locus in order to screen 

for homozygosity. Both the markers lie within a region of 7 Mb of the RGR gene. In 

families RP160 (Figure 3.1H) and RP184 (Figure 3.1I), affected individuals were 

homozygous for both the markers while the parents were heterozygous. Three more 

markers (D10S215, D10S1744, D10S1755) were screened in these families. All the 3 

markers were positive for homozygosity in RP160 while in family RP184 marker 

D10S1744 was positive for homozygosity (Table 3.11, 3.12). The markers D10S215 and 

D10S1755 were uninformative in family RP184 either due to homozygous genotypes in 

all the individuals (marker D10S215) as well as in one of the parents (II:3, Figure 3.1I, 

Table 3.11). The present genotyping results in families RP160 (Table 3.12) and RP184 

(Table 3.11) suggest that disease causing homozygous mutation may be present in the 
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RGR gene locus, thus RGR gene was selected for screening of mutations in families 

RP160 and RP184.  

 

In the absence of co-segregation of homozygosity with the disease phenotype in 

the remaining 32 families, it was interpreted as unlikely that the RGR locus is the cause 

of disease in any of them.  

 

Table 3.11.  Genotyping results in family RP184. 

III:1 
  

II:3 
  

IV:1 
  

IV:5 
  

IV:2 
  Gene Marker 

Mother Father Unaffected Affected Affected 
Interpretation 

RGR D10S1765 11/15 11/15 11/15 15/15 15/15 Positive for Homozygosity 
RGR D10S215 1/1 1/1 1/1 1/1 1/1 Uninformative 
RGR D10S1753 24/27 24/27 24/24 27/27 27/27 Positive for Homozygosity 
RGR D10S1744 1/9 1/9 1/9 9/9 9/9 Positive for Homozygosity 
RGR D10S1755 1/4 4/4 1/4 4/4 4/4 Uninformative 
 

Shown above are the genotypes at the RGR gene locus in family RP184, along with 
interpretation of the results. 
 

Table 3.12. Genotyping results in family RP160. 

IV:6 
  

V:4 
  

V:5 
  Gene Marker 

Father  Affected Affected 
Interpretation 

RGR D10S1765 9/15 15/15 15/15 Positive for Homozygosity 
RGR D10S215 19/29 29/29 29/29 Positive for Homozygosity 
RGR D10S1753 28/30 28/28 28/28 Positive for Homozygosity 
RGR D10S1744 1/9 1/1 1/1 Positive for Homozygosity 
RGR D10S1755 1/3 1/1 1/1 Positive for Homozygosity 
 

Shown above are the markers tested at the RGR locus in family RP160. 

 

 

19. CNGB1 locus (16q13) 
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This locus was screened for homozygosity by genotyping 3 microsatellite markers 

D16S682, D16S3120 and D16S3080, all within 1 Mb of the CNGB1 gene. The absence 

of co-segregation of homozygosity with the disease phenotype in all 34 families, suggests 

that the CNGB1 locus can be ruled out as the cause of disease in these families.  

 

20. PROML1 locus (4p15.3) 

 

2 markers D4S2942 and D4S403, both within a region of 1 Mb of the PROML1 gene, 

were genotyped to screen for homozygosity at this locus. No homozygosity was found 

that was specific for the presence of disease in any of the families. Hence this locus is 

unlikely to be involved in the pathogenicity in all 34 families. 

 

21. RP1 locus (8q11-q13) 

 

This locus was screened for homozygosity by genotyping 2 microsatellite markers 

D8S285 and D8S1718. Both the markers are within a region of 9 Mb of the RP1 gene. In 

family RP170 (Figure 3.1J), both the markers were homozygous in affected members but 

not in unaffected members (Table 3.13). These findings were confirmed by genotyping 3 

more markers (D8S166, D8S1763, D8S1696) in this family. Marker D8S1696 was 

positive for homozygosity as affected individuals (II:1, II:2, Figure 3.1J) were 

homozygous for allele 14 while the parents (I:1, I:2, Figure 3.1J) and unaffected sibling 

(II:3, Figure 3.1J) were heterozygous with genotype (14/20, 14/20, 14/20) (Table 3.13).  

Markers D8S166 and D8S1763 were uninformative due to homozygosity in one of the 
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parents and affected individuals. The genotyping results suggest that homozygous disease 

causing mutation in the RP1 gene locus may be present in family RP170. The RP1 gene 

was selected for mutation screening in family RP170.  

 

In the presence of heterozygous genotypes for one or more markers in the affected 

individuals of the remaining 33 families it was taken as unlikely for the affected 

individuals of these families to have homozygous disease causing mutations in the RP1 

locus. 

 

Table 3.13. Genotyping results in family RP170 

I:1 
  

I:2 
  

II:3 
  

II:1 
  

II:2 
  Gene Marker 

Father Mother Unaffected Affected Affected 
Interpretation 

RP1 D8S285 6/9 6/8 6/9 6/6 6/6 Positive for homozygosity 
RP1 D8S166 9/12 9/9 9/12 9/9 9/9 Uninformative 
RP1 D8S1718 4/13 4/6 4/13 4/4 4/4 Positive for homozygosity 
RP1 D8S1763 4/4 2/4 4/4 4/4 4/4 Uninformative 
RP1 D8S1696 14/20 14/20 14/20 14/14 14/14 Positive for homozygosity 
 

Shown above are the genotypes of markers tested at the RP1 gene locus in family RP170 
and the interpretation. 
 

22. RPGRIP1 locus (14q11.2) 

 

This locus was screened for homozygosity by genotyping 2 microsatellite markers 

D14S72 and D14S122, both within 5 Mb interval of the RPGRIP1 gene. All the 34 

families were considered unlikely to have homozygous disease causing mutations in the 

RPGRIP1 locus due to the absence of co-segregation of homozygosity with the disease 

phenotype.
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Table 3.14. Families with autosomal recessive RP and loci showing homozygosity.  

Family Chromosomal 
location 

 
Gene 
 

Informative markers 

Distance 
of the furthest 
marker 
from the gene 
(Mb) 

RP205 1p31 RPE65 D1S2829, D1S1162 0.6 

RP126, RP160 
 

1q31-q32.1 
 

CRB1 
 

D1S1726, D1S373, 
D1S1181, D1S2853, 
D1S2622 

2.8 

RP213 1p22.1-p21 ABCA4 D1S236, D1S1170, 
D1S188 1.9 

RP119 4p16.3 PDE6B 
D4S3038, D4S412, 
D4S432, D4S2936, 
D4S3023, D4S2285 

4.5 

RP200 4p12-cen CNCG1 D4S405, D4S174, 
D4S2996, D4S2971 7.5 

RP126 6p21.3 TULP1 D6S1568, D6S1629, 
D6S1583, D6S273 3.7 

RP170 8q11-q13 RP1 D8S285, D8S1718, 
D8S1696 8.3 

RP160, 
RP184 

10q23 
 

RGR 
 

D10S1753, 
D10S1744, 
D10S1755, D10S1765 

6.3 

RP153  
14q11.1-q11. 2 NRL D14S1042, D14S990 4.7 

RP169 15q26 RLBP1 
D15S972, D15S1046, 
D15S111, D15S963, 
D15S202 

3.8 

 
Families and the gene loci are shown with corresponding markers at which homozygosity 
was identified with the distance of the furthest marker from the gene. 
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3.2.2 Screening of candidate genes 

 

Genotyping in the 76 affected and 88 unaffected individuals of 34 families resulted in the 

identification of homozygosity specific for the disease phenotype at 12 loci of 10 families 

(Table 3.14). Candidate genes at these loci were subjected to mutation screening.  Eight 

families showed homozygosity at one locus each while in 2 families, families RP126 and 

RP160 homozygosity was observed at more than one gene locus. Screening at all the 

gene loci shown in Table 3.14 was done for the respective families.  

 

 In a previous study from our group, homozygosity was observed in 4/10 families 

based on a similar screen (Lalitha et al., 2002). Three gene loci, ABCA4 (families RP109 

and RP111), RDS/GUCA1A (families RP102 and RP107)   were found to be homozygous 

and were therefore candidates for mutational screening. Thus mutation screening was 

also carried out in these 3 genes in the 4 families.  

 

Results of mutation screening in the shortlisted families are discussed in this section.  

 

1. Family RP205 

 

In family RP205 (Figure 3.1D), screening of the RPE65 gene in the affected individual 

IV:1, showed a homozygous single base deletion c.1060delA (Figure 3.2A, Table 3.16). 

This change co-segregated with the disease phenotype in the family (Figure 3.1D). 103 
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control individuals were screened by direct sequencing and none of the controls showed 

the presence of the change. 

 

2. Family RP170 

 

Affected individual II:2 (Figure 3.1J) of family RP170 was screened for sequence 

changes in the RP1 gene.  A total of four sequence changes were observed (Table 3.16, 

3.17). A homozygous single base deletion, c.2847delT, co-segregated with the disease 

phenotype (Figure 3.2B, Figure 3.1J). c.2847delT is predicted to result in frameshift at 

codon 949 and will lead to premature termination after 32 amino acid residues 

(p.Asn949LysfsX32). This change was not observed in any of 202 control chromosomes 

screened for this deletion by direct sequencing. Three other homozygous sequence 

changes identified in this gene are reported SNPs- rs444772, rs414352 and rs441800 

(Table 3.17). None of these reported variants co-segregated with the disease phenotype. 

 

3. Family RP126 

 

In family RP126 (Figure 3.1E) 2 genes, TULP1 and CRB1 were selected for the mutation 

screening.  

 

Screening of the CRB1 gene in the individual (IV:1, Figure 3.1E) showed 3 

homozygous sequence changes (Table 3.17).  Arg905Arg is a novel synonymous change 
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that co-segregated with the disease. Changes rs58879207 (intronic) and rs3902057 

(Leu470Leu) are reported SNPs and did not co-segregate with the disease.  

  

5 homozygous sequence changes were identified in the TULP1 gene in affected 

individual (IV:1, Figure 3.1E) (Table 3.16, 3.17). c.1199G>A is a novel homozygous 

change which resulted in missense change of Arg400Gln, and co-segregated with the 

disease phenotype (Figure 3.1E, 3.2C). The c.1199G>A change creates a restriction site 

for Eco57I enzyme. 109 control individuals were screened for this change using enzyme 

Eco57I and none were positive for the change. The conservation of the arginine at 

position 400 of the TULP1 protein was evaluated among different species. Arg400 is 

conserved among different species (Figure 3.4).  SIFT analysis yielded a score of 0.00 

predicting this change to be possibly damaging to the protein. The remaining 4 

homozygous changes observed are reported SNPs namely rs7764472 (Thr67Arg), 

rs58984224 (intronic), rs2064317 (Ile259Thr), rs2064318 (Lys261Asn). None of the 4 

changes, except Ile259Thr (rs2064317), co-segregated with the disease phenotype.   

 

4. Family RP169 

 

Screening of the affected individual IV:5 (Figure 3.1C) for mutations in the RLBP1 gene 

showed a novel homozygous sequence change at c.451C>T (Figure 3.2D, Table 3.16) 

which predicts a missense  change of Arg151Trp. This change co-segregated with the 

disease phenotype (Figure 3.1C). c.451C>T change abolishes a restriction site for enzyme 

Hpy188III. 108 control individuals were tested for the presence of this change by 
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digestion with Hpy188III and none of the control chromosomes were found to have the 

change.  This residue is conserved among different species (Figure 3.5) indicating 

towards its importance in the protein function.  SIFT analysis gave a score of 0.00 

predicting this change to be probably damaging.  

 

5. Families RP109, RP111, RP213 

 

Screening of the ABCA4 gene in the families (RP109, RP111, RP213) showed 3 

pathogenic changes (Table 3.15). The pathogenicity was inferred by virtue of the nature 

of the change, co-segregation within the family and absence in 100 unrelated controls. A 

total of 9 sequence changes were identified in the 3 families (Table 3.15). 

 

In family RP109, a homozygous nonsense mutation was found in exon 44 

(c.6088C>T) corresponding to Arg2030X (Figure 3.2F). This mutation lead to gain of 

restriction enzyme site for BseG1 (Table 3.15). This mutation co-segregated with disease 

in the family (Figure 3.1K; Table 3.15) and was absent in 100 normal control individuals.  

  

In family RP111, a single base deletion of an ‘A’ residue (c.1225delA) in exon 9 

resulting in a frameshift at codon Arg409 (Figure 3.2G; Table 3.15). Due to c.1225delA 

mutation, there was a gain of Mnl 1 enzyme site. This change co-segregated with the 

disease phenotype (Figure 3.1L) 

 



Chapter 3: Identification of Genes in Families with ARRP by Homozygosity Screening 

 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

131

A change of Tyr665X was found in family RP213 that co-segregated with the 

disease (Figure 3.1A). This change leads to premature truncation of the ABCA4 protein 

and is predicted to result in complete loss of 2 ATP binding domains and 2nd 

transmembrane domain and partial loss of 1st transmembrane domain. Another novel 

change in family RP213 that is predicted to be benign, was a missense change of 

Met1419Thr (Table 3.15). 5/210 (2.4%) control chromosomes showed the Met1419Thr 

change (heterozygous in 5 normal controls). Mutiple sequence alignment showed that the 

Met1419 residue is not conserved among different species (not shown).  SIFT analysis 

(score = 0.16) predicted this change to be tolerated. Other polymorphisms identified in 

ABCA4 are listed in Table 3.15.  
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Table 3.15. Sequence changes identified in the ABCA4 gene in families RP109, 

RP111 and RP213. 

 

 Sequence changes identified in ABCA4. ‘+’ denotes gain of restriction site, ‘ –’ denotes 
loss of restriction site. Numbering of the cDNA sequence is with respect to first base of 
ATG. ABCA4 Ensembl transcript Id: ENST00000370225. Abbreviation: NA, not 
applicable. † Lewis et al., 1999, ‡ Papaioannou et al., 2000, § Webster et al., 2001. The 
dbSNP ids (http://www.ncbi.nlm.nih.gov/sites/entrez?db=snp ) are given for reported 
SNPs. 
 

6. Family RP119 

 

Screening of the PDE6B gene in individual VI:3 (Figure 3.1B) showed 3 homozygous 

sequence changes and 1 heterozygous change (Table 3.17). A novel homozygous 

sequence change, c.2130-15G>A co-segregated with the disease phenotype. The c.2130-

15G>A change abolishes a restriction site for HpaII and was absent in 216 control 

chromosomes screened by PCR-RFLP for HpaII . In order to assess the impact if any of 

Family Exon/Intron  Mutation in 
cDNA, protein Consequence Reported/ 

Novel 

Co-
segregation 

with 
disease 

Restriction 
enzyme 
change 

RP109 Exon 44 c.6088C>T, 
p.Arg2030X Nonsense Reported†‡§ Yes BseGI+ 

RP111 Exon 9 c.1225delA, 
p.Arg409fs Frameshift Novel Yes MnlI+ 

RP213 Exon 14 c.1995C>A, 
p.Tyr665X Nonsense Novel Yes None 

RP213 Exon 2 c.141A>G, 
p.Pro47Pro Synonymous rs4847281 No NA 

RP213 Exon 29 c.4256T>C, 
p.Met1419Thr Missense Novel Yes NlaIII- 

RP213 IVS 29 c.4352+54A>G Unknown rs547806 No NA 

RP213 IVS 33 c.4774-
16_17delGT Unknown rs55860151 No NA 

RP213 Exon 45 c.6249C>T, 
p.Ile2083Ile Synonymous rs1801359 Yes NA 

RP213 IVS 45 c.6282+7G>A Unknown rs17110761 No NA 



Chapter 3: Identification of Genes in Families with ARRP by Homozygosity Screening 

 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

133

this sequence change on mRNA splicing, the mutant sequence was evaluated using the 

splice site prediction by neural network (www.fruitfly.org/seq-tools/splice.html). The 

introduction of the c.2130-15G>A  sequence variant changes the accepter site prediction 

score from 0.90 to 0.89 and does not predict the creation of a new splice acceptor. This 

suggests that there is no effect of this change on splicing.  

 

Two homozygous sequence changes c.*12A>G found in the 3’UTR region of 

PDE6B and c.958G>A (Val320Ile) both reported SNPs (details in Table 3.17), and a 

novel heterozygous intronic change c.1401+31C>A, were identified in this family.  

 

7. Family RP184 

 

Screening for mutations in the RGR gene showed a novel homozygous sequence change 

c.760-38 C>T in intron 6 (Table 3.17), that did not co-segregate with the disease in this 

family and was absent in 100 control individuals. 

 

8. Family RP160 

 

The CRB1 and RGR genes were screened for mutations in family RP160. Screening of 

the CRB1 gene in individual V:4 (Figure 3.1H) showed 2 reported homozygous sequence 

changes, rs59598360 (Leu470Leu) and rs12042179 (intronic) (Table 3.17). Neither of 

these sequence changes co-segregated with the disease in the family. 
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Screening of the RGR gene in individual RP160, V:4 (Figure 3.1H)  showed 5 

sequence changes (Table 3.17). These are either novel or reported SNPs and are listed in 

Table 3.17. Ser246Phe has been reported as a rare variant of unknown pathological 

significance (Morimura et al., 1999, Bernal et al., 2003). We screened 61 normal controls 

by direct sequencing and  9 individuals were found to have the Ser261Phe change (8 

heterozygous and one homozygous). These observations suggest its benign nature.  

 

9. Family RP200 

 

In family RP200 (Figure 3.1G), the CNGA1 was screened for pathogenic changes.  A 

total of three sequence changes were observed in the CNGA1 gene in individual IV:1 

(Figure 3.1G, Table 3.17). All the three changes are reported SNPs, rs1972883 

(homozygous), rs6819506 (homozygous) and rs59800634 (heterozygous).  None of the 

homozygous changes co-segregated with the disease phenotype in the family. 

 

10. Family RP153 

 

In family RP153 (Figure 3.1F) the NRL gene was screened for sequence changes in the 

affected individual IV:2 (Figure 3.1F). No sequence change was detected in this gene. 

 

11. Family RP102 

 



Chapter 3: Identification of Genes in Families with ARRP by Homozygosity Screening 

 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

135

Homozygosity was observed at the RDS gene locus in family RP102 (Lalitha et al., 

2002). Mutation screening resulted in the identification of a novel homozygous missense 

change c.725A>G (Glu242Gly) in the affected individuals. The change led to the loss of 

a restriction site for SacI enzyme. This change was also present in homozygous form in 

one of the unaffected siblings (IV:3, Figure 3.1M) in this family. 2 of the 115 control 

individuals were heterozygous for the Glu242Gly change in RDS gene. RDS and ROM1 

genes are known to show digenic inheritance and hence it was thought that there could be 

a third allele in the ROM1 gene that may be co-segregating with the disease phenotype 

and could be the cause of disease in this family. The ROM1 gene was therefore screened 

in this family. No sequence change was detected in the ROM1 gene.  

  

12. Family RP107 

 

In family RP107 (Figure 3.1N) homozygosity was observed at the RDS/GUCA1A locus 

(Lalitha et al., 2002). Screening of the RDS and GUCA1A genes in this family failed to 

show any sequence change. 

 

Clinical features of patients with mutations: 

 

Pathogenic sequence changes were identified in 5 genes in 7 families. The clinical 

features of the affected individuals of these 7 families are summarized in Table 3.18 and 

described below:  
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1. RPE65 gene 

 

Mutation c.1060delA in the RPE65 gene was identified in family RP205 (Figure 3.1D).  

In both the affected individuals the initial symptom of night blindness was observed by 1 

year of age. The fundus showed arterial narrowing and widespread white dots in 

periphery due to RPE atrophy (fundus picture of IV:1, Figure 3.3A). This family had a 

diagnosis of early onset RP (Table 3.18). 

 

2. RP1 gene 

 

A homozygous sequence change, c.2847delT, in the RP1 gene was identified as a cause 

of disease in family RP170. Both the affected individuals of this family reported 

symptoms of night blindness in their childhood followed by reduced visual acuity. The 

fundus showed equatorial RPE degeneration, pale disc, arterial narrowing, vitreous 

opacities and macular RPE degeneration (Figure 3.3B). Individual II:1 had a visual acuity 

of 20/60 in the right eye and counting fingers at 1 meter in the left eye, individual II:2  

had a visual acuity of 20/50 in both eyes. This family had a diagnosis of RP with macular 

degeneration (Table 3.18). 

 

3. TULP1 gene 
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In family RP126, mutation of Arg400Gln in the TULP1 gene was identified in both the 

affected individuals.The affected individuals showed initial symptoms of night blindness 

in their childhood which later progressed to reduced vision. At presentation, the older 

affected sibling had a visual acuity of 20/200 in both eyes while the younger affected 

individual had a visual acuity of 20/400 in right eye and 20/600 in the left eye.  The 

fundus in these individuals showed diffuse RPE degeneration, pigment migration, arterial 

narrowing with prominent macular degeneration and optic disc pallor (Figure 3.3C). The 

ERG was extinguished in both the individuals. This family had a diagnosis of advanced 

typical RP (Table 3.18). 

 

4. RLBP1 gene 

 

In family RP169, mutation of Arg151Trp was found in the RLBP1 gene. The affected 

individuals of this family presented to our institution at the ages of 16 and 12 years. Both 

individuals experienced initial symptoms of night blindness in their childhood. The 

fundus showed diffuse RPE degeneration, pigment migration, arterial narrowing with 

macular sparing (Figure 3.3D). Visual fields detected an area of central scotoma (area of 

diminished vision) in both the individuals. A diagnosis of typical RP was made in this 

family (Table 3.18).  

 

5. ABCA4 gene 
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ABCA4 gene mutations were observed in 7 affected individuals of 3 families (RP109, 

RP111, RP213). The affected individuals of these families observed initial symptom of 

progressive vision loss in their 1st/2nd decades of life. All the individuals showed retinal 

degeneration with macular involvement, along with RPE changes and arterial narrowing 

(Figure 3.3 E-G). Pigmentary changes were seen in both the affected individuals of 

family RP111 as well as  in one individual (IV:1, Figure 3.1K) of family RP109. Visual 

acuity was less than 20/200 in all the affected eyes. ERG was severely reduced or 

extinguished in the affected individulas of family RP213 and RP111 while ERG 

responses were recordable but grossly reduced in the affected individuals of family 

RP109. These families had a diagnosis of RP with atrophic maculopathy. 
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Figure 3.1. Pedigrees of families in which homozygosity was observed. M denotes 
mutant and plus sign (+) denotes the wild-type allele. (A) family RP213, (B) RP119, 
(C) RP169, (D) RP205, (E) RP126, (F) RP153, (G) RP200, (H) RP160, (I) RP184, (J) 
RP170, (K) RP109, (L) RP111, (M) RP102, (N) RP107. 
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(F) ABCA4, c.6088C>T 
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Figure 3.2.  Sequence electropherograms showing pathogenic sequence changes in 
ARRP families. (A) family RP205, (B) family RP170, (C) family RP126, (D) family 
RP169, (E) family RP213, (F) family RP109, (G) family RP111. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(G) ABCA4, c.1225delA 
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Figure 3.3. Representative fundus pictures of the patients from family RP205 (A), 
family RP170 (B), family RP126 (C), family RP169 (D), family RP213 (E), family 
RP109 (F), family RP111 (G). 
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Figure 3.4. Multiple sequence alignment of TULP1 proteins from different species. 
Arginine residue at position 400, which is the site of mutation, is boxed. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Multiple sequence alignment of the RLBP1 protein sequence in different 
species. Arginine residue undergoing mutation, at position 151 is boxed. 
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Table 3.16 Putative pathogenic changes found in autosomal recessive RP families. 
 

Family Gene Location Mutation 
cDNA, protein Consequence Reported/ 

Novel 

Restriction 
site 

change, if 
any 

RP205 RPE65 Exon 10 c.1060delA, 
p.Asn356fs Frameshift Reported* None 

RP170 RP1 Exon 4 c.2847delT, 
p.Asn949fs Frameshift Novel None 

RP126 TULP1 Exon 12 c.1199G>A, 
p.Arg400Gln Missense Novel Eco57I+ 

RP169 RLBP1 Exon 6 c.451C>T, 
p.Arg151Trp Missense Novel Hpy188III - 

RP213 ABCA4 Exon 14 c.1995C>A, 
p.Tyr665X Nonsense Novel None 

RP109 ABCA4 Exon 44 c.6088C>T, 
p.Arg2030X Nonsense Reported†‡§ BseGI+ 

RP111 ABCA4 Exon 9 c.1225delA, 
p.Arg409fs Frameshift Novel MnlI+ 

 
Pathogenic sequence changes identified. ‘+’ denotes gain of restriction site, ‘ –’ denotes 
loss of restriction site. Numbering is with respect to first base of ATG. Sequences 
referred to above have the following Ensembl transcript IDs: RPE65- 
ENST00000262340, RP1- ENST00000220676, TULP1- ENST00000229771, RLBP1- 
ENST00000268125, ABCA4- ENST00000370225, PDE6B- ENST00000255622. * 
Marlhens et al., 1997, † Lewis et al., 1999, ‡ Papaioannou et al., 2000, § Webster et al., 
2001.
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Table 3.17.  Non-pathogenic/changes of uncertain significance identified in the 14 
families 
Family Gene cDNA, Protein Location Reported/Novel 
RP170 RP1 c.2615G>A, p.Arg872Gln Exon 4 rs444772 
RP170 RP1 c.5071T>C, p.Ser1691Pro Exon 4 rs414352 
RP170 RP1 c.5175A>G, p.Gln1725Gln Exon 4 rs441800 
RP126 CRB1 c.849-35T>C IVS 3 rs58879207 
RP126 CRB1 c.2715G>A, p.Arg905Arg  Exon 8 Novel # 
RP126 CRB1 c.1410A>G, p.Leu470Leu Exon 6 rs3902057 
RP126 TULP1 c.200C>G, p.Thr67Arg Exon 4 rs7764472 
RP126 TULP1 c.499+26C>T IVS 5 rs58984224 
RP126 TULP1 c.776T>C, p.Ile259Thr Exon 8 rs2064317 
RP126 TULP1 c.783G>C, p.Lys261Asn Exon 8 rs2064318 
RP213 ABCA4 c.141A>G, p.Pro47Pro Exon 2 rs4847281 
RP213 ABCA4 c.4256T>C, p.Met1419Thr Exon 29 Novel # 
RP213 ABCA4 c.4352+54A>G IVS 29 rs547806 
RP213 ABCA4 c.4774-16_17delGT IVS 33 rs55860151 
RP213 ABCA4 c.6249C>T, p.Ile2083Ile Exon 45 rs1801359 
RP213 ABCA4 c.6282+7G>A IVS 45 rs17110761 
RP119 PDE6B c.958G>A, p.Val320Ile Exon 6 rs10902758 
RP119 PDE6B c.1401+31C>A IVS 10 Novel # 
RP119 PDE6B c.*12A>G 3' UTR rs28675771 
RP119 PDE6B c.2130-15G>A Intron 17 Novel # 
RP200 CNCG1 c.237-33C>T IVS 2 rs1972883 
RP200 CNCG1 c.300-26G>C IVS 3 rs6819506 
RP200 CNCG1 c.557+28T>G IVS 6 rs59800634 
RP160 CRB1 c.71-12A>T IVS 1 rs12042179 
RP160 CRB1 c.1410A>G, p.Leu470Leu Exon 6 rs3902057 
RP160 RGR c.27T>C, p.Thr9Thr Exon 1 rs2279227 
RP160 RGR c.123C>T, p.Phe41Phe Exon 2 Novel # 
RP160 RGR c.474C>T, p.Tyr158Tyr Exon 4 rs1042454 
RP160 RGR c.737C>T, p.Ser246Phe Exon 6 rs61730895 
RP160 RGR c.*65A>G 3'UTR rs3526 
RP184 RGR c.760-38C>T Intron 6 Novel # 
RP102 RDS c.725A>G, p.Glu242Gly Exon 2 Novel # 
This table shows reported non-pathogenic sequence changes as well as novel variants of  
unknown significance (marked with #). c.DNA numbers  are given  with A of ATG as +1. The 
following Ensembl transcript IDs apply: RP1- ENST00000220676, CRB1- ENST00000367400, 
TULP1- ENST00000229771, ABCA4- ENST00000370225, PDE6B- ENST00000255622, 
CNCG1- ENST00000358519, RGR- ENST00000358110, RDS- ENST00000230381 
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Table 3.18 Clinical features of the affected individuals  with mutations identified. 

Family/G
ene 

mutation 
Patient 

Age at 
presentatio

n 

Age of 
onset 

Initial symptoms 
 Fundus features Visual 

acuity 
ERG 

  Diagnosis 

       Scotopic Photopic  

IV:1 7 years 20/60 OD;   
20/50 OS 

Extinguished 
  RP205 

RPE65 
  IV:2 5 years 

One year of 
age Night blindness 

Arterial narrowing; 
widespread white dots in 

periphery due to RPE 
atrophy  TAC: 20/63 

OU 
Not cooperative 

  

Early 
onset RP 

II:1 19 years NA, 
Childhood 

20/60 OD;   
CF 1 meter 

OSRP170 
RP1 

  II:2 17 years 5 years 

Night blindness, 
progressively 
reduced vision 

Equatorial RPE 
degeneration, pale disc, 

arterial narrowing; vitreous 
opacities and macular RPE 

degeneration 20/50 OU 

Not done 
  
  

RP with 
macular 

degenerat
ion 

 IV:1 22 years 
Night blindness, 

progressively 
reduced vision 

20/200 OD; 
20/200 OS 

RP126 
TULP1 

  
 IV:2 19 years 

NA, 
Childhood Night blindness, 

progressively 
reduced vision; 

nystagmus 

Diffuse RPE degeneration, 
pigment migration, arterial 
narrowing with prominent 

macular degeneration; optic 
disc pallor 20/400 OD; 

20/600 OS 

Extinguished 
  
  

Advanced 
typical 

RP 

IV:3 16 years RP169 
RLBP1 

  IV:5 12 years 

NA, 
childhood 

Night blindness, 
progressively 
reduced vision 

Diffuse RPE degeneration, 
pigment migration, arterial 

narrowing with macular 
sparing 

20/50 OU NA  Typical 
RP 

RP213 
ABCA4 

  
IV:4 19 years 11 years Progressive vision 

loss 

Equatorial RPE degeneration, 
pale disc, arterial narrowing; 
vitreous opacities and large 

20/200 OU 
extinguished rods and 
severely reduced cone 

ERG 

RP with 
atrophic 

maculopat
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IV:3 21 years 13 years 

IV:1 28 years 5 years 

Macular degeneration and 
peripheral RP-like changes 
vitreous opacities, minimal 
disc pallor and pigmentary 
changes 

6/60 

Maximal 
retinal 
response, 
grossly 
reduced but 
recordable 

Extinguish
ed 

IV:5 23 years 5 years 

Bronze reflex with RPE 
atrophy in macular arc, 
vessels & disc normal,.mild 
RPE degeneration, patches 
around arcades  

Ambloypia, 
CF 1meter 
20/100 

Borderline 
responses 

Borderline 
responses 
with 
recordable 
ERG, 
latency 
not 
increased 

RP109 
ABCA4 

IV:6 19 years 12 years 

Decreased vision 

Mild disc pallor, macular 
RPE degenerative changes, 
peripheral RPE changes also 
developed after 6 years  

20/800 
20/200 A*T 
15 degree 

Borderline 
amplitude 
& delayed 
implicit 
time 

Reduced 
amplitude 
with 
normal 
implicit 
time 

RP with 
atrophic 

maculopa
thy 

RP111 
ABCA4 V:2 32 years 15 years Extinguished 

RP111 
ABCA4 V:4 24 years 14 years 

decreased vision, 
need more light 

Nystagmus, diffuse RPE 
degeneration with more in 
macular area, arterial 
narrowing, pigmentary 
changes in macular area. 

20/400 OU 

Extinguished 

RP with 
atrophic 

maculopa
thy 

Abbreviations used: OU, both eyes; OD, right eye; OS, left eye, TAC, teller acuity card, A*T, alternating, CF, counting 
fingers. NA, not applicable. 
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3.3 Discussion 

 

Homozygosity was detected at one or more loci in affected individuals of 10/34 families 

(in the present study) and 4/10 families earlier in our laboratory (Lalitha et al., 2002). Out 

of a total 14 families in which homozygosity was detected, homozygous pathogenic 

changes were identified in 7 families. A total of 3 frameshift, 2 missense, and 2 nonsense 

changes were observed (Table 3.16). In addition to these sequence changes several other 

known/novel polymorphisms were also detected (Table 3.17).   

 

A homozygous single base deletion c.1060delA found in the RPE65 gene in 

family RP205 is expected to result in frameshift at codon 356 (p.Asn356Metfs) with 

premature truncation at codon 371 (p.Asn356MetfsX16). It has been reported earlier in 

compound heterozygous form along with Arg234X mutation in a family with a diagnosis 

of LCA (Marlhens et al., 1997). The resultant protein is expected to be severely truncated 

and  lose 33% of its C-terminal sequence, suggesting functional loss. Marlhens et al., 

(1997) reported this mutation in a family with LCA, whereas in the present study this 

mutation was associated with a diagnosis of early onset RP in family RP205 with typical 

signs of LCA being absent. 

 

A homozygous single base insertion, c.2847delT in the RP1 gene, observed in 

family RP170 is a novel change. c.2847delT is predicted to result in frameshift at codon 

949 and lead to premature termination after 32 amino acid residues (p.Asn949LysfsX32). 

The length of RP protein is 2156 amino acids thereby this frameshift will cause 56% of 
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the RP1 protein to be lost from the C-terminus.  This family had a diagnosis of retinitis 

pigmentosa with macular degeneration. The phenotype of patients in the present study is 

comparable with those reported in the Pakistani families, with typical fundus changes 

including disc pallor and vascular attenuation and an onset of disease in childhood. 

Similar to this study Khaliq and coworkers (2005) have also noted macular changes, but 

in the form of macular stippling in affected individuals with RP1 gene mutations.  

  

 The Arg400Gln missense change (c.1199G>A) in the TULP1 gene, reported for 

the first time in this study, involves a residue in the highly conserved tubby domain (243 

aa to 505 aa) of the TULP1 protein (Boggon et al., 1999). All the reported missense 

mutations have been found in the tubby domain (Hagstrom et al., 1955, den Hollander et 

al., 2007b, Kondo et al., 2004). A previously described mutation Arg400Trp (Hanein et 

al., 2004) involves the same residue. The Arg400Gln change converts the positively 

charged side chain to a neutral one.  It has been postulated that a positive surface charge 

has functional significance in the tubby domain, as it is required to interact with DNA 

and proteins (Boggon et al., 1999). The SIFT score of 0.00 adds further support for the 

pathogenic nature of this change. Multiple sequence alignment showed the conservation 

of this residue among different species (Figure 3.4). In addition, the Arg400 residue is 

also conserved in TUB, TULP1, TULP3, Drosophila king tubby and C. elegans tub-1 

(den Hollander et al., 2007). This family had a diagnosis of advanced typical RP. 

 

Arg151Trp is a novel change identified in the RLBP1 gene in family RP169. Maw 

and coworkers (1997) reported substitution Arg151Gln in a family with autosomal 
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recessive RP. They showed that the Arg151Gln substituted RLBP1 protein is non-

functional as it lacks the ability to bind 11-cis retinal. It is possible that Arg151Trp may 

behave similarly.  Arginine at residue 178 is highly conserved through evolution (Figure 

3.5) and the substitution of a positively charged hydrophilic amino acid (Arginine) with a 

neutral hydrophobic amino acid (tryptophan) would be expected to affect the function of 

protein. The SIFT score of 0.00 for the Arg151Trp substitution leads to a similar 

conclusion.  

 

 Two of the three mutations (c.1225delA/p.Arg409fs, c.1995C>A/ p.Tyr665X) 

identified in the ABCA4 gene are novel. All the 3 identified mutations in the ABCA4 gene 

are likely to be associated with a complete absence of ABCA4 activity. The c.1225delA 

mutation would be expected to result in a severely truncated protein with frameshift at 

codon 409. The Tyr701X is likely to result in premature truncation of the protein. Known 

functional domains such as two ATP binding domains and 2nd transmembrane domain are 

predicted to be lost and the 1st transmembrane domain is expected to be partially formed. 

The c.6088C>T/Arg2030X change has been reported as a heterozygous or compound 

heterozygous change in patients with a diagnosis of Stargardt’s disease or cone-rod 

dystrophy (Lewis et al., 1999, Papaioannou et al., 2000, Webster et al., 2001). Arg2030X 

is predicted to form inactive protein, since the mutation affects the arginine-2030 residue 

located in the second nucleotide-binding domain of the ABCA4 protein. In addition it as 

also possible that all the mutations may also lead to instability of the mRNA due to non-

sense mediated mRNA decay (Baker et al., 2004), due to the formation of premature 

nonsense codons. All the affected individuals of the 3 families manifested the symptoms 
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of severe retinal dystrophy in the form of onset of symptoms in the 1st or 2nd decade of 

life, visual acuities in the range of <20/200 to 20/400 and variably affected ERGs in the 

2nd or 3rd decade of life. The genotype and phenotype in these 3 families is in agreement 

with the proposed model of residual protein activity and severity of phenotype (Rozet et 

al., 1998, Lewis et al., 1999) wherein severe form of retinal dystrophy is caused by 2 

functionally null mutations in the ABCA4 gene. 

 

 The novel homozygous sequence change, c.2130-15G>A observed in the intron 

17 of the PDE6B gene in RP119 did not appear to predict a change in splicing of the 

mRNA. Despite this, absence in the control population of 108 unrelated individuals and 

co-segregation with the disease in the family suggest that this change should be further 

investigated in an experimental system to completely rule out that it is a pathogenic 

change.  

  

 Two other changes whose impact needs to be investigated further are the intronic 

variant c.760-38C>T in the RGR gene (RP184, Table 3.17) and the missense change 

Glu242Gly in the RDS gene (RP102, Table 3.17). The intronic variant in RGR gene was 

absent in the control population. The SIFT score for the Glu242Gly (RDS gene) change 

of 0.02, as well as the conservative nature of the Glu242 argue for a deleterious effect on 

the protein. Hence, further studies are required to confirm the nature of these two 

changes.  
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 In summary we have identified disease causing mutations in 7/44 (16%) 

autosomal recessive RP families. Intronic changes found in genes PDE6B (family 

RP119) and RGR (family RP184) and a missense change found in RDS gene (family 

RP102) may have a role in the pathogenesis, which needs to be further investigated. In 4 

families (RP153, RP107, RP200 and RP160) for which homozygosity was detected but 

no mutations identified, it is possible that the disease-causing mutation is present in the 

introns or promoter as these regions were not screened for mutations. Second, 

homozygosity screening identifies homozygosity extending to several centimorgans, and 

hence it is possible that another gene in the same region is actually the cause of disease in 

the 4 families.  Third, it may also be possible that homozygosity identified in these 

families is not linked with the disease and there is another locus involved in the 

pathogenesis of these families. Familes in which no homozygosity was identified could 

have mutations at other loci than the ones screened in this study. Involvement of any of 

the 23 loci screened could have been missed in the event that there are mutations present 

in compound heterozygous form.  
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CHAPTER 4:  MAPPING OF THE DISEASE LOCUS IN A FAMILY WITH ADRP 

 

 

4.1 Introduction 

 

This chapter describes the results of gene mapping in family RP161 with autosomal 

dominant retinitis pigmentosa. Linkage analysis was aimed at screening pre-existing loci 

that are linked with autosomal dominant RP, cone dystrophy and cone-rod dystrophy 

(section 2.24).  

 

Microsatellite markers from the ABI panel (ABI PRISM linkage mapping set, 

version 2.5-MD10), located in proximity to loci for retinal dystrophy were selected for 

genotyping. The genes included 14 known genes for ADRP, 5 genes for autosomal 

dominant cone/cone-rod dystrophy, 2 loci for autosomal dominant cone-rod dystrophy 

for which gene has not been identified and a gene for Refsum disease (Table 2.3). A total 

of 28 markers were genotyped in 23 individuals of the family RP161 (shown in Figure 

4.1).  

 

4.2 Results 

4.2.1 Genotyping and linkage analysis 

 

Microsatellite markers were genotyped as described in Chapter 2, section 2.24.  

Genotypes were obtained from the allele sizes called by the GeneMapper software. 

Genotypes were checked for errors and Mendelian inconsistencies both by visual 
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examination and by using the PedCheck software (O'Connell and Weeks, 1998). 

Parametric two-point linkage analysis was performed using the SuperLink v 1.6 program 

from the EasyLinkage package v 5.08  (Lindner and Hoffmann, 2005) with parameters 

specified in Chapter 2 section 2.24.  Genotyping and linkage analysis of 23 individuals of 

the family (Figure 4.1) for 28 markers gave LOD scores of 2.5 at θ=0.0 for markers 

D6S262 and D6S308 on chromosome 6q23 (Table 4.1). Seven additional markers in this 

region were subsequently analyzed. These included D6S434, D6S287, D6S408, D6S270, 

D6S1009, D6S1649 and D6S1637 (Table 4.2) selected from the NCBI Map Viewer 

database (http://www.ncbi.nlm.nih.gov/mapview/). A maximum LOD score of 1.7 

(θ=0.10) was obtained with marker D6S1637 while the remaining 6 markers gave LOD 

scores of less than 1 (Table 4.2, Figure 4.3). To confirm whether linkage was significant, 

12 additional individuals of this family (shown in Figure 4.1) were genotyped for the 3 

markers, D6S262, D6S308 and D6S1637 which had LOD scores of >1.5. Two-point 

linkage analysis with data from 35 individuals gave a LOD score of 3.2 (θ=0.0) for 

marker D6S262 confirming linkage with this locus (not shown). LOD scores for the 3 

markers mentioned above were re-calculated using allele frequencies determined in the 

same population (30 normal individuals) and they remained significant (data not shown). 

Multipoint analysis using 9 markers gave a maximum multipoint LOD score of 1.8 for 

D6S262 (Figure 4.4), which is suggestive of a disease locus at or near this region.  
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Clinical features of the affected individuals of family RP161 

 

Affected members of the family RP161 showed the initial symptom of night blindness in 

their 3rd, 4th or 5th decades.  The fundus showed diffuse RPE degeneration, arterial 

narrowing and pigment migration (Figure 4.2 A, B). The visual fields, tested in 

individuals III:6, III:9, III:11, III:21 who were affected,  were restricted to < 20 degrees 

and the visual acuity deteriorated with age and varied from 20/20 to PL/PR. 7 members 

of generation IV (Figure 4.1, symbols with cross) who were in the 1st,  2nd or 3rd  decades 

of life showed mild  RPE/pigmentary changes with normal best-corrected visual acuities. 

Electroretinography and visual field data could not be obtained in these patients and 

hence their status was not conclusive of RP. Hence their affection status for the purpose 

of analysis was treated as unknown. This family had a diagnosis of late-onset ADRP. 
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Figure 4.1. Pedigree of family RP161. Individuals analysed in the study are shown with codes below the symbols. 
Shaded symbols represent affected individuals. Symbols with cross represent individuals with unknown affection 
status. Individuals marked with asterisk were analysed only for 3 markers (D6S262, D6S308, D6S1637) 
 

 

 

 

 

 

 

 
 
Figure 4.2. Representative fundus pictures of family RP161, showing pigment migration RPE atrophy and arterial 
narrowing. (A) fundus picture of III:21 (B) fundus picture of III:6.  
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Table 4.1. Linkage analysis in family RP161 
 

LOD score at Θ = MARKER Z max Θ max 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
D3S1292 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0
D6S1610 0.1 0.3 -∞ -1.2 -0.5 -0.1 0.0 0.1 0.1 0.1 0.0 0.0
D6S257 0.4 0.2 -∞ -0.2 0.2 0.3 0.4 0.4 0.3 0.2 0.1 0.0
D6S460 0.0 0.5 -∞ -0.9 -0.6 -0.4 -0.3 -0.3 -0.2 -0.1 -0.1 0.0
D6S262 2.5 0.0 2.5 2.3 2.0 1.8 1.5 1.3 1.0 0.7 0.4 0.1
D6S308 2.5 0.0 2.5 2.3 2.0 1.8 1.5 1.3 1.0 0.7 0.4 0.1
D6S1581 0.3 0.3 -∞ -0.3 0.1 0.3 0.3 0.3 0.3 0.2 0.1 0.1
D6S264 0.1 0.3 -∞ -1.3 -0.6 -0.2 0.0 0.1 0.1 0.1 0.1 0.0
D7S517 0.0 0.5 -∞ -0.9 -0.6 -0.4 -0.3 -0.3 -0.2 -0.1 -0.1 0.0
D7S484 0.0 0.5 -∞ -2.7 -1.6 -1.1 -0.7 -0.4 -0.3 -0.1 -0.1 0.0
D7S630 0.0 0.5 -∞ -2.5 -1.5 -0.9 -0.6 -0.3 -0.2 -0.1 0.0 0.0
D7S657 0.0 0.5 -∞ -2.7 -1.7 -1.1 -0.7 -0.5 -0.3 -0.2 -0.1 0.0
D7S486 0.1 0.4 -∞ -1.6 -0.8 -0.5 -0.2 -0.1 0.0 0.0 0.1 0.0
D7S640 0.5 0.0 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.1 0.1 0.0
D8S285 0.0 0.3 -∞ -1.3 -0.6 -0.2 -0.1 0.0 0.0 0.0 0.0 0.0
D9S285 0.0 0.5 -∞ -2.3 -1.5 -1.0 -0.7 -0.5 -0.3 -0.2 -0.1 -0.1
D9S171 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D11S4191 0.5 0.0 0.5 0.4 0.4 0.3 0.3 0.2 0.2 0.1 0.1 0.0
D14S261 0.1 0.4 -∞ -1.3 -0.5 -0.2 0.0 0.0 0.1 0.1 0.1 0.0
D17S938 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D17S1852 0.0 0.5 -∞ -2.5 -1.4 -0.9 -0.5 -0.3 -0.1 0.0 0.0 0.0
D17S798 0.0 0.5 -3.7 -0.7 -0.4 -0.3 -0.2 -0.1 -0.1 0.0 0.0 0.0
D17S944 0.0 0.5 -∞ -1.6 -1.0 -0.6 -0.4 -0.3 -0.2 -0.1 0.0 0.0
D17S949 0.1 0.4 -∞ -1.3 -0.6 -0.2 0.0 0.0 0.1 0.1 0.1 0.0
D17S785 0.0 0.4 -∞ -2.3 -1.3 -0.7 -0.4 -0.2 -0.1 0.0 0.0 0.0
D17S784 0.0 0.4 -∞ -1.5 -0.8 -0.4 -0.2 -0.1 0.0 0.0 0.0 0.0
D19S418 0.0 0.5 -∞ -1.9 -1.1 -0.7 -0.4 -0.2 -0.1 0.0 0.0 0.0
D19S210 0.0 0.5 -∞ -3.3 -2.1 -1.5 -1.0 -0.7 -0.5 -0.3 -0.2 -0.1
 
 
The table shows two-point LOD scores of 28 markers genotyped in 23 individuals of 
family RP161. The LOD scores are shown at different values of the recombination 
fraction (Θ). Zmax  indicates maximum LOD score, Θ max  indicates the value of Θ at 
which the LOD score is maximum. 
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Table 4.2. Linkage analysis of markers on chromosome 6q23 in family RP161. 
 

LOD score at Θ = 
MARKER 

deCODE  
location 

(cM) 

Z 
max 

Θ 
max 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45

D6S434 106.2 0.3 0.3 -∞ -0.9 -0.2 0.1 0.3 0.3 0.3 0.2 0.2 0.1
D6S287 119.6 0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
D6S408 125.5 0.1 0.4 -∞ -0.6 -0.3 -0.2 -0.1 0.0 0.0 0.1 0.1 0.0
D6S262 * 130.7 2.5 0.0 2.5 2.3 2.0 1.8 1.5 1.3 1.0 0.7 0.4 0.1
D6S270 134.9 0.3 0.2 -2.8 0.1 0.3 0.3 0.3 0.3 0.2 0.2 0.1 0.1
D6S1009 138.8 0.1 0.2 -3.1 -0.2 0.0 0.1 0.1 0.1 0.1 0.1 0.0 0.0
D6S308 * 144.8 2.5 0.0 2.5 2.3 2.0 1.8 1.5 1.3 1.0 0.7 0.4 0.1
D6S1649 147.9 0.0 0.5 -3.5 -0.5 -0.3 -0.2 -0.1 0.0 0.0 0.0 0.0 0.0
D6S1637 150.6 1.7 0.1 -1.1 1.6 1.7 1.6 1.4 1.2 1.0 0.7 0.4 0.1
 
The table shows the two-point LOD scores for 9 markers on chromosome 6q23 
genotyped in 23 individuals of family RP161. The LOD scores are shown at different 
values of the recombination fraction (Θ). Zmax  indicates the maximum LOD score, Θ max  
indicates the value of Θ at which LOD score is maximum.  Asterisk (*) marked markers 
belong to the set of 28 shortlisted markers initially tested. 
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Figure 4.3.  Two-point LOD scores with 9 markers. Plotted are the Zmax values for 
the 9 markers. The markers are ordered according to their location from 6pter to 
6qter (left to right); D6S434, D6S287, D6S408, D6S262, D6S270, D6S1009, D6S308, 
D6S1649, D6S1637. 
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Figure 4.4. Multipoint linkage analysis. Shown above are the parametric LOD score 
curves (pLOD) for the 9 markers used for multipoint analysis in 23 individuals of 
family RP161. 
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4.3. Discussion 

 

Linkage analysis in a family with ADRP (RP161) showed significant linkage of disease 

to chromosome 6q23 with a two-point LOD score of 3.2 for marker D6S262 located at 

131.77 Mb/130.7 cM on 6q23. This was confirmed with multipoint linkage which gave a 

maximum LOD score of 1.8 for marker D6S262. AHI1 (Abelson helper integration site 1) 

and PEX7 (Peroxisomal biogenesis factor-7) are 2 candidate genes in this region located 

at a distance of 3.8 Mb and 5.4 Mb respectively from marker D6S272. AHI1 gene 

mutations cause Joubert syndrome, which is associated with RP/LCA and other systemic 

involvement such as hypotonia, ataxia, mental retardation, altered respiratory pattern, 

abnormal eye movements, and brain malformation (Parisi et al., 2006). PEX7 gene 

mutations cause Refsum disease, which is characterized by progressive adult retinitis 

pigmentosa, peripheral neuropathy, anosmia, and cerebellar ataxia (van dan Brink et al., 

2003). Several other genes in the mapped region that are expressed in the retina/RPE are 

also candidates for the disease in this family. Examples are (LAMA2 (Laminin, alpha 2), 

TSPYL1 (Testis specific protein, Y-linked, like-1), ENPP1 (Ectonucleotide 

pyrophosphatase/phosphodiesterase 1), MYB (v-myb myeloblastosis viral oncogene 

homolog (avian)), IGNGR1 (interferon gamma receptor 1). Systematic screening of genes 

in this interval would be required to identify the disease gene. The mapped locus has not 

been linked with non-syndromic ADRP previously and therefore represents a novel locus 

for this disorder.  
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CHAPTER 5: CANDIDATE GENE SCREENING 

 

 

5.1 Introduction 

 

The majority of the genes associated with non-syndromic retinal dystrophies are 

expressed exclusively/predominantly in the retina or in the retinal pigment epithelium. 

This can be explained on the basis that genes which are highly or differentially expressed 

in the retina have an important role in the functioning of the retina and their mutation 

would result in retinal disease. A number of studies have identified transcripts that are 

enriched/differentially expressed in the retina (Bortoluzzi et al., 2000, Stohr et al., 2000, 

Blackshaw et al., 2001, Sharon et al., 2002, Lavorgana et al., 2003). The Riken cDNA 

3322402L07/C1orf36 is one such transcript which is preferentially/highly expressed in 

the human and murine retina (Lavorgana et al., 2003, Akimoto et al., 2006).  

 

The CIorf36 gene is located on chromosome 1q32.3. It has 3 exons, which code 

for a 195-amino acid protein (Lavorgna et al., 2003). Screening of the C1orf36 gene in 

human patients with retinal dystrophy in this study was carried out in collaboration with 

Anand Swaroop and co-workers.  Parallel work on the rd3 mouse model of retinal 

degeneration resulted in the identification of the rd3 gene as the mouse homolog 

(3322402L07Rik) of the human gene c1orf36 (re-named as rd3 and RD3 in mouse and 

human respectively). This gene was selected as a candidate for the rd3 locus as it was 

shown to be highly expressed in the retina in previous studies (Lavorgana et al., 2003, 

Akimoto et al., 2006). In mouse retina C1orf36 is expressed particularly in inner nuclear 
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layer, outer nuclear layer and ganglion cell layer. A homozygous nonsense mutation was 

identified in rd3 mice by Swaroop and co-workers. To complement this effort and 

identify a possible role of the human RD3 gene in retinal disease, the C1orf36/RD3 gene 

was selected for screening of a cohort of patients with RP and LCA.   

 

5.2 Results 

 

5.2.1 Screening of RD3 gene 

 

103 unrelated patients with ARRP (n=55), ADRP (n=14), sporadic RP (n=31), autosomal 

recessive LCA (n=2) and sporadic LCA (n=1) were screened for mutations in the RD3 

gene. RD3 gene has 3 exons, of which first exon is non-coding. The 2 coding exons were 

screened in the 103 probands by PCR amplification and bi-directional sequencing. 

Details of primers are given in Appendix-1, Table 2L. Direct sequencing of the coding 

regions of RD3 gene resulted in the identification of 5 sequence changes in 103 patients. 

Sequence changes which co-segregated with the disease phenotype were tested in at least 

100 normal controls.  

 

Five sequence changes were identified in 5 unrelated patients. Four changes were 

heterozygous and one was homozygous (Table 5.1). Heterozygous changes found in the 

families RP102, RP120, RP121 and RP192 did not co-segregate with the disease 

phenotype and were not evaluated further. The homozygous change (c.296+1G>A) 

involved the splice donor site +1 position and co-segregated with the disease in family 
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RP146 (Figure 5.1 A). This splice site change leads to abolition of restriction site for 

Hph1 enzyme. Upon digestion of PCR products from normal and mutation-bearing 

individuals, the normal allele showed digestion of the 436 bp PCR product into 2 

fragments of 387 bp and 49 bp , while the homozygous mutant allele showed  an uncut 

436-bp product (Figure 5.1 C). 121 control individuals were screened for the 

c.296+1G>A change by restriction digestion with the enzyme HphI. It was found to be 

absent in the control population.  

 

Table 5.1  Sequence changes identified in RD3 gene in families with retinal 

dystrophy.  

Family Diagnosis 
Mode of 

Inheritance 

Sequence 

Change 
Consequence Location Report 

RP102 LCA AR 
c.139C>T 

p.Arg47Cys 
Missense Exon-2 rs34049451

RP120 RP AD 
c.139C>T 

p.Arg47Cys 
Missense Exon-2 rs34049451

RP121 RP AD 
c.103G>A 

p.Gly35Arg 
Missense Exon-2 Novel 

RP192 RP AR 
c.202C>T 

Arg68Trp 
Missense Exon-2 Novel 

RP146 LCA AR c.296+1G>A Splice site Intron-2 Novel 

 

This table describes the sequence changes identified in the RD3 gene in 5/103 families. 
Numbering is according to transcript (ENST00000367002) with +1 as the first base of the 
initiation codon ATG. Abbreviations refer to; autosomal recessive, AR; autosomal 
dominant, AD; retinitis pigmentosa, RP; Leber’s congenital Amaurosis, LCA. 
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The pedigree of family RP146 is shown in Figure 5.1A.  There are 2 affected 

individuals who presented at LVPEI at the ages of 25 and 28 years. Both the individuals 

had nystagmus and poor vision since birth at the time of presentation visual acuity in both 

the affected individuals was restricted to perception of light. Fundus showed atrophy in 

the macular area with pigment migration, diffuse RPE degeneration. Punctuate lesions 

were seen in the proband while these lesions were absent in the younger affected sibling. 

ERG was done in one affected individual (V:9). Both scotopic and phototic responses 

were found to be extinguished. Fundus photographs of the affected siblings are shown in 

(Figure 5.1 D, E). Due to the presence of typical features of LCA such as nystagmus and 

poor vision since birth, this family had a diagnosis of LCA. 
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Figure  5.1: Details of family RP146. (A) Pedigree of family RP146. Astrisk (*) 

marked individuals were analysed for the genetic analysis. M denotes mutant and 

plus sign (+) denotes the wild-type allele. (B) chromatogram of the change at +1 of 

the splice donor site (indicated by boxed residue). (C) RFLP picture showing co-

segregation of mutation. (D) fundus pictures of individuals V:6 (D) and V:9.(E) 

showing pigment migration, arterial narrowing, RPE atrophy and  macular scar. 
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5.3 Discussion 

 

This study was the first to identify mutation of the RD3 gene in  retinal dystrophy in 

humans .  The G>A change at the +1 position of the conserved splice donor site is likely 

to disrupt normal splicing of the mRNA and thereby result in structurally abnormal 

protein or unstable mRNA or protein resulting in loss of function.  

 

Due to the mutation it is possible that either exon skipping, intron retention or 

usage of a cryptic splice site may occur. All of these events would be expected to result in 

premature   termination. Among the other changes identified, Arg47Cys sequence change 

found in families RP102 and RP120 is a reported SNP (rs34049451) while sequence 

changes found in families RP121 (Gly35Arg) and RP192 (Arg68Trp) are novel sequence 

changes that have unknown significance. 

 

 RD3 involvement in retinal degeneration in mouse and humans suggests the 

functional importance of the RD3 protein in the retina although its function is not clearly 

understood as yet. Friedman and coworkers (Friedman et al., 2006) have shown that in 

COS-1 cells, RD3 protein has a varied localization and the RD3 protein co-localizes with 

two sub-nuclear proteins namely SC35 (nuclear speckle marker) and promyelocytic 

leukemia gene product (PML body marker). They have speculated that varied localization 

of the protein is suggestive of its dynamic role in the cellular processes and its co-

localization with subnuclear bodies suggest that it may influence the functions carried out 

by these sub-nuclear bodies. 



Chapter 5: Candidate Gene Screening 

 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

170

 

The RD3 gene was also screened by our collaborators (Swaroop and coworkers) 

and no mutation was identified in their cohort of 778 unrelated retinal dystrophy patients 

from north America, UK and Scandinavia (Friedman et al., 2006). An earlier study that 

screened 300 patients with RP for mutations in RD3/c1orf36 also failed to detect 

mutations (Lavorgana et al., 2003). These data suggest that  mutations in RD3  are a very 

rare cause of retinal dystrophy.  
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CHAPTER 6: DISCUSSION AND CONCLUSIONS 

 

Retinal dystrophies are a group of disorders characterized by progressive loss of vision as 

well as by their clinically and genetically heterogeneous nature. The high degree of 

genetic heterogeneity in RP makes gene identification and genetic testing challenging. 

Thus it is important to devise approaches that are practically feasible for application in 

the clinic and for genetic counseling of patients.  

 

A high frequency of consanguineous marriages in Andhra Pradesh as well as in 

South India is likely to be associated with a preponderance of recessive form of disease 

(Bittles et al, 1991). Hence one of the objectives of the present study was to identify the 

disease genes in families with recessive RP. Analysis of a total of 44 families (34 from 

the present study, 10 from a previous study in our laboratory) with ARRP resulted in the 

identification of mutations in 7/44 families in 5 different genes. Five mutations are novel 

and are previously not reported, while all 7 mutations c.1060delA (RPE65), c.2847delT 

(RP1), c.1199G>A (TULP1), c.451C>T (RLBP1), c.1995C>A (ABCA4), c.6088C>T 

(ABCA4), c.1225delA (ABCA4) are being reported for the first time from India. Two of 

these mutations c.1060delA (RPE65) and c.6088C>T (ABCA4)  have been earlier 

reported in heterozygous/compound heterozygous forms in studies on patients from other 

regions of the world (Marlhens et al., 1997, Lewis et al., 1999, Papaioannou et al., 2000, 

Webster et al., 2001).  The mutations identified in this study belong to different 

categories such as frameshift (n=3), missense (n=2) and nonsense (n=2). From the 

present study mutations in the 23 genes tested account for at least ~16% (7/44) of ARRP. 
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In addition novel variants of unknown significance were also found (Chapter 3, Table 

3.17). The role of these variants in the pathogenesis or influencing the disease phenotype 

is not known at present.   Similar homozygosity based screening in patients with ARRP 

has been done on Japanese patients (Kondo et al., 2004). Kondo and coworkers (2004) 

have analysed only probands for homozygosity while in the present study probands and 

family members were analysed as a result our success rate to identify mutations in the 

homozygous regions was more (7/14, 50%) as compared to Kondo and coworkers (3/33, 

9%). This higher success rate in our study could be due to reduction in the false positives 

by analyzing multiple members of the family. We have identified mutations in ~16% of 

families with ARRP, while Kondo and coworkers have observed mutations in ~5% of 

their families with ARRP. One possible reason for the higher detection rate in our study 

could be the due to a higher rate of consanguinity  in the families included in the present 

study (70%, 31/44) as compared to study by Kondo and coworkers who had 20% or 

12/59 consanguineous families in their study. Recently SNP chips have been employed in 

identifying genes for recessive retinal dystrophy through homozygosity mapping (den 

Hollander et al., 2007b, Ramprasad et al., 2008). This approach has led to identification 

of novel genes for  retinal dystrophy, such as Lebercilin (den Hollander et al., 2007c), 

Eyes shut EYS (Collins et al., 2008) and spermatogenesis-associated protein 7 (SPATA7; 

Wang et al., 2009).   

 

A second aspect of this study that resulted in a novel finding was the mapping of 

the disease locus in a family (RP161) with ADRP to chromosome 6q23 (Chapter 4). 
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There are no known ADRP genes at this region.  Since the disease in this family is non-

syndromic ADRP and, it is possible that this represents a novel locus for ADRP. 

 

The approach of direct candidate gene screening has resulted in the identification 

of the novel genes in the retinal dystrophies. Some of the examples are RDS, ROM1, 

FSCN2, GUCA1B, CNGA1, PDE6A, SAG, USH2A, MERTK, RPGRIP, LRAT, RGR, 

SEMA4A. RD3 is a gene which is preferentially expressed in the retina and its 

involvement in the pathogenesis of retinal dystrophies was not known at the time of 

undertaking this study. Screening of the RD3 gene (Chapter 5) for mutations in a cohort 

of patients with ARRP, ADRP, sporadic RP and LCA as part of this study provided 

evidence for the first time, for involvement of RD3 in human retinal disease.  A  

homozygous mutation splice site mutation in the RD3 gene was identified as the cause of 

LCA as described in Chapter 3. The lack of detection of mutations in this gene in 

previous studies involving a cohort of cohort of 300 RP patients suggest that mutations in 

RD3 are a rare cause of retinal dystrophy (Lavorgana et al., 2003). 

 

Specific conclusions of the study: 

 

1. Disease-causing mutations were identified in 7 families with ARRP. 5/7 mutations are 

reported for the first time. 

 

2. About 16% of ARRP in the population studied is attributed to mutations in the 23 

screened genes. 
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3. Autosomal dominant RP in a family was mapped to chromosome 6q23, which may 

represent a novel locus for ADRP. 

 

4. Screening of >100 patients with retinal dystrophies resulted in finding of a mutation in 

the RD3 gene as the cause of disease in a family with LCA. This is the first report of the 

involvement of RD3 gene in the pathogenesis of LCA. 
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SPECIFIC CONTRIBUTIONS OF THE STUDY 

 

1. Our study has identified novel causes of disease in Indian families with autosomal 

recessive retinitis pigmentosa. Mutations were detected in RPE65, RP1, TULP1, RLBP1 

and ABCA4 genes, which support the genetically heterogeneous nature of retinitis 

pigmentosa in this region. The loci tested contributed to disease in about 16% (7/44) of 

Indian families with ARRP. 

 

2. This is the first study that has identified the involvement of RD3 gene in retinal 

dystrophy in humans. 

 

3. A novel disease locus has been mapped to chromosome 6q23 in a family with ADRP. 



Limitations of the Study 

 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

176

LIMITATIONS OF THE STUDY 

 

The screen for ARRP genes in this study was limited to only a subset of loci. Several 

other loci exist for ARRP. Screening of all genes would eventually be required to know 

the magnitude of disease due to known loci.  A second limitation was that the approach 

used for screening families with ARRP, which does not enable the discovery of new 

genes for the disease since candidate loci were selected based on what was known at the 

time of starting the study. In the approach of homozygosity screening, false positives may 

arise due to random homozygosity unlinked with the disease, as may have been the case 

with 7 families in which homozygosity was detected at one or more loci but in which no 

mutations were detected. In addition, false negatives may arise due to recombination 

between the markers selected and the disease gene. The probability of this occurring was 

lowered by taking markers located within 5 cM of the candidate gene in most cases.  

 

Mutation screening of candidate genes was confined to the coding regions as well 

as flanking intronic regions. In families where no mutations were identified it could be 

possible that mutations may be present in the deep intronic regions or in the promoter 

regions both of which were not screened in the present study.  
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FUTURE SCOPE OF THE STUDY 

 

The approach of homozygosity screening employed in the study may be extended to 

cover other loci for recessive RP and applied to rapid screening of families. Knowledge 

of mutations in individual families can be applied in genetic testing and counseling of 

other family members of the probands. The results of this study have indicated that 

genome-wide screening approaches would be suitable in most of the families studied. 

The genome wide screening of these families has scope for the identification of novel 

genes/loci for ARRP. The results can be applied to genotype-phenotype correlations 

based on observations made in the families with mutations and the same can be tested in 

future screening efforts. 
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APPENDIX 
 
 
 
 
Table 1. Microsatellite markers genotyped in ARRP families. 
 
# Gene Marker Label Heterozygosity Type of Repeat Sequence  

D1S 406-F Fam 0.83 Tetranucleotide AGGCAGCAGAGTGAGACTC 
D1S 406-R    GCTTTCTTAGGCCACACGTA 
D1S 2779-F Hex 0.82 Dinucleotide AACCATTAATATCTTNCCAGGT 
D1S 2779-R    AGTGCATACCACCATGCC 
D1S 236-F Tet 0.80 Dinucleotide AAACCACCTACCAATGTCTGTC 
D1S 236-R    GAAGCTGTCGTTATGGGGT 
D1S 1170-F Fam 0.75 Tetranucleotide GATAGCAAGGCCTCGTCTC 
D1S 1170-R    GAGGACTACAGGCATGTGC 
D1S188-F * Hex 0.86 Dinucleotide AACCAATCAAGGTGCCTGCA 

1 ABCR 

D1S188-R *    TCCCCTAGTGTCCTGGCAG 
D1S 219-F Hex 0.83 Dinucleotide TCCAGTCACTCTCTCTAGCC 
D1S 219-R    GAAGATGCTGATACCCAAGT 
D1S 2806-F fam 0.78 Dinucleotide CATTACATCACAGCCTGATTAGA 
D1S 2806-R    CCACCATGCCTGACCT 
D1S 2829-F Tet 0.86 Dinucleotide AGTGGTTTATATGACTTACTGTGGG 
D1S 2829-R    GCACNCCAGCCTAGGTA 
D1S410-F * fam 0.75 Tetranucleotide CACATCATGATTGGGCCAC 
D1S410-R *    AAAAGTGTGGATGGATATACC 
D1S2798-F * Hex 0.74 Dinucleotide GATCCTCTCTCAATCAATAAATAA 
D1S2798-R *    AAGAAGCCAACCAGAGTTAG 
D1S1162-F * Tet 0.81 Tetranucleotide CCACACTATCATTTACCAGA 

2 RPE65 

D1S1162-R *    GGTTTCCTATGTTCCAAGC 
D1S1726-F Tet 0.74 Dinucleotide TGCCAGTTGACCTCAAG 
D1S1726-R    TCCAGTTGCTCCTCACC 
D1S2622-F * Hex 0.79 Dinucleotide CTGCAACATAAGAACCTAGTGTAAC 

3 CRB1 

D1S2622-R *    AAACTGGTAGGCCATTGATAGA 
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D1S373-F Fam 0.88 Tetranucleotide GGGTGACAGAGCAAGACTC 
D1S373-R    CCCTGACCTCCCTTACAGA 
D1S1181-F * Hex 0.87 Dinucleotide GTGACAGAGCAAAACTCTG 
D1S1181-R *    CCTGGCCTTTCTTTTTAAAAAA 
D1S2853-F * Fam 0.78 Dinucleotide TACGTGACATGCATTAACCT 
D1S2853-R *    GCAAACAGACCGGAAAT 
D16S682F Fam 0.64 Tetranucleotide TGGGTGACAGAGTAAGACCT 
D16S682R       ATCCACAGCCCACACTTAC 
D16S3120F Hex not known Dinucleotide CTGGGTGCGATTGCTC 
D16S3120R       GGCCCCATGACAGAAC 
D16S3080F Tet 0.80 Dinucleotide GGATGCCTGCTCTAAATACC 

4 
  
  
  
  
  

CNCG2 
  
  
  
  
  D16S3080R       CCCAGGGGTCAAACTTAAT 

D3S 3646-F Fam 0.72 Dinucleotide ATGCAAGGGCTCAGACTCC 
D3S 3646-R    GAAGCATGTTTGAAGCTGCG 
D3S 2302-F Tet 0.81 Tetranucleotide AATCGCTTGAACCTGGGAG 
D3S 2302-R    GGAAAATTTTTCAGAAAGGGC 
D3S 3552-F Hex 0.79 Dinucleotide GCCACTCCCAAATGTCTGTC 

5 RBP1 

D3S 3552-R    AACTTGATTGCCCCCCTG 
D3S 3584-F Tet 0.65 Dinucleotide CTCTCAGGTGGCAGCCAG 
D3S 3584-R    TTGAAGTGGATCTCACTCTCAGG 
D3S 3607-F Fam 0.70 Dinucleotide ACAGGCTCAGGCCCAC 
D3S 3607-R    CTAAGAATAGCTTCCCAGAAACGG 
D3S1671-F Hex 0.75 Dinucleotide CAAAAATGCTGCAATGAACAG 

6 RHO 

D3S1671-R    GAGAAATGTCTATTCATGCCC 
D4S 3038-F Fam 0.78 Dinucleotide GAAGACCAGCATTCGG 
D4S 3038-R    GGTTTAATACACAGTAATTGTTCA 
D4S 412-F Hex 0.78 Dinucleotide ACTACCGCCAGGCACT 
D4S 412-R    CTAAGATATGAAAACCTAAGGGA 
D4S 432-F Tet  Dinucleotide ACTCTGAAGGCTGAGATGGG 
D4S 432-R    CTGAACCGCAGATCCCC 
D4S2936-F * Hex 0.84 Dinucleotide CACTCAAGCCTGGGGG 
D4S2936-R *    TGGCACATCACCAACAAC 
D4S3023-F * Hex 0.7 Dinucleotide ACCTCACTGGAAACTAAATGG 

7 PDE6B 

D4S3023-R *    TGAACAGCAGCGGTCT 
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D4S2285-F * Tet 0.75 Tetranucleotide ATGAGCTCCTCTGAGAGG 
D4S2285-R *    GGAAAGAGGGCAAGACTC 
D4S1518-F Fam 0.75 Dinucleotide TTGGGTCAGCTGAATGGTC 
D4S1518-R    GGCAGAGTCAAGACCCTGT 
D4S251-F Hex 0.83 Dinucleotide GTCTGAGAACAGAAATGCCTCC 
D4S251-R    TATGTATATATGTGTGCGTGCG 
D4S2971-F Tet 0.80 Dinucleotide GGTAAAATAATGATGTNGGCTAAAG
D4S2971-R    GGTAATGAAAATCAAGCCCA 
D4S405-F Fam 0.87 Dinucleotide ATCAGGAGATGTTGCCTTGC 
D4S405-R    CAGGGCTATGATTGGATGTC 
D4S174-F * Tet 0.87 Dinucleotide AAGAACCATGCGATACGACT 
D4S174-R *    CATTCCTAGATGGGTAAAGC 
D4S2996-F * Tet 0.81 Dinucleotide ACTCAGGGTATTTGGGGCTA 

8 CNCG1 

D4S2996-R *    GTTGCTTTTACGGAATCCAT 
D5S 1375-F Hex 0.75 Dinucleotide TCTTCTGCTACCCCCCACA 
D5S 1375-R    GGGTCAATGAAGTATTTGCAC 
D5S 2090-F Tet 0.83 Dinucleotide CATGGGCATGTTTCAAAAT 
D5S 2090-R    AGTACCTCCTTAGTAACTCTGGGC 
D5S 594-F Fam 0.80 Tetranucleotide TTCTGGGAGGTAGAGGCTG 

9 PDE6A 

D5S 594-R    GGAGCTACAGACATGGGCA 
D6S 1575-F Fam 0.82 Dinucleotide GCATCTCCCCAAACACAAAC 
D6S 1575-R    ACTATGCTTCTGGGTCCCTG 
D6S 1582-F Tet 0.83 Dinucleotide CTAGGTAGTCAGGTGGTCATAGTC 
D6S 1582-R    AGTAGGGCTGGAACCTTCT 
D6S 1689-F Fam 0.85 Dinucleotide AGTTGTTTGATGNCCAGG 
D6S 1689-R    AGCTCTCCTACTTCTAGCAGATGAC 
D6S 1689-F Hex 0.85 Dinucleotide AGTTGTTTGATGNCCAGG 
D6S 1689-R    AGCTCTCCTACTTCTAGCAGATGAC 
D6S 936-F Tet 0.81 Tetranucleotide CAGTGAGGCCAGATTGTGC 

10_11 RDS/ GUCA1A 

D6S 936-R    CATTTCAGCTTCCGCAGTAG 
D6S1568-F Hex 0.87 Dinucleotide ACATGACCAGAACTTCCCAG 
D6S1568-R    AGCTAGGCCAGGCCGT 
D6S273-F Tet 0.77 Dinucleotide GCAACTTTTCTGTCAATCCA 

12 TULP1 

D6S273-R    ACCAAACTTCAAATTTTCGG 
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D6S388-F Fam 0.75 Dinucleotide GAGGAAGATGATGGGAAGC 
D6S388-R    AGAGAGAATAAGGGGCACG 
D6S1583-F * Fam 0.84 Dinucleotide GCCCCTAACCTGCTTCTACTGA 
D6S1583-R *    GCAGATGGCCCCACTGAC 
D6S1629-F * Tet 0.79 Dinucleotide TGCTGAACCCATAGTGGATTTTTG 
D6S1629-R *    AGCTGAGGGCTGCTGATGC 
D11S 4017-F Hex not known Dinucleotide TCAAAAAGATAGACTTTAACCAGCC 
D11S 4017-R    CCCCTCAAATTCCACACATC 
D11S 4357 F Tet not known Dinucleotide AACTTTATTTGTGCTGTAAAGGGG 
D11S 4357 R    GGGAAGTAGTCTCGGGTATGC 
D11S1883-F Fam 0.74 Dinucleotide TTCAGTAACAGGAGACAAAAGG 

13 ROM1 

D11S1883-R    TGGTTTCGGATCTCTTCTCA 
D14S123-F Tet 0.75 Tetranucleotide CCCAGCATTTATCAACCATG 
D14S123-R    ACCTGGCCACCTATTCCTA 
D14S1042-F Hex 0.80 Dinucleotide TACTTGTGCATAACCGAGCA 
D14S1042-R    AATTACAGGCACCTGCCATC 
D14S972-F * Fam 0.75 Dinucleotide TTAACGCATAACAGCCAAGA 
D14S972-R *    TCTGACTGCCTCCATGA 
D14S64-F * Hex 0.76 Dinucleotide GGGCAACACAGTGAGACTCT 
D14S64-R *    TGGGATAGAAGCAACACAGA 
D14S990-F * Fam 0.85 Dinucleotide GTCCACTTGGTCATGGAAAC 

14 NRL 

D14S990-R *    AAGTTGCACTGTGACTGGG 
D14S122-F  0.86 Tetranucleotide CCAGCCTGGGTGAGACTC 
D14S122-R    CGTTCATGTACCACTGCATG 
D14S72-F Fam 0.83 Dinucleotide TGTAAAGTTTTGTACATGGTGTAAT 
D14S72-R    TCCTAACATTCTGCTACCCA 
D14S781-F  0.75 Dinucleotide CTGCTATATCATGTGCCTTG 

15 RPGRIP 

D14S781-R    CTGGATTTTCTGCCTAGTCA 
D15S 1046-F Hex 0.77 Dinucleotide CACACTAAAGTTGGCCTCA 
D15S 1046-R    CCCTTTTAACACACAGGGT 
D15S 202-F Fam 0.84 Dinucleotide AACCTGGGTGGCACAGTGAG 
D15S 202-R    CAGGACCTTTGCACAGGC 
D15S 972-F Tet 0.77 Dinucleotide GTCTGCGAAATAGGCAAGT 

16 RLBP1 

D15S 972-R    CAACAGTTCTCAGGATAGATTCA 
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D15S111-F * Fam 0.73 Dinucleotide AGTTCAGTTAGCCCTTTTAACA 
D15S111-R *    CACTAAAGTTGGCCTCAATC 
D15S963-F * Hex 0.76 Dinucleotide CAGCAAATCTCTGGAGCAC 
D15S963-R *    GCAACTTCTTGTAAGTAGCCTAGC 
D17S 1810-F Fam 0.79 Dinucleotide TGTCCACTGTAACCCCTG 
D17S 1810-R    CCTAGTGAGGGCATGAAAC 
D17S 1832-F Hex 0.82 Dinucleotide ACGCCTTGACATAGTTGC 
D17S 1832-R    TGTGTGACTGTTCAGCCTC 
D17S 796-F Tet 0.82 Dinucleotide CAATGGAACCAAATGTGGTC 

17 GUCY2D 

D17S 796-R    AGTCCGATAATGCCAGGATG 
D4S 432-F Tet 0.74 Dinucleotide ACTCTGAAGGCTGAGATGGG 
D4S 432-R    CTGAACCGCAGATCCCC 
D17S 1161-F Fam 0.88 Tetranucleotide GCCAAGATAATGCCATTGCA 
D17S 1161-R    TTCTCCCTGTGCCCTCTAA 
D17S 948-F Tet 0.83 Dinucleotide GTCTCTGTCCTTAGGGAGTTTA 
D17S 948-R    TATCTTTGCCCATTTCTTG 
D17S 949-F Hex 0.80 Dinucleotide ATAGAAACTCCACATTTGCATTA 

18 PDE6G 

D17S 949-R    CTTTCCCACNCGTGTC 
D17S1353-F HEx 0.88 Dinucleotide CTGAGGCACGAGAATTGCAC 
D17S1353-R    TACTATTCAGCCCGAGGTGC 
D17S1791-F Fam 0.85 Dinucleotide AGCTTTTGGTCAACCTG 
D17S1791-R    GGGTGGGTGGAGTTAC 
D17S786-F Tet 0.77 Dinucleotide TACAGGGATAGGTAGCCGAG 

19 AIPL1 

D17S786-R    GGATTTGGGCTCTTTTGTAA 
D19S 219-F Tet 0.77 Dinucleotide GTGAGCCAAGATTGTGCC 
D19S 219-R    GACTATTTCTGAGACAGATTCCCA 
D19S 540-F Fam 0.71 Dinucleotide CAACTCAGCTCCTGCTGCTC 
D19S 540-R    GCGCAGTGAGGTGACTCTTG 
D19S 562-F Hex 0.83 Tetranucleotide GGGAGGCGGAGTTTGCAGT 

20 CRX 

D19S 562-R    GGAGAGGCGCGGTACGTAA 
D10S215-F * Fam 0.82 Dinucleotide TGGCATCATTCTGGGGA 
D10S215R *    GCTTTACGTTTCTTCACATGGT 
D10S1753F Tet 0.744 Dinucleotide CTGCTGCCACCAACCTAA 

21 RGR 

D10S1753R    CAAGTGGAGACTCGATGACA 
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D10S1675F Hex 0.68 Dinucleotide AAGAGGCAGTGTCGTCG 
D10S1675R    ACCTGTTGGAGCCACC 
D10S1744-F * Tet 0.83 Dinucleotide TCTCGTGTCTGACTCCCACC 
D10S1744-R *    ACAATAGACTGCTGCTGCTGC 
D10S1755-F * Hex 0.76 Dinucleotide CCATAGTATCAATGTGAGGGTG 
D10S1755-R *    TGGCTAATTTTTTAAGGTGTGT 
D8S285-F Fam 0.78 Dinucleotide GCATCACACAGAATCTTTG 
D8S285-R    ATGGGTTTATGGCCTTTAC 
D8S1718-F Tet not known Dinucleotide ACGTGTGAATGACATCAGCC 
D8S1718-R    TAACCCCTGGGCAGTTG 
D8S166-F * Hex 0.84 Dinucleotide GATTGTGTCATTGCACTCCA 
D8S166-R *    ACAAGGAAGTTCCTTTTTGG 
D8S1763-F * Hex 0.73 Dinucleotide CAATGAAAGCCTTTATCTACAGGT 
D8S1763-R *    TTCCATTCACGGAGTAAAAGT 
D8S1696-F * Tet 0.73 Dinucleotide CTGCCCTAGAAGGCTAACTACC 

22 RP1 

D8S1696-R *    TGCCATTTGCTCACTGAGAT 
D4S2942F Fam 0.74 Dinucleotide CAAATGCCCATCAATCAAC 
D4S2942R    GGGTCCAGTCTCATCCAC 
D4S403F Hex 0.78 Dinucleotide AGGTGGCCCTGAGTAGGAGT 23 PROML1 

D4S403R    TTTGAGGGAATGATTTGGGT 
 
 

Twenty-three candidate gene loci are shown with corresponding markers. * Markers were screened in a subset of families to 
confirm homozygosity. 
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Table 2A. Primers for amplification of coding regions of PDE6B gene 
 

# Primer name  Sequence 

Anneal
ing 
temp 
oC 

MgCl2 
conc. in 
mM 

Produ
ct size 
(bp) 

1 PDE6B-1a-F TTCATTCCACAGGGTCTGGTT 57 1.25 418 
  PDE6B-1a-R TTGATGCTCTCCTGCATATCC       
2 PDE6B-1b-F TCTGCCAGGTGGAGGAGAG 59 1.25 440 
  PDE6B-1b-R  AGCCTGTGCCCTGACAAGA       
3 PDE6B-2F AGAGCTTGACGACAACCCCA 61 1.25 316 
  PDE6B-2R  GATGCGCAGCACAGAACAG       
4 PDE6B-3F CGTGTCTGGGCACCCTCA 57 1.25 294 
  PDE6B-3R ACAAGACCACCTGCCACCA       
5 PDE6B-4,5F ACCTGTGTCAGGCTTGAGTTAA  53 1.25 460 
  PDE6B-4,5R AGTTGGAGTCAGGGAAACAGA       
6 PDE6B-6F ATGCGTGTGGCTGTGTGTAG 57 1.25 318 
  PDE6B-6R  ACGGCACACAGAGCACCA       
7 PDE6B-7,8-F ACAGACATCCAGTCCCTCTGA 53 1.25 514 
  PDE6B-7,8-R CGAATTCACTTCATCATCGC       
8 PDE6B-9F ACGGCTCTAGGGGAGAAGA 59 1.25 366 
  PDE6B-9R CACACACATGAGCACACGC       
9 PDE6B-10F GCACACAGGCACATGGGA 63 2.5 288 
  PDE6B-10R GTGACCCCTGGACGACCT       
10 PDE6B-11F ACCTTGTCCCACATGCGAA 61 2.5 191 
  PDE6B-11R AATGCAGAACTCTTCCTCCCA       
11 PDE6B-12F AGAAAGGATGAGAAGCAAGTGG 55 2.5 297 
  PDE6B-12R ACCTGAGGCCCTGATCACAT       
12 PDE6B-13F TGTGAAGTCAGCCACAGGTGC 57 1.25 254 
  PDE6B-13R  TGCTTGAGTGCTGCCCTTG       
13 PDE6B-14F AACCCGACGCCTAGGTCA 55 3.75 289 
  PDE6B-14R TTCTACATAGCCTGCTATGCGA       

14 PDE6B-15F ATCTGGGGGGGCTGCAGA 68 5% DMSO, 
3.75  236 

  PDE6B-15R  ATACGGCCCTGCCGTCCT       
15 PDE6B-16F ACAGGCAGCCGAGGCGGAA 69 1 304 
  PDE6B-16R  ACGGAATCCGGGGCTGCGT       
16 PDE6B-17F TCCCTGCAGACGGGCGCTT 57 2.5 289 
  PDE6B-17R  TTCCTGCTCCAGAGCGTCTGGG       
17 PDE6B-18F TGGGCAACAGAGCAAGACTC 59 1.25 265 
  PDE6B-18R  TGCAAACAATGGTCCGTTG       

18 PDE6B-19F AGAAGACCGAGGCTCGGA  59 2.5, 5% 
DMSO 300 

  PDE6B-19R ACAAAGTGAGATAAGGACCCCA       
19 PDE6B-20F TCCATGAGCACATCTGAGTGAG 57 2.5 306 
  PDE6B-20R CATCCCTACTCCAGTGAGGACA       
20 PDE6B-21F TGGGGAAGGGCTATCTTACTC 55 1.25 281 
  PDE6B-21R TCATTTTGCCTTGGGAGAGT       
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21 PDE6B-22F CAGGGGTTGGTAGAGGTCACA 59 2.5 266 
  PDE6B-22R CAGTCATTTTCTTGGGCTTCC       
 
 
Table 2B. Primers for amplification of coding regions of CNCG1 gene. 
 

# Primer name Sequence 

Anneal
ing 
temp 
oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 CNCG1-1F rep GCAGCATGAGGACAGACTAATACAT  61 2.5 373 
  CNCG1-1R rep GACAAGTTATGCAGTTCCAAAGTG       
2 CNCG1-2F AATTGTCCCCCTAGTGAGGAAT 60 2.5 309 
  CNCG1-2R  TACTGCTCAAGGTCATCACCAT       
3 CNCG1-3F TGGAGAAGAATTTGTTTTTTCAGAC 60 2.5 386 
  CNCG1-3R CACAGAGAAAGTCAACTGCATGAAC       
4 CNCG1-4-5-F CAGGTCTTTGAATGCAAAGC 60 2.5 454 
  CNCG1-4-5-R  GTCTTTACACAGGGCTCTTTACTA       
5 CNCG1-6-F CTTCTCCAGCTTACTTCCATTTCAT 60 2.5 354 
  CNCG1-6-R TTACCACCTGCAGTAGAGAAAGGA       
6 CNCG1-7-F AGTGTGCTGTGCTTCTCATCA 60 2.5 349 
  CNCG1-7-R CTTCACCTGTGCCTTTTTCTCT       
7 CNCG1-8a-F TGACCTCAACAAAGTTAATTGACA 59 2.5 569 
  CNCG1-8a-R  CAACCACCACAAAGACATACTCA       
8 CNCG1-8b-F ACAGCCTTTACTGGTCTACACTG 60 2.5 597 
  CNCG1-8b-R GAATGCTGATCTCACCGAAGTA       
9 CNCG1-8c-F GCAGATGATGGAGTCACTCAGTTT 61 2.5 553 
  CNCG1-8c-R  GTCAGTCATAGGATCAAAAGGATCA       
 
 
Table 2C. Primers for amplification of coding regions of CRB1 gene. 
 

 # Primer name  Sequence 
Anneali
ng temp 
oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 CRB1-1F TGAAGGAGCTGTAAGTAGGGTG 59 2.5 433 
  CRB1-1R CCTGAATACCTATTGGAAATCA       
2 CRB1-2a-F TTTGGTTGAGGCAGCACAAA 59 2.5 454 
  CRB1-2a-R GAATCTTCCAGCATATCCAGCA       
3 CRB1-2b-F TTCCTGTGGCAAGAACTCCT 59 2.5 442 
  CRB1-2b-R TGATTCCTGTCAAGAACTTGGC       
4 CRB1-3F GAACATTTGACAAGTGCTCTGG 59 2.5 394 
  CRB1-3R CGAGAACGTGAGAGCTCTAAAT       
5 CRB1-4F ATGGGTCTTGGGTTGATAGACA 59 2.5 442 
  CRB1-4R TGGGCAGCTTGGTAACCTACTT       
6 CRB1-5F AATGCCAGTATAGCAGTCAACC 59 2.5 366 
  CRB1-5R AGCTCTTCCTGCTAATACACCA       
7 CRB1-6a-F GCTATTCATGCACTTCTGCAAG 59 2.5 402 
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  CRB1-6a-R TCGCCCTCAAATGAAAGTGT       
8 CRB1-6b-F ATTCAGCTGCCTATGTCCATCT 59 2.5 415 
  CRB1-6b-R TGATTGATCACTTTCAAGTGGA       
9 CRB1-6c-F AATCGACGACTCCTGTAAGGAGA 59 2.5 447 
  CRB1-6c-R TTTGCTGTTTCTGCTCTGCTCT       
10 CRB1-7a-F TCCATCCCTTCTGTCTTTTGAG 59 2.5 350 
  CRB1-7a-R GGCTTGATTTTCAAAGATATCAA       
11 CRB1-7b-F TGACTCCAAACTCTCCCAAA  62 2.5 468 
  CRB1-7b-R TGGTGGGTCAGTAACATCATCT       
12 CRB1-8F CAGATATGTGGTTTCACCGTCA  59 2.5 380 
  CRB1-8R TACTCGCATAGGGGAAACAA       
13 CRB1-9a-F GCACAGTATGTAACATGTATCAAATA 59 2.5 639 
  CRB1-9a-R  GAAACCATGAACATTTTCAAAG       
14 CRB1-9b-F CCTGCAAGGGTGTCTAAGTACA 59 2.5 558 
  CRB1-9b-R GAGGAGAGAGCTTTCCAATTTG       
15 CRB1-10F CTCCTCCAGCCTGAGTACTTAA 61 2.5 367 
  CRB1-10R CAGCATAGATTTTCCTATGGGA       
16 CRB1-11F GGATGGGTAGATAAGACTGTGC 59 2.5 356 
  CRB1-11R  TGTTCACCCCACTCAACAACT       
17 CRB1-12F CCTGAGTAGTTCCATTGTCCTGA 61 2.5 407 
  CRB1-12R  TTCCAGTGTAATCCCAGTTGCA       
 
 
Table 2D. Primers for amplification of coding regions of TULP1 gene 
 

#  Primer name Sequence Annealing 
temp oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 TULP1- 1,2-F AGTTGAGATTCTTCCCCCAGT 57 2.5 476 
  TULP1- 1,2-R TACCCTGCGTGGGTTTACG       
2 TULP1- 3F TTATTTCTGGCGGCTCAAGG 55 2.5 324 
  TULP1- 3R AATCCCTCCCCTCTCATCACT       
3 TULP1- 4F TAGCGGGTAGAGGCGCTGC 69 2.5 296 
  TULP1- 4R  GTCCAGCCAGCCCCTTCTC       
4 TULP1- 5F CAGTCTGGAGGAACTGGGCT 59 2.5 317 
  TULP1- 5R TCAATCGCTGTGTCTCAGTGA       
5 TULP1- 6,7-F TTGGAAGGCAGCCTTCAG 59 2.5 441 
  TULP1- 6,7-R TTGTATGCTGTAAGGACCCTCT       
6 TULP1- 8F GGGCTCTAATAATAACATGGGG 59 2.5 309 
  TULP1- 8R TCTAGGCTCCCAAGTCCAGG       
7 TULP1- 9,10-F ATGAGGGGCAGTGGCTTC 61 2.5 433 
  TULP1- 9,10-R AGAAATCAGGCCCGTTTGT       
8 TULP1- 11F ATTTCTCCCTGCAGCTCACC 69 2.5 272 
  TULP1- 11R TACCAGGCACAGCAGGACA       
9 TULP1- 12,13-F TTGGCTGTGTGGAAGGGG 59 2.5 451 
  TULP1- 12,13-R TCAGGGAGTTGGCTATTTCCTA       
10 TULP1- 14F AGCCATCTCAGCCATCTCTAA 61 2.5 296 
  TULP1- 14R CTTGAATGAAGGTCAGCATCCT       



Appendix  
 

 

Molecular Genetic Studies on Retinal Dystrophies 

 

218

11 TULP1- 15F ATGGGGGTCCAAGGAGGT 61 2.5 295 
  TULP1- 15R ACACAGGAGCAGTTTTCCGC       
 
Table 2E. Primers for amplification of coding regions of RLBP1 gene. 
 

# Primer name Sequence 
Annealin
g temp 
oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 RLBP-3-4-F CGGGTGATTCTGATGCAATT 60 2.5 673 
  RLBP-3-4-R TTTTCACAGGAGAGAGAATGCAG       
2 RLBP-5F TCTAGCTCTGGCAGGAGACTCAT 61 2.5 400 
  RLBP-5R TTGCCCACAGTATGGAAGCA       
3 RLBP-6F GGTCAGGTCTCTGAGTCCCACTA 61 2.5 354 
  RLBP-6R TGGAGAACCAGGAATGAGGG       
4 RLBP-7F GAATGTACCAATTAGCTCTCCCC 60 2.5 346 
  RLBP-7R  CAACTTCTCAGTTCCCTGCAA       
5 RLBP-8F TGATGCTGGACAAGTCTGTTCT 56 2.5 321 
  RLBP-8R ATCCACATAGCTCAGGACCAT       
6 RLBP-9F TCCCTCAACCCTCATCCTTAG 60 2.5 457 
  RLBP-9R  CAAGGGCAGGTGGAAATATAAC       
 
 
Table 2F: Primers for amplification of coding regions of RP1 gene. 
 

# Primer name Sequence 
Annealin
g temp 
oC 

MgCl2 
conc. in 
mM 

Product 
size (bp)

1 RP1-2a-F TCCTGGATGTCTGCAGCTATAT 60 2.5 465 
  RP1-2a-R CTTTGTCCAGGTCTACAGGCT       
2 RP1-2b-F TTGGAGTGAGGAACATCAGC 56 2.5 462 
  RP1-2b-R ACCATTCATATCCCACACGA       
3 RP1-3F GCCTAGGAGGTTGTTGATTTGA 60 2.5 381 
  RP1-3R TTTCGTTTCTGTGGTGGAAGA       
4 RP1-4a-F GCTGCCTCTTCCTTTGGATATT 60 2.5 593 
  RP1-4a-R TCCACAGTAGCATTCTCCCAA       
5 RP1-4b-F AAGCAGTAATCAAGAGGGCAGT 60 2.5 585 
  RP1-4b-R CCAGTTTTGTTGTCCAATACCA       
6 RP1-4c-F TGTCACATAATAATGGTTTGCCA 60 2.5 587 
  RP1-4c-R CTTGGAAATCGTGGAATTGAG       
7 RP1-4d-F AGGAGGGATACTTTGTGAGGAAGA  61 2.5 609 
  RP1-4d-R GGATTTATGTTCTGCAACCAACTC       
8 RP1-4e-F CAACCAGGGCAAATTCTTTAGC 60 2.5 599 
  RP1-4e-R  AAGCATCAGGACTGGTAAGAGGT       
9 RP1-4f-F AAAAAGGCAAAGTGTAGAGGCTG 57 2.5 596 
  RP1-4f-R ATGGAGAGCAAGTCACTTCCAA       
10 RP1-4g-F CACAAGGAATCTCCTCTTTGGA 60 2.5 606 
  RP1-4g-R CATCCTGAAACTTCCTTAGTGAAC       
11 RP1-4h-F GTGGCCTTTGCCTAAGTGAAA 60 2.5 605 
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  RP1-4h-R  ACTGTCACTGTCAGGCCGATA       
12 RP1-4i-F GGAAGTTATTCAGAGTCCTCTCC 62 2.5 584 
  RP1-4i-R  CACATGCCAGGATTTTCAGA       
13 RP1-4j-F TGATAGCAGAATCCTCACAGACA  60 2.5 613 
  RP1-4j-R TTCCTCATTCATGGGTTGGA       
14 RP1-4k-F TTCAGGAAGCTGACTCTTTGGA 56 2.5 551 
  RP1-4k-R GTTGAGATTTGTTCTTGAGCCC       
15 RP1-4L-F TCAGCGGTCAGACAAATGAA 60 2.5 515 
  RP1-4L-R  GAACCTGAGTCTGTAATTGTTGGA       
 
 
Table 2G: Primers for amplification of coding regions of RGR gene. 
 

# Primer name Sequence Annealing 
temp oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 RGR-1F AACAGCCCAAGGTCCAACATAA 60 2.5 304 
  RGR-1R  TTTGGGGACCTCTCCTCTCCT       
2 RGR-2F GTCCAGGAGGTTGCTGATGTT 58 2.5 411 
  RGR-2R  CAATCTGGAATTCAGCCCATT       
3 RGR-3F ACCAATATTAAGGCCCTCTTCAG 58 2.5 392 
  RGR-3R  TATGCATGCACACTCACACCTA       
4 RGR-4F CACTTGAAGGGACACTCTTCGA 60 2.5 362 
  RGR-4R CGTTGACATTTCCCCATTTG       
5 RGR-5F TTTCCCCACAACCGATCAT 60 2.5 315 
  RGR-5R CTGTTTGTGTGTGTCACATCCA       
6 RGR-6F TGAAGCCTGGTCCATGCT 60 2.5 325 
  RGR-6R CTGACACAGAGGTCATAAATCCA       
7 RGR-7F AATGATTGGCAGTTGTAGGTGG 58 1.25 376 
  RGR-7R AATCCTGTGTCCAGCCTAGGA       
 
 
Table  2H: Primers for amplification of coding regions of NRL gene.  
 

# Primer name 5' to 3' sequence 

Anneal
ing 
temp 
oC 

MgCl2 conc. 
in mM 

Produ
ct size 
(bp) 

1 NRL-3F TTTGAGGGAAGAGGGACTTGGT 61 2.5 593 
  NRL-3R TGTCCCCTGTCCCAGTCCATA       
2 NRL-4F TTCCGGTGAAGGTGGGAG 56 2.5 547 
 
 
Table 2I: Primers for amplification of coding regions of ABCA4 gene. 
 

#. Primer name 5' to 3' sequence Anneali
ng temp 

MgCl2 conc. 
in mM 

Prod
uct 
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oC size 
(bp) 

1 ABCA-1F CGCTCTTAACGGCGTTTATG 58 3.75 210 
  ABCA-1R CCCACACTTCCAACCTGTTT 58 3.75   
2 ABCA-2F AAGTCCTACTGCACACATGG 57 1.25 289 
  ABCA-2R ACACTCCCACCCCAAGATC       
3 ABCA-3F CTGCATCCTGCTTGGTCTCC 66 2.5 256 
  ABCA-3R CACGTGAAGGGGTGTGCAA       
4 ABCA-4F TGGGTGACAGAGCGAGATAA 55 2.5 285 
  ABCA-4R ATAGGTGAGGGAAATGATGCT       
5 ABCA-5F TGTTTCCAATCGACTCTGGC 60 2.5 279 
  ABCA-5R TTCTTGCCTTTCTCAGGCTG       
6 ABCA-6F TGGGTGTCTTTCCTACCACA 55 1.25 290 
  ABCA-6R CACCTTGCAATTGGCGAGC       
7 ABCA-7F CAGACTGTGCCTATGTGTGT 58 2.5 230 
  ABCA-7R TGACATAAGTGGGGTAAATGG       
8 ABCA-8F GAGCATTGGCCTCACAGCA 55 2.5 348 
  ABCA-8R AGAGGCCAATTTATAAGCAGG       
9 ABCA-9F AGACATGTGATGTGGATACAC 58 2.5 270 
  ABCA-9R GGGAGGTCCAGGGTACACAA       
10 ABCA-10F ACACAACCAAAAGTTCTCTCTC  51  2.5 284 
  ABCA-10R GCGATTAACTCTTTCCTGGG       
11 ABCA-11F TCTAAGCAGAGCAGTGACTG  53  2.5 285 
  ABCA-11R CTCATGGGGCTATCTTCAAG       
12 ABCA-12F CTCTCTCAACTTTGTGACTCT 58 2.5 270 
  ABCA-12R TTTGGAGAAATGCAGCGAGC       
13 ABCA-13F GAGCTATCCAAGCCCGTTC 58 2.5 267 
  ABCA-13R CATTAGCGTGTCATGGAGGA       
14 ABCA-14F CTCTACCAGGTACAGAGCAC 58 2.5 332 
  ABCA-14R AAAGGGGAAAGGAACCAAAGT       
15 ABCA-15F AGGCTGGTGGGAGAGAGC 63 2.5 407 
  ABCA-15R AGTGGACCCCCTCAGAGG       
16 ABCA-16F CATCTGGGTGCTGTTGCATTGG 59 1.25 329 
  ABCA-16R AGGGCTGGGGATCTGAAGAACT       
17 ABCA-17F AACTGCGGTAAGGTAGGATAGGG 59 1.25 217 
  ABCA-17R GGGCCACCTCTGTGATCCATA       
18 ABCA-18F CTCTCCCCTCCTTTCCTGCCTT 58 1.25 265 
  ABCA-18R GCTTCTTTCCACCCTTGCCAT       
19 ABCA-19F TGGGGCCATGTAATTAGGC 55 1.25 322 
  ABCA-19R TGGGAAAGAGTAGACAGCCG       
20 ABCA-20F TGAACCTGGTGTGGGGGTGG 61 1.25 304 
  ABCA-20R GCCTGGCACCCCTGAGCTG       
21 ABCA-21F CAGCTGCTGGAAGTGGAAGTGC 63 1.25 267 
  ABCA-21R GCCTCCTGGGTGCACTGGG       
22 ABCA-22F AAGGTACCCCCACAATGCCAC 63 1.25 307 
  ABCA-22R AATGGCAGGTGAGAGAGTGGG       
23 ABCA-23F CTTTACCAACAATGCCCAACCC 63 1.25 315 
  ABCA-23R GCCCCGTGCTGTGTGCTC       
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24 ABCA-24F TGACAGCAGCTGGCATCAGG 59 1.25 211 
  ABCA-24R GGAGATGGCTGCCAGACGGA       
25 ABCA-25F TCCTCTGAAAGAGTCACTGCCG 58 2.5 423 
  ABCA-25R AACGATGGCTTTTTGCTTTTACAA       
26 ABCA-26F AATACCCAACAAAACAGAGCTTG 53 1.25 212 
  ABCA-26R CCAGCCCCTTAGACTTTCG       
27 ABCA-27F GGCATTAGAGATCCAGACCTTA 58 1.25 383 
  ABCA-27R GGAAGGCTGGGAGAGGAG       
28 ABCA-28F CGCGCACGTGTGACATCTCC 58 1.25 239 
  ABCA-28R TGACCCAGGTGCCCCAAA       
29 ABCA-29F GCATGATGTTGGCACGCGCC  58 1.25 229 
  ABCA-29F CTGCCATCTTGAACCCACC       
30 ABCA-30F GCCTAGGGATTTGTCAGCAAC 58 2.5 328 
  ABCA-30R AGACTCAGGAGATACCAG       
31 ABCA-31F GTGAGAACTAGGGAGATGCCAG 59 2.5 291 
  ABCA-31R TTCTACAGGGAGCCAGGATAAA       
32 ABCA-32F TTAACGGCACTGCTGTACTTGT 66 2.5 169 
  ABCA-32R GGTGTGCCTTTTAAAAGTGTGC       
33 ABCA-33,34F TAGTAGGCGTGAAGTTCGTGGC 61 2.5 471 
  ABCA-33,34R CAGCAGGAGGAGGGATGGAAT       
34 ABCA-35F CCTTCCTGCTTCTCAAATTTCC 59 2.5 345 
  ABCA-35R CGCGGTGGTGAGAATCCTC       
35 ABCA-36F TCCTCCTTCTGCTCTTCCCTC 61 2.5 311 
  ABCA-36R TGGTCCTTCAGAGCACACACAA       
36 ABCA-37F GCAGAGCTGGCAGCAGGTCT 70 1.25 276 
  ABCA-37R ACCACCACAGGACAGCCCAG       
37 ABCA-38F TTGTAGGTGGAATGGAATGTGG 59 2.5 276 
  ABCA-38R GGCTCTGCTCGACCAACA       
38 ABCA-39F GAGAGCATCTGGGCCCCACCTG 70 1.25 268 
  ABCA-39R CCCGGTAACCCTCCCAGCTT       
39 ABCA-40F AGTGGGCCCTGTGCTGTGG 59 2.5 318 
  ABCA-40R AAAAACATTGTGGAGTGGGGCT       
40 ABCA-41F CCCATGGAAAGGACAGTGCC 57 2.5 247 
  ABCA-41R CAACATCATGCCAACTGTGGAT       
41 ABCA-42F CCCTCCTTGCTCTCACCCTG 70 2.5 190 
  ABCA-42R TATGGGGAGGAGAGGCAGGC       
42 ABCA-43F CACTTACCCTGGGGCCTGAC 69 3.75 258 
  ABCA-43R GGTCTGATGATCACCCTTCCTAT       
43 ABCA-44F GGTCATCCCTCCACTCCTTG 59 2.5 261 
  ABCA-44R GCACTCTCATGAAACAGGCTTG       
44 ABCA-45F GGCTTTGAACTGGGGGAGGT 59 2.5 271 
  ABCA-45R ATTTCCCCAACCCAAGAGACC       
45 ABCA-46,47F CCAGGGGGAAGCAGTAATCAG 60 2.5 389 
  ABCA-46,47R CAGGTGGATCCACAGAAGGCA       
46 ABCA-48F GGATTACCTTAGGCCCAACCA 63 2.5 393 
  ABCA-48R CCTCCCTCTTATGGCAATTCC       
47 ABCA-49,50F AGAGCAAAGTGGGTAGGTGGG 68 2.5 220 
  ABCA-49,50R GCTCTGAGCCAAGGAACTGC       
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Table 2J: Primers for amplification of coding regions of RPE65 gene. 
 

# Primer name Sequence Annealing 
temp oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 RPE-1F GAGAGCTGAAAGCAACTTCTG 52 1.25 244 
  RPE-1R ATAGCACATTTATCATGAATCCATG       
2 RPE-2F CTATCTCTGCGGACTTTGAGC 56 1.25 199 
  RPE-2R GCCAGAGAAGAGAGACTGAC       
3 RPE-3F AGGACAAGCCTAGCCCAAG 56 1.25 263 
  RPE-3R CCAAGCTAGGCCCTACTTTG       
4 RPE-4,5F CTGTACGGATTGCTCCTGTC 56 1.25 501 
  RPE-4,5R TTAGAATCATACATTCGCAGCATG       
5 RPE-6F TTCAAGGGGTAGTGATGACCTC 56 1.25 341 
  RPE-6R TGCACAAAATGCTATTCTGACAT       
6 RPE-7F AAAATGTGTTTCTTTGCCTGTA 57 2.5 253 
  RPE-7R GTATCAAAGGTAGGCAAAGCAA       
7 RPE-8,9F GTCTGTGGCTTGAGAATCAGC 60 1.25 500 
  RPE-8,9R AAAACCCCGTAATTTCCAGG       
8 RPE-10F AGAACAGGCAGGCACTTGTG 60 1.25 302 
  RPE-10R CATGAGGCAGGAGGACAATT       
9 RPE-11F GCTGTTTGAATTCTTTCCTGC 56 1.25 216 
  RPE-11R AAGAAACATTTGTTCACTCCCG       
10 RPE-12-13F TAGAGAAAACTTCACACGGGAG 53 1.25 455 
  RPE-12-13R GAACTAACATACAGAACTGCAG       
11 RPE-14F AGCTTGGGCTTTTAAAAACTC 50 1.25 281 
  RPE-14R TTGAACAGAATTTGATTGCAGA       
 
 
Table 2K: Primers for amplification of coding regions of RDS gene 
 

# Primer 
name Sequence Annealing 

temp oC 
MgCl2 conc. 
in mM 

Product 
size (bp) 

1 RDS1a-F CTCTGGGCTCGTTAAGGTTTGG 57 1.25 307 
  RDS1a-R TCCCAGCCAGCGAGTTGAAGA       
2 RDS1b-F CCGAAAGAGGAGCGATGTGATG 57 1.25 367 
  RDS1b-R GCCGCAGCATTTGAACTCGA       
3 RDS1c-F CCAAGGGCTCAAGAACGGCA 60 1.25 272 
  RDS1c-R GGGGAGAGGGGCTGGTCAGA       
4 RDS2-F GGTTTCCAGAGGCAGGGGTTG 64 1.25 405 
  RDS2-R CTCCGCCCCCATTAGACCCA       
5 RDS3-F GGTCCAGCTCCCAGCGATTCT 60 1.25 371 
  RDS3-R CCTTGGGAGATTCAGACTTTCGG       
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Table  2L: Primers for amplification of coding regions of RD3 gene 
 

 
# 

Primer 
name Sequence Annealing 

temp oC 

MgCl2 
conc. in 
mM 

Product 
size (bp) 

1 RD3-2F TTCCCAGGTTCCCCACTCTG 63 1.25 436 
  RD3-2R CCACTGCAGCCACCTTTCCT       
2 RD3-3F GACGCCCGGGGTGCCAGAC 67 1.25 439 
  RD3-3R GTTCCAGGGCCCGGCGCT       
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Homozygous Null Mutations in the ABCA4
Gene in Two Families With Autosomal

Recessive Retinal Dystrophy

HARDEEP PAL SINGH, MSC, SUBHADRA JALALI, MD,

J. FIELDING HEJTMANCIK, MD, PHD, AND CHITRA KANNABIRAN, PHD
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PURPOSE: To identify the genes causing autosomal reces-
ive retinal dystrophy in Indian families and to characterize
he associated phenotypes.

DESIGN: Experimental and observational.
METHODS: Families with autosomal recessive nonsyn-

romic retinal dystrophies were recruited. Complete oph-
halmic evaluation, including visual acuity, visual fields,
undus examinations, and electroretinography, was per-
ormed on all members. Genotyping of 14 families for two
r more microsatellite markers flanking each of 21 different
enes causing retinal dystrophy was done by standard
ethods to screen for the presence of homozygosity by
escent. Mutational screening of the ABCA4 gene was
arried out on 18 members (five affected) of two families by
mplification and direct automated sequencing of exons and
anking sequences. Sequence alterations identified were
ested for cosegregation with disease in the families and for
resence in 100 unrelated normal controls.
RESULTS: Two of 14 families showed homozygosity

hared by affected individuals for markers flanking the
BCA4 locus. A homozygous nonsense mutation in the
BCA4 gene of Arg2030Stop was found in one family

nd a homozygous single base deletion leading to frame-
hift at Arg409 was found in the second family. Both of
hese mutations were found to cosegregate with disease.
ive affected individuals from the two families had
arly-onset visual loss, diminished rod and cone electro-
etinographic responses, and widespread atrophy of the
etinal pigment epithelium.
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CONCLUSION: Homozygous null mutations in ABCA4
roduced a severe widespread retinal degeneration that
howed marked central retinal involvement. (Am J
phthalmol 2006;141:906–913. © 2006 by Elsevier

nc. All rights reserved.)

ETINAL DYSTROPHIES ARE A CLINICALLY AND GE-

netically heterogeneous group of progressive, bilat-
eral, hereditary disorders involving degeneration of

he retinal or choroidal tissue, or both. They are inherited
s single gene disorders with autosomal dominant, autoso-
al recessive, or X-linked modes of inheritance, and also

s digenic disorders. They are genetically highly heteroge-
eous, and over 70 different loci are known for nonsyn-
romic retinal dystrophies.1 Multiple mutations in each of
he identified genes result in the same phenotype and,
onversely, different phenotypes of retinal dystrophy can
e caused by mutations in the same gene. One such gene
ssociated with a range of phenotypes of retinal dystrophy
s the ABCA4 gene (ATP-binding cassette, subfamily A
ember 4) on chromosome 1p22. The ABCA4 protein

also known as rim protein) is a membrane transporter
ocated in the outer segment disks of rods2 and cones.3 It is
mplicated in the transport of the retinoid derivative
-retinylidene phosphatidyl ethanolamine across the pho-

oreceptor outer segment disk membranes.4 It is a 220-kD
rotein consisting of two tandem halves with each half
aving an extracellular (intradiskal) domain, a multispan-
ing membrane domain, and a nucleotide-binding do-
ain.5 Mutations in ABCA4 are regarded as a major cause

f retinal dystrophy and result in a variety of disorders,
ncluding Stargardt’s macular dystrophy, autosomal reces-
ive cone-rod dystrophy, and autosomal recessive retinitis
igmentosa.6,7

To identify genes causing disease in Indian families with
utosomal recessive retinal dystrophies, we carried out a
creen to test for possible involvement of the known
etinal dystrophy genes in these families. Because there are
umerous genes already identified for different types of

etinal dystrophy, we used a rapid screening approach to

LL RIGHTS RESERVED. 0002-9394/06/$32.00
doi:10.1016/j.ajo.2005.12.009
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est for homozygosity by descent at several of these loci.8
e screened 14 families using two or more markers

anking each of 21 different retinal dystrophy genes. We
ound homozygosity among affected individuals of two
amilies for microsatellite markers at the ABCA4 gene
ocus. Subsequent analysis of all 50 exons of the ABCA4
ene revealed two homozygous null mutations in the two
amilies. Affected individuals of both families had a severe,
arly-onset disease that resulted in degeneration of the
entral and peripheral retina.

METHODS

AMILIES WITH TWO OR MORE MEMBERS AFFECTED WITH

etinal dystrophy and a pedigree pattern suggestive of
utosomal recessive inheritance were included in the
tudy. Informed consent for clinical investigations was
btained and blood samples were collected from all mem-
ers after approval of the protocol by the Institutional
eview Board of the L.V. Prasad Eye Institute. Patients
ith bilateral, symmetric, diffuse, primary retinal dystro-
hy were included in the study. Essential criteria included
iffuse and widespread (defined as involving the retina
eyond the posterior pole) retinal pigment epithelial
egeneration (that appears as fine, white, or grayish dis-
oloration of the deeper retinal layers); arterial narrowing;
isual field loss commensurate with clinical lesions; and
educed amplitudes on electroretinogram (ERG) to less
han 25% of the maximal retinal response in normal
ndividuals, that is, less than 80 �V for b-wave and 30 �V
or a-wave (normal amplitude of b-wave �350 �V and
-wave �110 �V). Other clinical signs that may be
resent but were not essential for diagnosis included
igment migration including bone-corpuscular pigmenta-
ion, vitreous opacities and vitreous pigments, associated
etinal pigment epithelium atrophic changes in the mac-
lar area, diffuse disk pallor, and stellate opacities in the
rystalline lens. Excluded were patients who had unilateral
isease, absence of other affected members in autosomal
ecessive inheritance pattern, macular retinal dystrophy
ith no evidence of widespread retinal photoreceptor

nvolvement, evidence or history of ocular trauma, retinal
ascular occlusion, retinal detachment surgery, exudative
etinal detachment, retinal vasculitis, chorioretinitis or
ny other secondary cause of pigmentary retinal changes,
r involvement of any other systems (syndromic diseases).
atients were excluded if the ERG showed patterns con-
istent with localized retinal degeneration or loss of only
one function without involvement of rod functions, or
vidence of a primary inner retinal dysfunction alone
negative ERG).

Genomic DNA was isolated from 5 ml to 10 ml of blood
y standard procedures. Two or more markers flanking
ach of 21 different genes that are known to cause retinitis

igmentosa or related retinal dystrophies, or both, were n

HOMOZYGOUS NULL MUTATIOOL. 141, NO. 5
creened for homozygosity by descent. Sequences of primers
or amplifying each of the microsatellite markers were ob-
ained from the genome database.9 Information on marker
ocations and polymorphism was taken from the websites
or the Human Genome Database and the Center for

edical Genetics.9,10

Genotyping was done by manual methods as described
reviously8 and automated methods on the ABI310 ge-

IGURE 1. Pedigree drawings of families with autosomal
ecessive retinal dystrophy. Circles and squares represent fe-
ales and males, respectively, with affected individuals indi-

ated by darkened symbols. Double lines joining spouses
ndicate consanguinity. Top, family A. Bottom, family B.
oman numerals at the (Top) indicate the generation in the
edigree diagram, and individuals who were part of the study
re designated by numbers below the corresponding symbols.
enotype for each individual is given below the symbol; M

enotes mutant and plus sign (�) denotes the wild-type allele.
rrow at lower left of symbol denotes the proband.
etic analyzer using fluorescently labeled custom-made

NS IN THE ABCA4 GENE 907
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rimers and Genescan analysis software (Applied Biosys-
ems Inc, Foster City, California, USA).

Sequences of primers specific for the ABCA4 gene were
esigned by us except for exons 1 to 15, which were
reviously reported.11 Thermal cycling conditions in-
luded initial denaturation at 94°C for four minutes,
ollowed by 34 cycles of denaturation at 94°C for 45
econds, annealing at 53°C to 68°C (depending on primer)
or 15 seconds, extension at 72°C for 45 seconds, with a
nal extension at 72°C for five minutes. Polymerase chain
eaction (PCR) products were purified by MO BIO Ultra-
lean PCR Clean-up kit (Mo Bio Laboratories Inc, Carls-
ad, California, USA) and directly sequenced using
orward and reverse PCR primers by automated methods.

Sequence changes identified were tested for cosegregation
n the families and for presence in 100 unrelated normal

IGURE 2. Sequence changes in the ABCA4 gene in affected
ndividuals. Sequence electropherograms are shown for non-
ense mutation c.6088C>T corresponding to Arg2030Ter
ound in family A (Top) and single base deletion c.1225delA
eading to frameshift at Arg409 in family B (Bottom). The site
f mutation is boxed (Top) or indicated by an arrow (Bottom).
ontrol individuals by PCR-RFLP methods. Digested PCR T

AMERICAN JOURNAL OF08
roducts were resolved on 8% polyacrylamide gels and visu-
lized after ethidium bromide staining. For the mutation
.6088C�T, there was a gain of restriction enzyme site for
seG1. This resulted in digestion of the 261 bp PCR product
f exon 44 into two fragments of 139 and 122 bp. For the
.1225delA mutation, there was a gain of Mnl 1 enzyme site.
xon 9 PCR products from normal individuals produced two

ragments of 142 and 128 bp upon Mnl 1 digestion. In the
resence of the mutation, the 128 bp fragment was further cut
nto 66 and 62 bp fragments.

RESULTS

4 FAMILIES WERE GENOTYPED FOR MICROSATELLITE MARK-

rs flanking 21 different genes causing retinal dystrophies.
ffected individuals from two families (shown in Figure 1)

howed homozygosity for four markers (D1S406, D1S1170,
1S236, and D1S497) located in a 3.2 cM interval contain-

ng the ABCA4 gene locus. Homozygosity for these markers
as shared by three affected offspring from family A and two
ffected offspring of family B (data not shown). Sequencing of
ll 50 exons of the ABCA4 gene was performed on DNA
amples of the affected and unaffected individuals of these
wo families. A homozygous nonsense mutation was found
n exon 44 (c.6088C�T) corresponding to Arg2030Stop
hange in the three affected individuals in family A (Figure 2,
op). This mutation cosegregated with disease in the family
s shown by digestion of the PCR product with BseG1 (data
ot shown). The genotypes of the remaining family members
tudied are shown in (Figure 1, Top).

In family B, both affected offspring were homozygous for
single base deletion of an A residue (c.1225delA) in

xon 9 resulting in a frameshift at codon Arg409 (Figure 2,
ottom). The parents and unaffected sibling were het-
rozygous for the mutation as tested by digestion with Mnl

(not shown). The genotypes of the family members
creened are indicated in (Figure 1, Bottom).

Both of the above changes were absent in 100 unrelated
thnically matched control individuals who were free of
etinal disease.

In family A, the age at onset of symptoms was early
hildhood in two older siblings and late childhood for the
oungest. All three had initial symptoms of reduced vision
or distance and reading with no noticeable difference in
im vs bright illumination levels. There was no history of
elayed or poor dark adaptation or nyctalopia or of glare
ensitivity. Clinical features were bilaterally symmetric in
ll affected with the additional feature of strabismic am-
lyopia in one affected (Table 1). Best-corrected Snellen
isual acuity was less than 20/200 (6/60) in all affected by
he third decade. None of the eyes showed nystagmus.
undus evaluation of all three affected showed features of
iffuse retinal pigment epithelium changes in peripheral
etina associated with arterial narrowing and disk pallor.

he macular area, however, showed significant variation
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TABLE 1. Clinical Features of Individuals Affected With Retinal Dystrophy From Families A and B

Family/

Individual Gender

Age at

Presentation (y)

Age at

Onset (y) Initial Symptoms Fundus Features

ERG

VAScotopic Photopic

A/IV-1 M 28 5 Decreased vision Macular degeneration, pigment migration

around arcades, RPE degeneration,

arterial narrowing, vitreous opacities,

slight disk pallor

Maximal retinal response,

grossly reduced but

recordable

Extinguished OU 20/200

A/IV-5 M 23 5 Decreased vision for

reading, squint

(30 degree squint)

Bronze reflex with RPE atrophy in macular

area, vessels and disk normal. Mild RPE

degeneration, patches around arcades

Borderline responses Borderline responses

with recordable

ERG, latency not

increased

OD ambloypia,

CF 1 m

OS 20/100

A/IV-6 M 19 12 Decreased distance

and reading vision

Mild disk pallor, macular RPE degenerative

changes, no peripheral changes seen

initially, peripheral RPE changes

developed after 6 years

Borderline amplitude and

delayed implicit time

Reduced amplitude

with normal

implicit time

OD 20/800

OS 20/200

AxT 15 degree

attenuating

exotropia

B/V-2 M 32 15 Decreased vision,

needs more light

Nystagmus, diffuse RPE degeneration all

over, more in macular area, arterial

narrowing, pigmentary changes in

macular area

Extinguished Extinguished OU 20/400

B/V-4 F 24 14 Decreased vision,

needs more light

Nystagmus, no disk pallor, arterial

narrowing, pigmentary changes in

macular area and periphery

Extinguished Extinguished OU 20/400

CF � counting fingers; ERG � electroretinogram; VA � visual acuity; AxT � alternate exotropia.
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hough all of the three siblings were in the third decade of
ife (19 to 28 years of age). The oldest affected (individual
V:1; Figure 3) had striking pigment migration around the
osterior pole and also beyond. This appeared in a whorl-
ike pattern at the posterior pole and around the arcades
ut had more of a paravascular pattern toward the retinal
eriphery. In the other two younger siblings (IV:5, IV:6;
igure 3, and data not shown), the macula showed a few
igment blotches and atrophic retinal pigment epithelium

IGURE 3. Fundus photographs of affected siblings of family
showing diffuse primary retinal dystrophy. For subject IV: 1

Top), pigment migration is seen as whorl-like pattern at the
osterior pole and around the arcades with a paravascular
attern toward the periphery. For subject IV: 5 (Bottom),
rterial narrowing, widespread retinal pigment epithelium de-
eneration, and macular involvement showing configuration of
trophic maculopathy with pigmentary changes were noted.
eripheral retina showed diffuse retinal pigment epithelium
trophy and arterial narrowing with no pigment migration.
hanges that were oval in configuration with the long axis h

AMERICAN JOURNAL OF10
orizontal. There were no significant changes in the
itreous in any of the affected eyes. Visual fields showed a
emporal island of vision. ERG was nearly extinguished in
ne affected (Table 2) with unrecordable isolated rod and
one responses. The other two affected siblings had a
one-rod type of ERG response and had well-recordable
aximal retinal response (Table 2). The parents (Figure 1,
op, III:1, III:2) who were carriers of the mutation were
ormal on clinical evaluation but showed subnormal cone
RG responses (Table 2).
In family B, the age at onset of symptoms was early teens

n both affected siblings. Both had symptoms of reduced
ision, more so in dim illumination. Clinical features were
ilaterally symmetric in both. Best-corrected Snellen vi-
ual acuity was less than 20/400 (6/120) in both affected at
ges 32 and 24 years. All of the eyes showed nystagmus.
undus evaluation of both affected siblings showed features
f diffuse retinal pigment epithelium changes in the
eripheral retina associated with mild arterial narrowing in
he younger affected sibling but no significant disk pallor
Figure 4). The retinal vessels were of normal caliber, and
he disk was normal in the older affected sibling. The
acular area, however, showed significant variation be-

ween both siblings, who were aged 32 and 24 years. The
lder affected sibling had striking blot-like pigment migra-
ion around the foveal area and also close to the arcade.
here was also an area of bare sclera with punched-out
rea of chorioretinal atrophy around the foveal area.
igment migration beyond the arcades was minimal. In the
ounger sibling, there was a metallic sheen–like appear-
nce at the posterior pole due to what appeared to be
onfluent areas of retinal pigment epithelium atrophy,
ith a few areas of pigment migration just beyond the
rcades. The retinal pigment epithelium atrophy in the
eriphery was widespread. Fundus fluorescein angiography
howed retinal pigment epithelium window defects that
ere confluent at the posterior pole and more discrete and

cattered toward the peripheral retina. Fundus fluorescein
ngiography showed up many more retinal pigment epi-
helium lesions than those seen clinically or on photogra-
hy. There were no significant changes in the vitreous in
ny of the affected eyes. ERGs revealed diffuse photore-
eptor involvement with both rod and cone systems but
ith rods affected more than cones (Table 2). Both ERG
nd visual field changes were more pronounced in the
ounger than in the older affected sibling. The mother
Figure 1, Bottom, IV:1), who was a heterozygous carrier,
as normal upon funduscopy.
The clinical and ERG findings of affected individuals in

oth families were interpreted as bilaterally symmetric,
iffuse photoreceptor dystrophy with a predominant mac-
lar involvement and some phenotypic variation. The
RG was of cone-rod pattern in family A, including the

eterozygous carrier parents and rod-cone type in family B.
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DISCUSSION

E IDENTIFIED HOMOZYGOUS NULL MUTATIONS IN THE

BCA4 gene in five affected individuals from two families
ith autosomal recessive retinal dystrophy. Mutations

ound in both families cosegregated with disease and were
bsent in 100 unrelated normal controls. The c.1225delA
esulting in frameshift at Arg409, to our knowledge, has
ot been previously reported, whereas the c.6088C�T
hange resulting in a stop codon at Arg2030 has been
eported as a heterozygous or compound heterozygous
hange in patients with a diagnosis of Stargardt’s disease or
one-rod dystrophy.12–15 Both mutations identified are
ikely to be associated with a complete absence of ABCA4
ctivity. The Arg2030Stop mutation is predicted to either
ead to instability of the messenger RNA due to nonsense-
ediated mRNA decay or, in the event that the protein is

xpressed, to inactive protein, since the mutation affects the
rginine-2030 residue located in the second nucleotide-

TABLE 2. ERG Data of Ind

Family, individual* Response Am

A, III-1 Isolated rod response

Maximal retinal response �1

30 Hz Flicker

A, III-2 Isolated rod response

Maximal retinal response �1

30 Hz Flicker

A, IV-1 Isolated rod response

Maximal retinal response �

30 Hz Flicker

A, IV-5 Isolated rod response

Maximal retinal response �1

30 Hz Flicker

A, IV-6 Isolated rod response

Maximal retinal response �

30 Hz Flicker

B, V-2 Isolated rod response

Maximal retinal response �

30 Hz Flicker

B, V-4 Isolated rod response

Maximal retinal response �

30 Hz Flicker

Normal values† Isolated rod response

Maximal retinal response 1

Photopic cone response

30 Hz Flicker

*For family A, data from unaffected parents (individuals III-1 and I

data from the two affected offspring (V-2 and V-4) are shown.
†The normal values are supplied by the manufacturer (LKC Techno

laboratory on a normal patient population.
inding domain of the ABCA4 protein.5 The c.1225delA s

HOMOZYGOUS NULL MUTATIOOL. 141, NO. 5
utation would be expected to result in a severely truncated
rotein with frameshift at codon 409.

The mutational spectrum of the ABCA4 gene consists
redominantly of missense mutations with approximately
5% or more of individuals tested having missense muta-
ions.16,17 Null mutations have been reported in fewer
ases in heterozygous, compound heterozygous, or, less fre-
uently, homozygous individuals. Mutations in the ABCA4
ene have been found in up to 50% to 60% of patients
ith Stargardt’s disease and autosomal recessive cone-rod
ystrophy.12,17,18 In addition, heterozygous ABCA4 muta-
ions have been associated with age-related macular de-
eneration.12,19

The phenotypes of the two families described herein
nvolved degeneration of the central and peripheral retina.
he initial symptoms were diminished central vision in
ffected individuals of both families, whereas the ERG
atterns were different between the families, with two
ffected siblings in family A (Table 1) having ERGs

ls From Families A and B

a-Wave b-Wave

Latency Amplitude Latency

108.86 136.5

22.0 282.65 47.00

37.3 31.80

170.37 103.0

21.5 475.17 47.00

44.5 29.00

Extinguished

31.5 57.8 55.5

Extinguished

— 129.61 103.5

22 291.2 45.00

35.4 28.0

72.4 118.5

20.5 215.53 48.00

26.7 28.6

69.81 160.00

22.5 161.59 57.0

15.2 41.1

— Extinguished —

29 84.7 54.5

20.6 41.7

— 150.0 90–110

20 350–450 45.00 � 4

— 120–180 27–31

— 100–150 33–35

nd affected offspring (IV-1, IV-5, and IV-6) are shown. For family B,

s, Gaithersburg, Maryland, USA) and confirmed by recordings in our
ividua

plitude

09.21

65.83

20.66

—

91.09

83.22

47.83

—

56.02

—

10

—

—

II-2) a

logie
uggestive of a cone-rod pattern of degeneration (Table 1),
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nd those of family B having a rod-cone pattern. From the
vailable data, it appears that the disease, at least in family
, may represent a different entity than “typical” forms of

etinitis pigmentosa or cone-rod dystrophy. It is also
ossible that the sequence of degenerative changes may
ave been different in different members of each of the

amilies, because there was variability in fundus features
etween the affected members of both families (Figures 3
nd 4). Essentially, all affected from both families mani-

IGURE 4. Fundus photographs of affected siblings of family B
howing retinal dystrophy phenotype. Photographs shown are
or subject V: 2 (Top) and V: 4 (Bottom). Note diffuse retinal
igment epithelium atrophy with predominant macular involve-
ent in both, but associated punched-out chorioretinal macular

trophic patch in the older sibling V:2 (Top), whereas the
ounger sibling V:4 (Bottom) had no such lesion in the macular
rea but showed pigment migration extending along the retinal
essels.
ested severe retinal dystrophy with onset of symptoms in

AMERICAN JOURNAL OF12
he first-second decades, variably affected ERG patterns,
nd visual acuities in the range of �20/200 to 20/400 by
he third decade.

The presence of two null alleles in ABCA4 has been
roposed to result in the most severe forms of disease. In
amilies showing more than one phenotype associated with
BCA4 mutations, patients with two null mutations had an

typical retinitis pigmentosa with onset within the first
ecade.7,20,21 Null mutations in ABCA4 have also been
ound in patients with other diagnoses, including Stargardt’s
isease16,22,23 and cone-rod dystrophy.17,23 In these cases of
ull mutations in ABCA4, the patients’ phenotypes pro-
ressed in the advanced stages to severe panretinal degener-
tion with low or absent rod and cone ERGs, regardless of
hether the initial diagnosis was Stargardt’s disease22,23 or
one-rod dystrophy.17,23 It is possible that individuals with
omozygous null mutations have common features related to
isease severity and progression as compared with patients
aving missense or other “mild” mutations. Identification of
oth mutant alleles in patients and evaluation and follow-up
uring various stages of the disease will aid in developing
enotype-phenotype correlations.

An additional observation that may have a bearing on the
BCA4 mutational status is that we found that the heterozy-

ous parents of the affected individuals in family A (aged 55
nd 45 years) had reduced cone ERG amplitudes (Table 2),
hough they were normal upon fundus examination. This
aises the question of whether the subnormal ERGs are
elated to the presence of one null ABCA4 allele. Earlier
tudies have suggested that the presence of heterozygous
utations in ABCA4 may lead to milder or late-onset

isease. The role of heterozygous changes in ABCA4 in
ge-related macular degeneration has remained controversial.
tudies on cohorts of patients with age-related macular
egeneration19 and on first-degree relatives of patients with
targardt’s disease12,24 have reported an association of het-
rozygous mutations in ABCA4 and age-related macular
egeneration, although others have not confirmed this.14,25 A
eterozygous null ABCA4 mutation has been proposed to be
esponsible for late-onset fundus flavimaculatus.26 It is con-
eivable that a long-standing deficiency of ABCA4 activity
ould trigger the development of disease, although there is no
onclusive evidence.

In summary, we identified homozygous null mutations in
he ABCA4 gene in five affected individuals from two
ndian families with severe autosomal recessive retinal
ystrophy. Screening of a larger number of families with
etinal dystrophies will be required to determine whether
BCA4 mutations are a major cause of retinal dystrophy

n Indian patients.
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Premature Truncation of a Novel Protein, RD3, Exhibiting
Subnuclear Localization Is Associated with Retinal Degeneration
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The rd3 mouse is one of the oldest identified models of early-onset retinal degeneration. Using the positional candidate
approach, we have identified a CrT substitution in a novel gene, Rd3, that encodes an evolutionarily conserved protein
of 195 amino acids. The rd3 mutation results in a predicted stop codon after residue 106. This change is observed in
four rd3 lines derived from the original collected mice but not in the nine wild-type mouse strains that were examined.
Rd3 is preferentially expressed in the retina and exhibits increasing expression through early postnatal development. In
transiently transfected COS-1 cells, the RD3-fusion protein shows subnuclear localization adjacent to promyelocytic
leukemia-gene-product bodies. The truncated mutant RD3 protein is detectable in COS-1 cells but appears to get degraded
rapidly. To explore potential association of the human RD3 gene at chromosome 1q32 with retinopathies, we performed
a mutation screen of 881 probands from North America, India, and Europe. In addition to several alterations of uncertain
significance, we identified a homozygous alteration in the invariant G nucleotide of the RD3 exon 2 donor splice site
in two siblings with Leber congenital amaurosis. This mutation is predicted to result in premature truncation of the RD3
protein, segregates with the disease, and is not detected in 121 ethnically matched control individuals. We suggest that
the retinopathy-associated RD3 protein is part of subnuclear protein complexes involved in diverse processes, such as
transcription and splicing.
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Retinitis pigmentosa (RP [MIM #268000]) encompasses a
group of retinal degenerative diseases (RDs) that severely
compromise the quality of life of affected individuals. RP
is genetically heterogeneous, with mutations in multiple
genes; to date, 168 retinal-disease loci have been mapped,
and 117 retinal disease–associated genes have been iden-
tified (RetNet Web site).1 A majority of RP-causing genes
encode proteins involved in phototransduction, photo-
receptor morphogenesis, trafficking, gene regulation, and/
or splicing.2 Mutations in some of the genes are suggested
to cause a prolonged and/or increased phototransduction,
followed by decreased Ca�� levels, leading to photore-
ceptor-cell death.3 Despite major advances, genetic defects
have not been determined for a significant proportion of
subjects with RP (RetNet Web site).4–6

One approach for identification of additional human
retinopathy genes is to elucidate the molecular basis of
retinal degeneration in animal models. At least 35 strains
of mice exhibit retinal degenerative disease.7,8 Some exam-
ples of retinal degeneration (rd) mice include rd1 (Pde6b),
Rds (peripherin), rd7 (Nr2e3), and rd16 (Cep290/NPHP6),
and their known and putative biological functions closely
correspond to genes involved in human retinal disease.9–13

Mutations in their human orthologs are associated with
retinopathies.14–18

The retinal degeneration 3 (rd3) mice were originally
collected in Switzerland in 1969, were sent to the Jackson
Laboratory, were bred as different lines to establish their
Robertsonian translocation, and were later identified as
having retinal degeneration.19 Different strains of rd3 have
variable phenotypes, with photoreceptors starting to de-
generate at age 2–3 wk and complete loss of photorecep-
tors at age 8–16 wk.19 Electroretinography (ERG) studies
have demonstrated that the loss of retinal response was
dependent on the genetic background, with ERGs becom-
ing extinguished at age 6–16 wk in some strains.19 Hence,
at least one modifier locus appears to slow down the rate
of degeneration in the pigmented mice compared with the
albino mice. A detailed morphological examination of three
rd3 strains demonstrated the degeneration of photorecep-
tors through apoptosis and has confirmed the slower rate
of degeneration in pigmented rd3 mice compared with
albino strains.20

The rd3 genetic locus was mapped to mouse chromo-
some 1 between markers D1Mit292 and D1Mit510 and was
excluded as being a mouse ortholog of one of the human
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Usher syndrome loci.21,22 Herein, we report the identifica-
tion of the genes (3322402L07Rik and C1orf36—renamed
“Rd3” and “RD3,” respectively) responsible for the rd3 ret-
inopathy. We show that Rd3 is preferentially expressed in
the retina and that the rd3 mutation leads to a truncated
and relatively unstable protein in COS-1 cells. The RD3
protein is associated with promyelocytic leukemia-gene-
product (PML) bodies in the nucleus. We also describe a
large RD3-screening effort involving 881 probands with
retinopathy, revealing at least one putative disease-causing
mutation and several changes of uncertain significance.

Material and Methods
Histological and Electroretinogram Analysis of rd3 Mice

The studies involving mice were performed after approval from
institutional committees was obtained. Histology and electro-
retinograms were performed as described elsewhere.23

Mouse Mutation Screen

We examined genes in the published rd3 (RBF/DnJ) critical region
by direct sequencing. We additionally screened other rd3 lines
(RBJ/DnJ, STOCK Rb(11.13)4Bnr/J, and STOCK In(5)30Rk/J), as
well as wild-type (WT) mouse strains, to verify the alteration. The
following primers were used: for Rd3 exon 2, 5′-cgcctctctctttcttg-
gtg-3′ (forward) and 5′-gcgactccagtcaccttctc-3′ (reverse); for Rd3
exon 3 5′-caagagcaaggttgggagtt-3′ (forward) and 5′-tccagcattcaagg-
actcag-3′ (reverse). Exon amplification and sequencing of another
gene, Rcor3, was initiated but was halted when the stop codon
in 3322402L07Rik was identified. PCR was performed from mouse-
tail DNA with use of standard conditions, and amplified products
were evaluated by agarose gel electrophoresis and were sequenced
at the University of Michigan sequencing core facility.

RT-PCR and Northern-Blot Analysis

RT-PCR analysis was performed using WT mouse retinal RNA
at time points ranging from embryonic day 12 (E12) to age 4
mo and from postnatal day 2 (P2) and 4-wk-old (4W) adult
Nrl�/� and Crx�/� mice.24,25 The primers used were Hprt 5′-caaacttt-
gctttccctggt-3′ (forward), Hprt 5′-caagggcatatccaaacaaca-3′ (re-
verse), Rd3rt 5′-gagagaggtggagcgacaac-3′ (forward), and Rd3rt 5′-
cacatcctccgagatggttc-3′ (reverse). A human multiple-tissue north-
ern blot (BD Biosciences Clontech) and a mouse retina northern
blot were probed with radiolabeled full-length Rd3 cDNA or b-
actin cDNA, as described elsewhere.26

Immunoblot Analysis

Rd3 cDNA was amplified and cloned into the pEGFPN1 vector
(BD Biosciences Clontech) with use of primers N1 5′-gacgacaagctt-
atagtggccctgaaggaggt-3′ (forward) and N1 5′-cagcagggatccgagtcgg-
cctggggcgccctgaa-3′ (reverse). Mutagenesis was performed, as de-
scribed elsewhere,27 with primers W6R 5′-atgtccctcatcccgcggctccg-
gtggaacg-3′ (forward), W6R 5′-cgttccaccggagccgcgggatgagggacat-3′

(reverse), E23D 5′-cggaccccggccgacatggtgctggagacg-3′ (forward),
E23D 5′-cgtctccagcaccatgtcggccggggtccg-3′ (reverse),K130M5′-gccc-
tggagaagatgatgcaggaggaggaggcc-3′ (forward), and K130M 5′-ggcct-
cctcctcctgcatcatcttctccagggc-3′ (reverse). Primers used to transfer
Rd3 into pcDNA4c (Invitrogen) were Rd3pc 5′-gacgacggatccatgtcc-
ctcatcccgtgg-3′ (forward) and Rd3pc 5′-cagcaggcggccgccttgatgggtc-

tcctggttg-3′ (reverse). Primers (Rd3mut 5′-gctgctggctgaatgagagccc-
gaggtg-3′ [forward] and Rd3mut 5′-cacctcgggctctcattcagccagcagc-
3′ [reverse]) were used to introduce the rd3 mutation into the
mouse Rd3 cDNA. The rd3 cDNA construct was then used as a
PCR template with Rd3pcF and Rd3pcR primers. The amplified
PCR product was digested and cloned into pcDNA4. Each Rd3
mutant cDNA clone was completely sequenced. Mouse Mef2c in
pcDNA4 was used as a transfection control in some experiments.
Expression constructs were transfected into COS-1 cells with Fu-
gene 6 (Roche), according to the manufacturer’s instructions.
Cells were harvested after 48 h, with use of PBS and protease
inhibitors (Roche), and extracts were fractionated by SDS-PAGE
and were transferred to nitrocellulose membrane. The blots were
probed with rabbit anti-Green Fluroescent Protein (GFP) polyclo-
nal antibody (1:2,000) and mouse anti-beta tubulin antibody (1:
10,000) or with mouse-anti Xpress antibody (1:4,000) (Invitro-
gen) and were visualized using appropriate secondary antibodies
and luminescence (Pierce).

Localization in COS-1 Cells

Cells were washed with PBS 48 h after transfection, were fixed
using 4% paraformaldehyde/PBS for 15 min, and were washed
again in PBS. Cells were permeabilized using 0.05% Triton X-100/
PBS (PBS-T) for 10 min. After washing, a 5% BSA/PBS solution
was applied, and the cells were blocked for 30 min. The primary
antibodies used were anti-coilin antibody ab11822 (1:50) (Ab-
cam), anti-SC-35 antibody ab11826 (1:50) (Abcam), anti-PML
antibody sc-5621 (1:50) (Santa Cruz Biotechnology), and anti-
Xpress antibody (1:400) (Invitrogen). The cells were incubated
for 1 h in 1% BSA/PBS with primary antibody, were washed with
1% BSA/PBS, and were incubated with the appropriate secondary:
anti-rabbit IgG Alexa fluor 546, anti-mouse IgG Alexa fluor 546,
or anti-mouse IgG Alexa fluor 488 (Molecular Probes) (1:750 di-
lution). Cells were washed with 1% BSA/PBS, were counterstained
with bisbenzimide to stain nuclei, and were examined by fluo-
rescent microscopy.

Human-Mutation Screen

All human studies were performed in a manner consistent with
the Declaration of Helsinki and were approved by the respective
institutional review boards. Appropriate informed consent was
obtained from study subjects. We performed a three-continent
(North America, Asia [India], and Europe [United Kingdom and
Scandinavia]) human-mutation screen of the RD3 gene. Clinical
phenotypes observed among the North American patient pool
included simplex RP, multiplex RP, juvenile (early-onset) RP, re-
cessive RP, cone-rod dystrophy (CRD), Leber congenital amauro-
sis (LCA [MIM #204000]), partial cone degeneration, fundus al-
bipunctatus, atypical pattern dystrophy, macular degeneration,
Stargardt disease, autoimmune retinopathy, achromatopsia, con-
genital stationary night blindness, and enhanced S-cone syn-
drome. For the North American and European screen, the follow-
ing primers were used: for exon 2, RD3 5′-ctgttagggcagagcaggtc
(forward) and RD3 5′-ctctagtcctggtggcctca (reverse); for exon 3,
RD3 5′-ggactaattggccatgagga (forward) and RD3 5′-ctttgtggccagag-
gaagag (reverse). The screen in India used exon 2 5′-ttcccaggttcc-
ccactctg-3′ (forward) and 5′-ccactgcagccacctttcct-3′ (reverse) and
exon 3 5′-gacgcccggggtgccagac-3′ (forward) and 5′-gttccagggcccgg-
cgct-3′ (reverse). PCR was performed using standard conditions,
and products were subjected to direct sequencing. Sequencing
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Figure 1. Pedigree of the rd3 mouse strains. Four male mice were collected in Switzerland in 1969 and were genetically fixed to
several lines. The mouse strains are currently housed at the Jackson Laboratory. This pedigree was updated from an earlier version,19

with the kind permission of Springer Science and Business Media.

was performed at the University of Michigan sequencing core, at
Bangalore Genei (Bangalore, India), and at the Institute of Oph-
thalmology (London). We performed RFLP analysis to determine
segregation of a splice-site change within the LCA-affected family
and to examine 121 unrelated ethnically matched unaffected
controls. This change leads to the abolition of a restriction site
for Hph1. The normal allele in a 436-bp amplified PCR product
is digested into 387 bp and 49 bp fragments, whereas the ho-
mozygous mutated allele shows a 436-bp product.

Results
rd3 Mouse Strains and Visual-Function Analysis

The rd3 mutation has been bred into different strains of
mice and now exists in five separate strains—RBF/DnJ,
STOCK In(1)Rk/J, STOCK In(5)30Rk/J, RBJ/DnJ, and STOCK
Rb(11.13)4Bnr/J (hereafter termed “4Bnr”). An updated
pedigree of rd3-bearing mice is shown in figure 1.19 His-
tologically, STOCK In(5)30Rk/J mice have a modest re-
duction in outer nuclear layer (ONL) thickness, with 3–5
rows of nuclei left at age 35 d. In contrast, the RBF/DnJ
albino strain has a fully degenerated retina at the same
age. The 4Bnr albino strain had the least degenerate retina
of the three assessed rd3/rd3 mice, but some degeneration
was observed at the earlier time point of 27 d (fig. 2A).

For comprehensive evaluation of rod and/or cone pho-
toreceptor dysfunction, we performed dark-adapted (rod
photoreceptor derived) and light-adapted (cone pho-
toreceptor derived) ERG tests on STOCK In(5)30Rk/J,
4Bnr, and RBF/DnJ rd3/rd3 strains, with C57BL/6J mice as
controls. In a previous study, rod derived ERG showed
progressive retinal functional loss in rd3 mice; no cone
ERG was reported.19,28 We found that the amplitude of
the loss of dark-adapted ERG varied, depending on the
mouse strain. The In(5)30Rk/J (pigmented) strain had dark-
adapted ERG closer to the WT at both age 24 d and age
32 d. The 4Bnr (albino) strain had a large response at day

17, but ERG was reduced at day 24. Lastly, the ERG in the
RBF/DnJ (albino) strain was almost undetectable at age
24 d and was completely abolished by age 31 d (fig. 2B,
top panel). All three strains of rd3/rd3 mice had greatly
reduced or nondetectable light-adapted ERGs by age 24
d (fig. 2B, bottom panel, and data not shown). These re-
sults demonstrate that both rod and cone photoreceptors
in the rd3 homozygotes are functionally affected.

Mutation Screen of rd3 Mice

To identify the rd3 mutation, we screened candidate genes
in the mapped rd3 region (fig. 3A) that had been defined
elsewhere.21 The critical genomic region was ∼1 Mb and
contained 13 genes or expressed sequences (National Cen-
ter for Biotechnology Information [NCBI] Map Viewer build
36.1). To select candidates for mutation analysis, we first
examined the expression profile of all genes in silico and
through our microarray profiling, as reported elsewhere.29

The Riken cDNA 3322402L07 showed a twofold increase
in expression from P2 to P10 in purified rod photorecep-
tors29 (A. Swaroop, M. Akimoto, and H. Cheng, unpub-
lished data). Hence, we selected it as a candidate gene for
the rd3 mutation screen. Complete sequencing of all exons
and intron-exon boundaries (fig. 3B) revealed a homo-
zygous c.319CrT transition in the third exon. This change
alters codon 107 from CGA to TGA, thus converting ar-
ginine to a stop codon, and is predicted to result in pre-
mature truncation of the RD3 protein. The mutation was
detected in all rd3 lines tested (RBF/DnJ, RBJ/DnJ, 4Bnr,
and STOCK In(5)30Rk/J) but not in the nine control WT
mouse lines (C57BL/6J, A/J, AE/J, BALB/cJ, C3H/HeJ, CBA/
J, DBA/2J, MOLC/RkJ, and NON/LtJ) (fig. 3C). To further
confirm whether this is indeed the causative mutation in
rd3-containing strains, we generated haplotypes using
markers spanning the rd3 locus.21 The three markers—
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Figure 2. A, Histology of rd3/rd3 mice. We examined STOCK In(5)30Rk/J, 4Bnr, RBF/DnJ (all rd3/rd3), and control C57BL/6J mice at
ages 35, 27, 35, and 28 d, respectively. B, top, ERG responses under dark-adapted conditions: STOCK In(5)30Rk/J(rd3/rd3) mice (aged
32 d), 4Bnr(rd3/rd3) mice (aged 24 d), RBF/DnJ(rd3/rd3) mice (aged 31 d), C57BL/6J mice (aged 31 d). Bottom, Light-adapted ERG
responses of the same mice.

D1Mit292.1, D1Mit462.2, and D1Mit511—revealed iden-
tical alleles in the three tested rd3 lines (data not shown),
which is consistent with the presence of the rd3 mutation
in this genetic background.

Analysis of the Rd3 Gene

To determine the expression profile of the Rd3 transcript,
we performed northern-blot and RT-PCR analysis using
RNA from human and mouse tissues. The Rd3 transcript
of 1.9 kb was enriched in adult-mouse retinal tissues and
had no detectable expression in nonretinal adult-human
tissues, as revealed by human multiple-tissue northern-
blot analysis (data not shown). We then examined its ex-
pression using WT, Nrl�/�, and Nrl�/� mouse retinal RNA
by northern-blot analysis. WT mice and Nrl�/� mice have
a rod/photoreceptor–dominated retina, whereas Nrl�/� mice
lack rods and instead have a cone-dominant retina.24 Rd3
is transcribed as a single RNA in these strains, with no
obvious difference (data not shown).

To elucidate developmental expression of Rd3, we per-
formed RT-PCR experiments using mouse retinal RNA from

E12 to age 4 mo (fig. 4A). The Rd3 transcript is detected
at very low levels at E12 but was more noticeable begin-
ning at E18, with subsequent increase in expression at P2
and P6. After P6, the levels of Rd3 transcript remained
high. Additional RT-PCR experiments were performed us-
ing retinal RNA from Nrl�/� (aged P2 and 4W), Crx�/� (aged
P2 and 4W), rd1 (adult), and rd16 (adult) mice. The Nrl�/�

mouse lacks rod photoreceptors, whereas the Crx�/� mouse
exhibits a lessening of rod and cone gene expression at
P10 and exhibits photoreceptor degeneration at age 2
mo.24,25 The rd1 and rd16 homozygotes exhibit early-onset
degeneration of photoreceptors.9,13 The detection of the
Rd3 transcript in all mutant mouse strains suggests that
it is also expressed in inner retina cell types (fig. 4B). Our
data are consistent with the expression profile for C1orf36
(Hs.632495 [NCBI Expression Profile Viewer]) and previous
in situ hybridization experiments,30,31 which demonstrate
high expression of 3322402L07Rik cDNA in the ONL in
addition to the other cellular layers of the retina.

Clustal analysis of the RD3 protein orthologs suggests
its strong conservation in vertebrates, from human to ze-
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Figure 3. A, Critical genomic region encompassing the rd3 mutation, between markers D1Mit292 and D1Mit510.21 Genes within the
critical region are indicated. B, Genomic structure of the mouse Rd3 gene. C, Chromatogram showing the region of the Rd3 (3322402L07Rik)
molecular defect in rd3/rd3 strains RBF/DnJ, RBJ/DnJ, STOCK Rb(11.13)4Bnr/J, STOCK In(5)30Rk/J, and WT control strains C57BL/6J,
A/J, AE/J, BALB/cJ, C3H/HeJ, CBA/J, DBA/2J, MOLC/RkJ, and NON/LtJ. The homozygous CrT change in the rd3-bearing mice is
indicated. It generates a stop codon after aa 106.

brafish (fig. 4C). An in silico analysis of the mouse and
human RD3 proteins reveals a coiled-coil domain at aa
22–54 and another weaker coiled-coil domain at aa 121–
141.32 The RD3 protein also has several putative protein
kinase C and consensus Casein kinase II phosphorylation
sites and one predicted sumoylation site. The mouse and
human RD3 orthologs are basic proteins, with isoelectric
points of 8.9 and 7.7, respectively.

Immunoblot analysis of COS-1 cells transfected with an
Rd3-expression construct in the EGFPN1 vector demon-
strated an expected RD3-GFP–fusion protein of ∼45 kDa
(predicted molecular mass of RD3 is ∼22 kDa and that of
GFP is ∼23 kDa) (fig. 4D).

Localization of the RD3 Protein in Transfected COS-1 Cells

In transfected COS-1 cells, the RD3-GFP–fusion protein
primarily exhibited nuclear or nuclear/cytoplasmic local-
ization (fig. 5A–5D and data not shown). Some cells also
contained a putative aggresome-like staining adjacent to
the nucleus—likely because of the overexpression of the
RD3 protein (data not shown). The most striking pattern
was the presence of subnuclear spots, henceforth named
“RD3 bodies,” of different sizes (fig. 5A–5C). We examined
whether RD3 bodies colocalized with other subnuclear
proteins, such as coilin (Cajal body marker), SC-35 (Nu-
clear Speckle marker), and promyelocytic leukemia gene
product (PML body marker). Coilin staining did not lo-

calize near RD3 bodies in a consistent manner, suggest-
ing that they are not associated (fig. 5A). SC-35 staining
tended to be diffuse and localized near RD3 bodies (fig.
5B). PML staining also existed near RD3 bodies, with an
occasional overlap (fig. 5C and 5G). To further confirm
close PML proximity, we performed the same experiment
using an Xpress-tagged Rd3 plasmid. The Xpress-RD3 pro-
tein demonstrated a more highly varied localization pat-
tern than did RD3-GFP, suggesting that the size of the tag
may impact the distribution of transfected RD3 protein
(fig. 5E and 5F). Nonetheless, we observed many cells with
similar RD3 bodies in close proximity to PML bodies in
Xpress-Rd3–transfected cells (fig. 5E and 5H).

Analysis of the rd3 Mutation

To determine the consequence of the rd3 mutation, we
introduced this sequence alteration into the Rd3-pcDNA4
construct. Immunoblot analysis of COS-1–transfected cells
revealed a truncated mutant RD3 protein (∼11 kDa � ∼4
kDa Xpress epitope), which was consistently detected at
reduced levels compared with the WT protein (∼22 kDa �

∼4 kDa Xpress epitope) (fig. 6A). The mutant truncated
protein therefore appears to be unstable and prematurely
degraded. The mouse Mef2c-pcDNA4 construct was used
as an internal control for transfection and was detected
in roughly equal amounts in all experiments (fig. 6A). By
immunocytochemistry, Xpress-RD3 mutant protein could
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Figure 4. Expression of the Rd3 gene. A, Rd3 transcripts in mouse retina (aged E12 to 4 mo), present from at least E18, with a large
increase from age P2 to age P6. Hprt was used to evaluate RNA quality and to normalize for quantity. B, Expression of Rd3 in Nrl�/�,
Crx�/�, rd1/rd1, and rd16/rd16 mouse retina cDNA from P2, 4W, or adult. Hprt was used as a positive control. C, Alignment of RD3
protein orthologs. The amino acid sequence of mouse RD3 protein is aligned with those of human, chimpanzee, macaque, cow, opossum,
frog, chicken, tetraodon, fugu, and zebrafish. Amino acid residues conserved in all orthologs are indicated by an asterisk (*), and
reduced identity is shown using either a colon (:) or a dot (•). The long bar denotes a highly conserved coiled-coiled domain. D,
Immunoblot expression of RD3-GFP fusion protein. An expression construct containing Rd3-GFP cDNA was transfected into COS-1 cells
and was examined by immunoblot with use of anti-GFP antibody. The observed band is approximately the size estimated for the fusion
protein (∼50 kDa). A lower band of 30 kDa may represent a putative degradation product. Beta-tubulin was used to normalize for
loading. UNTR p untransfected.

be observed in COS-1 cells, but at much lower levels com-
pared with the WT protein at similar exposure times (fig.
6B–6D).

Human RD3-Mutation Screen

To examine whether mutations in the human RD3 gene
are associated with retinal disease, we performed mutation
screening of 461 probands with retinopathy from North
America (including at least 30 with cone dystrophy or
CRD and 15 probands with LCA), 103 probands of Indian
descent who had retinal dystrophy, 302 probands (177
with autosomal dominant RP, 96 with autosomal recessive
RP, and 29 with cone dystrophy or CRD) from the United
Kingdom, and 15 probands with CRD from Scandinavia.
We sequenced all coding exons, including the flanking
intron/exon boundaries (fig. 7A).

Of particular interest were two siblings from India who
had LCA (fig. 7B). Both probands have had poor vision
since birth: nystagmus and atrophic lesions in the macular
area, with pigment migration. Fundus photographs of the
affected siblings are shown in figure 7C. A homozygous
GrA transition in the donor splice site at the end of exon
2 (c.296�1GrA) was observed in both siblings (fig. 7D).
When the splice site is removed, the 99th codon still en-
codes arginine and is followed by a stop codon, suggesting
that the protein is prematurely truncated. RFLP analysis
of other family members demonstrated that the homo-
zygous change was present only in the affected members
of the family, with unaffected members heterozygous for
the mutation (fig. 7E). We examined 121 unrelated eth-
nically matched controls by RFLP and did not observe this
nucleotide substitution. The GrA alteration was not ob-



Figure 5. Immunolocalization of the RD3 protein. Mouse Rd3 cDNA was placed in either the pEGFPN1 or the pcDNA4 vector and was
expressed in COS-1 cells. The cells were observed directly via GFP or with use of an anti-Xpress antibody (green). Cells were also stained
with subnuclear markers (red), to test for colocalization. Bisbenzimide was used to stain the nuclei (blue). A, RD3-GFP and Cajal body
marker anti-coilin. B, RD3-GFP and nuclear speckle marker anti-SC-35. C and D, RD3-GFP and PML body marker anti-PML. E and F, Xpress-
RD3 and anti-PML antibody. G and H, Higher magnification of the merged images from panels C and E, respectively. Close localization
of RD3 and PML bodies are marked with an arrowhead and an arrow, respectively.
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Figure 6. A, Examination of the mouse rd3 mutation in COS-1
cells. Equal amounts of WT (lane 1) and mutant (lane 2) Rd3-
pcDNA4 vectors were cotransfected with Mef2c-pcDNA4 into COS-
1 cells. Cells were examined by immunoblot with use of anti-Xpress
antibody. Roughly equal intensity of MEF2C signal shows that equal
amounts of protein were loaded on the gel. WT RD3 protein is of
expected molecular mass (∼26 kDa), whereas the mutant RD3 pro-
tein is truncated (∼15 kDa) and is expressed at lower levels. B,
Immunolocalization of the RD3 protein in transfected cells, with
use of WT rd3-pcDNA4 construct. Bisbenzimide was used to stain
the nuclei (blue). C and D, Immunolocalization of the RD3 protein
in transfected cells, with use of mutant rd3-pcDNA4 plasmid. Cells
were examined as in panel B. Image exposures were performed in
a consistent manner.

served in any other probands or controls from North
America or Europe. To directly examine the impact of this
change on RD3 transcript, we performed RT-PCR analysis
of RNA from control lymphocytes, but no product could
be amplified (data not shown).

Our mutation screening uncovered changes of uncertain
significance in three female probands. The first affected in-
dividual (from North America) revealed four homozygous
alterations (c.16TrC, 69GrC, 84GrA, and 235TrC) lead-
ing to two predicted amino acid changes (p.W6R, E23D,
T28T, and L79L, respectively). She exhibited an atypical

late-onset form of RP. The second proband (also from
North America) carried a heterozygous c.389ArT altera-
tion encoding a predicted p.K130M. This girl presented in
1996, then aged 11 years, with a history of poor vision
beginning at age 3 years but with no family history of
eye problems or blindness. Fundus examination showed
round atrophic lesions in both maculae, and there was a
cellophane-like sheen and atrophy in the other regions of
the posterior poles. By ERG, it was determined that she
had a CRD pattern, with cone ERG b-wave amplitudes at
about one-third of normal and rod ERG amplitudes at
∼80% of normal levels. The third proband (from Scandi-
navia) had a heterozygous c.170GrT change encoding
p.G57V. She had no family history of visual handicap but
had visual problems since age 6 years. Her eye disorder
was diagnosed by repeated full-field ERG, at ages 9 years
and 19 years, as cone-rod degeneration with reduced but
still-remaining rod and cone function. At age 19 years,
fundus examination revealed macular changes with at-
rophy and spicular pigment in the midperiphery. Visual
acuity was reduced to 20/200, with central scotoma in
both eyes.

Several other alterations were observed in the hetero-
zygous form, both in probands and in controls, or did not
segregate with the disease in affected families; these in-
clude c.103GrA (p.G35R), c.139CrT (p.R47C), c.202CrT
(p.R68W), c.500GrA (p.R167K), and c.584ArT (p.D195V).
The population group and frequency of each alteration
are listed in table 1.

To examine whether missense alterations observed in
the human mutation screen affected subcellular localiza-
tion of the RD3 protein, we generated p.W6R, p.E23D,
p.K130M, and p.W6R;E23D mutations in the RD3-GFP–
expression construct. These changes were selected because
of their absence in normal controls and their presence in
individual probands. The GFP-fused mutant RD3 proteins
did not appear to have a substantive difference from the
control in immunoblot analysis or in COS-1 localization
(data not shown). Overall, our data suggest that RD3 mu-
tations represent a rare cause of retinopathy.

Discussion

RDs are a significant cause of untreatable blindness in the
United States. Delineation of precise genetic defects in RDs
and of cellular pathways that lead to photoreceptor-cell
death are critical for developing knowledge-based design
of treatment and therapies. In our continuing effort to
identify retinal-disease genes, we have uncovered genetic
defects in the RD3 gene that are responsible for photo-
receptor degeneration in the rd3 mouse and some patients
with retinopathies. Notably, RDs can be caused by mu-
tations in photoreceptor-specific (such as rhodopsin, RP1,
CRX, and NRL) or ubiquitously expressed (such as RPGR,
CHM, and PRPF31) genes. The RD3 gene exhibits an in-
teresting expression profile: whereas it is preferentially
(and highly) expressed in the retina and in photorecep-
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Figure 7. Findings for the LCA-affected family (from India), with a homozygous change in RD3. A, Genomic structure of the human
RD3 gene. B, Pedigree of family 146. Proband 146/4 is marked with an arrow. C, Fundus photographs of affected individuals 146/4 and
146/6. D, Chromatograms of unrelated unaffected subject and affected proband 146/6 at the exon2/intron2 junction. Individual 146/
6 has a homozygous GrA change, which is predicted to remove the donor splice site of exon 2 and result in a stop codon after aa
99. E, Pedigree of a portion of family 146 and RFLP analysis of the mutation. Probands 146/4 and 146/6 show only a 436-bp band,
whereas all other members show 49-bp and 387-bp bands in addition to the 436-bp band. UD p undigested.

tors, Rd3 transcripts can be detected in mouse retinas that
lack rod and cone photoreceptors.

The RD3 protein has a relatively low molecular mass
(22 kDa) and includes a number of conserved sites for
protein modification (specifically, phosphorylation and
sumoylation). Additionally, the putative coiled-coil do-
main(s) might serve as protein-interaction site(s). The mu-
tation identified in the rd3 mouse generates a stop codon
in the Rd3 gene, thereby producing a truncated protein
(of 11 kDa) that appears to be less stable, at least in trans-
fected COS-1 cells. Hence, our data strongly implicate par-
tial or complete loss of RD3 protein function as a possible
mechanism of retinal degeneration in the rd3 mouse. Al-
though the rd3 mutation is in the last exon, nonsense-
mediated decay of the mutant transcript cannot be ruled
out. In any event, the detection of a truncated RD3 mutant
protein in COS-1 cells further validates the causal rela-
tionship of this mutation to retinopathy.

Subnuclear structures that commonly exist in cells in-
clude PML bodies, Cajal bodies, and nuclear speckles. PML
bodies are implicated in diverse biological functions, in-
cluding DNA repair, antiviral response, apoptosis, proteo-

lysis, gene regulation, and tumor suppression.33–35 PML is
also suggested to be a transcriptional regulator and/or sen-
sor of DNA damage and cellular stress.33–35 Cajal bodies are
associated with snRNPs and snoRNPs (small nuclear and
nucleolar RNAs), which are involved in pre-mRNA and
rRNA processing, respectively.36 Nuclear speckles are ob-
served close to genes with highly active transcription, are
linked with pre-mRNA splicing, and are suggested to form
a compartment for splicing factors and proteins involved
in transcription.37 Interestingly, a number of retinopathy
genes are associated with transcription and splicing.16,38–45

Varied localization of RD3 protein in COS-1 cells suggests
its dynamic role in cellular processes and within subnu-
clear compartment(s). A reduced amount of mutant RD3
protein in transfected cells indicates that the loss of RD3
protein may compromise nuclear function(s). However,
the precise role of RD3 in transcription, splicing, or other
regulatory processes is subject to further experimentation.

LCA is a cause of early-onset (childhood) blindness, with
an estimated prevalence of 1 in 50,000–100,000.46 Known
and putative functions and/or location of proteins en-
coded by mutant LCA genes are diverse and include pro-
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Table 1. Summary of the RD3 Human Mutation Screen

Change

No. of Subjects with Exon Change

United Kingdom/
Scandinavia India North America

Proband
(n p 317)

Control
(n p 95)

Proband
(n p 103)

Controla

(n p 121)
Proband

(n p 461)
Control

(n p 175)

Homozygous c.16TrC, 69GrC, 84GrA, 235TrC
(p.W6R, E23D, T28T, L79L) 0 0 0 NA 1 0

c.103GrA (p.G35R) 0 0 1 NA 0 0
c.139CrT (p.R47C) 8 2 2 NA 10 5
c.170GrT (p.G57V) 1 0 0 NA 0 0
c.202CrT (p.R68W) 0 0 1 NA 0 0
c.389ArT (p.K130M) 0 0 0 NA 1 0
c.500GrA (p.R167K) 3 0 0 NA 1 1
c.584ArT (p.D195V) 1 3 0 NA 4 6
c.296�1GrA homozygous 0 0 1b 0 0 0

NOTE.—Probands with RP were sequenced for changes in exon 2 and exon 3 of RD3.
a The c.296�1GrA mutation was examined in 121 Indian controls by RFLP. NA p not applicable.
b One proband was found in the initial screen. An affected sibling was subsequently identified during follow-up.

tein trafficking, cell-cycle progression, photoreceptor mor-
phogenesis, transcription, phototransduction, and retinoid
cycle.4,13,18,47 RD3 is likely responsible for a small subset of
LCA, and further examination of this retinopathy might
allow us to determine the proportion of RD3 mutation–
based early-onset retinopathy. We have identified two sib-
lings carrying a mutation in the invariant G residue of the
exon 2 donor splice site. Splice-site alterations are respon-
sible for at least 15% of human mutations.48 Mutation of
the invariant G at donor splice site �1 is a commonly
reported cause of human disease (Human Gene Mutation
Database).49 It is possible that a cryptic splice site within
exon 2 or intron 2 is used after the invariant G is changed.
Additionally, exon 2 may be skipped entirely,50 or the
mRNA may be subject to nonsense-mediated decay.51 With-
in exon 2, there are two potential cryptic splice sites—
c.159 and c.169—with scores of 0.50 and 0.43, respec-
tively. After the normal exon 2 splice site, the next pu-
tative splice sites are at nucleotides c.296�219 and c.296�

432 (respective scores 0.41 and 1.00). The likely splicing
site for mutant allele is c.296�432, because of its high
score52 (Berkeley Drosophila Genome Project: Splice Site
Prediction by Neural Network Web site). The splice-site
mutation is predicted to result in a truncated RD3 protein,
ending at aa 99. This shortened protein would be similar
to the 107-aa protein in the rd3 mice, thereby raising the
possibility that the rd3 mouse is a useful mouse model for
the retinal disease in this family. Notably, the rd3 mice
exhibit a relatively quick degeneration of photoreceptors.
For example, ONL loss in RBF/DnJ-rd3/rd3 mice is com-
plete in ∼8 wk.19 In comparison, the quite severe Pde6brd1

and Rd4 mouse retinas show severe degeneration by age
1 mo and 2 mo, respectively.53 Several strains of mutant
mice reveal much slower photoreceptor loss than do rd3,
with complete degeneration as late as age 30 mo.53

In the one proband carrying four homozygous altera-
tions, W6 and E23 residues are conserved in almost all spe-
cies. Codon 6 in chimpanzee is arginine (instead of tryp-

tophan), and codon 23 in frog is aspartic acid (instead of
glutamic acid). Since W6R and E23D alterations exist in-
dividually in chimpanzee and frog, it is difficult to con-
clude whether these changes cause disease in humans.
Additional work would be required to fully characterize
the functional effect of these alterations. For c.389ArT
(p.K130M)– and c.16TrC;69GrC;84GrA;235TrC(p.W6R;
E23D;T28T;L79L)–containing probands, we attempted
to collect DNA samples from the respective families but
were unsuccessful. Although c.389ArT (p.K130M) and
c.170GrT (p.G57V) heterozygous changes are not ob-
served in our cohort of controls, we learned that these
subjects are of Chinese and mixed European–Middle East-
ern decent, respectively. Screening of ethnically matched
controls might be necessary to determine whether these
changes are polymorphic in their respective populations.
We identified several additional nucleotide changes that
do not appear to be associated with disease in hetero-
zygous state; these are c.103GrA (p.G35R), c.139CrT
(p.R47C), c.202CrT (p.R68W), c.500GrA (p.R167K). and
c.584ArT (p.D195V).

Since the splice–site alteration represents the only likely
disease-causing mutation in 881 examined probands, we
suggest that RD3 mutations are a rare cause of retinal
disease. C1orf36 (RD3) was tested elsewhere as a candi-
date retinal-disease gene; however, no significant altera-
tions were observed in this earlier study.30 Recently, initial
screening of coding regions in patients with retinopathy
did not reveal any disease-causing mutation in CEP290/
NPHP6, and only the lymphocyte RNA analysis estab-
lished it as a major LCA gene.18 However, unlike CEP290,
RD3 is not detected in lymphocytes.

Recent studies suggest a more dynamic environment in
the nucleus than previously expected.54 Discrete nuclear
processes (such as steps in gene transcription and post-
transcriptional events) appear to be mediated by associa-
tion of gene regions, transcribed sequences, and/or pro-
teins in unique subnuclear compartments. PML bodies are
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but one component of the nucleus whose role(s) is not
completely understood. The discovery of RD3 and its fur-
ther characterization might allow us to gain insights into
fundamental regulatory events that are necessary for ret-
inal function.
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Abstract 

 

PURPOSE. To identify the disease-causing genes in families with autosomal recessive RP (ARRP). 

 

METHODS.  We screened families for homozygosity at candidate gene loci followed by screening of 

the selected gene for pathogenic mutations if homozygosity was present at a given locus. A total of 34 

families were included of which 24 were consanguineous. Twenty-three genes were selected for 

screening. The presence of homozygosity was assessed by genotyping flanking microsatellite markers 

at each locus in affected individuals. Mutations were detected by sequencing of coding regions of 

genes.  Sequence changes were tested for presence in 100 or more unrelated normal controls and for 

co-segregation in family members. 

 

RESULTS. Homozygosity was detected at one or more loci in affected individuals of 10/34 families. 

Homozygous disease co-segregating sequence changes (2 frameshift, 2 missense and 1 nonsense;   4 

novel) were found in the TULP1, RLBP1, ABCA4, RPE65 and RP1 genes in 5 /10 families. These 

changes were absent in 100 normal controls.  In addition, several polymorphisms and novel variants 

were also found. All of the putative pathogenic changes were associated with severe forms of RP with 

onset in childhood. Associated macular degeneration was found in three families with mutations in 

TULP1, ABCA4 and RP1 genes.  

 

CONCLUSIONS. Novel mutations were found in different ARRP genes. Mutations were detected in 

about 15% (5/34) of ARRP families tested, suggesting involvement of other genes in the remaining 

families.  

Page 2 of 27IOVS



 
3 

Introduction 

 

Retinal dystrophies are a group of genetically and clinically heterogeneous disorders involving 

degeneration of the photoreceptors and resulting in partial or complete blindness. Retinitis pigmentosa 

(RP) is the most common clinical expression but this condition represents a clinical manifestation of 

diverse genetic errors that are inherited as autosomal dominant, recessive, X-linked, digenic or 

mitochondrial disorders. The manifestation and course of RP can show considerable variation between 

individuals, and onset of the disease can vary from childhood to adolescence or early adulthood. Initial 

symptoms include night blindness in the early stages coupled with decreased visual acuity and 

progressive loss of visual fields. Clinically, changes in the retina include pallor of the optic disc, 

attenuated vasculature, pigmentary deposits appearing as bony spicules, atrophy of retinal tissue and 

diminished electroretinographic responses. The prevalence of RP ranges from 1 in 5000 to 1 in 1000 in 

different parts of the world.1-3 ARRP appears to be relatively more common than dominant or X-inked 

forms in patient populations.4, 5 About 50 genes are known for RP (RetNet-

http://www.sph.uth.tmc.edu/Retnet). Mutations in known genes are detectable in only a subset of 

patients with RP suggesting that more genes are yet to be identified. 6  Functionally RP genes are 

diverse and encoded proteins are involved in a variety of cellular processes that are retina-specific as 

well as ubiquitous.  

 

This study was designed to identify genes underlying ARRP in affected families. We screened 

34 ARRP families for homozygosity at 23 loci for possible involvement in disease. The 23 loci belong 

to subset of loci commonly involved in RP and related disorders or were candidates based on 

expression and function.  Screening was done in 2 stages.  First, we performed genotyping of 
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microsatellite markers flanking each of the 23 genes to test for homozygosity at any of these loci 

among affected individuals.  In the second stage, we sequenced coding regions of genes present at 

homozygous regions for pathogenic mutations.  

 

Methods: 

 

The study protocol was approved by the Institutional Review Board and followed the tenets of the 

declaration of Helsinki. Probands with a family history suggestive of recessive RP were included in the 

study and available family members were enrolled. All subjects, both affected and unaffected, were 

clinically evaluated and informed consent was obtained.  A total of 34 families with 2 or more affected 

individuals were recruited, 24 families were consanguineous and 10 were non-consanguineous.. 

Essential diagnostic criteria for inclusion included bilateral, diffuse and widespread retinal pigment 

epithelial degeneration, arterial narrowing, commensurate visual field loss, and reduced amplitudes on 

electroretinogram (ERG) reduced to less than 25% of the maximal retinal response in normal 

individuals (normal amplitude of b-wave >350 µV and a-wave >110 µV) with evidence of rod and 

cone involvement. Other clinical signs that were supportive not essential for diagnosis of RP included 

pigment migration including bone-corpuscular pigmentation, vitreous opacities and vitreous pigments, 

associated retinal pigment epithelium atrophic changes in the macular area and diffuse disk pallor. 

Excluded were patients who had unilateral disease, nystagmus and eye poking behaviour in childhood, 

exudative retinal detachment, retinal vasculitis, chorioretinitis or any other secondary cause of 

pigmentary retinal changes. Clinical features of patients were reviewed and confirmed independently 

by 2 ophthalmologists. 

 

Page 4 of 27IOVS



 
5 

  Blood samples were collected from the affected and unaffected members of the families by 

venipuncture. The DNA was extracted from this blood by phenol-chloroform method. 

  

Twenty-three candidate genes were selected for screening, which included 14 known genes for 

ARRP (phosphodiesterase 6A (PDE6A), phosphodiesterase 6B (PDE6B), rhodopsin (RHO), cyclic 

nucleotide gated channel alpha 1(CNGA1), cyclic nucleotide gated channel beta 1 (CNGB1), crumbs 

homolog 1 (CRB1), retinitis pigmentosa 1 (RP1), neural retina leucine zipper (NRL), ATP-binding 

cassette subfamily A member 4 (ABCA4), cellular retinaldehyde binding protein 1(RLBP1), retinal 

pigment epithelium protein 65 KDa (RPE65), retinal G-protein coupled receptor (RGR), tubby-like 

protein 1 (TULP1), prominin 1 (PROM1)); 7 genes for related disorders such as Lebers congenital 

amaurosis (LCA), cone-rod dystrophy (CRD), dominant/digenic RP (guanylate cyclase 2D, membrane 

(retina-specific) (GUCY2D), guanylate cyclase activator 1A (GUCA1A), rod outer segment membrane 

protein 1 (ROM1), retinal degeneration slow (RDS), cone-rod homeobox (CRX), aryl hydrocarbon 

receptor interacting protein-like 1 (AIPL1), RPGR interacting protein 1 (RPGRIP1)); and 2 genes that 

are candidates for retinal dystrophy but not yet shown to have mutations in humans (phosphodiesterase 

6G (PDE6G), cellular retinol binding protein 1(RBP1)). Each locus was screened for homozygosity by 

genotyping 2 or more microsatellite markers (total of 57 markers). Microsatellite markers were 

selected based on reported high heterozygosity values (0.7 or more), and generally located within an 

interval of ~5-10 megabases of the candidate gene. Information on the primers for amplification of 

microsatellite markers, marker heterozygosity and location was obtained from the UniSTS 

(http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists), Human Genome Database and NCBI Mapview, 

(http://www.ncbi.nlm.nih.gov/mapview/) databases. The detection of homozygosity at a given locus 

shared only by affected members but not by unaffected family members was investigated further by 

Page 5 of 27 IOVS

http://www.ncbi.nlm.nih.gov/sites/entrez?db=unists
http://www.ncbi.nlm.nih.gov/mapview/


 
6 

typing additional markers at the locus for confirming homozygosity and subsequent screening of the 

relevant gene for mutations. Uninformative loci in which affected as well as one or more unaffected 

members were homozygous, were genotyped with additional markers. Genotyping was carried out for 

76 affected and 88 unaffected individuals from 34 families.  Genotyping was done in multiplex PCR 

reactions followed by electrophoresis on the ABI310 genetic analyzer. Alleles were determined using 

GeneScan software (Applied Biosystems Inc, Foster City, California, USA). Screening of coding 

regions of genes was done by PCR amplification of exons and adjacent intronic regions, followed by 

direct automated sequencing. Sequence changes observed were checked for co-segregation in the 

family and for presence/absence in at least 100 healthy control individuals by RFLP or direct 

sequencing. For RFLP, restriction enzyme-digested products were resolved on 8% or 10% acrylamide 

gels and visualized after ethidium bromide staining.  

  

Multiple sequence alignment of protein sequences was carried out using ClustalW2 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html). Sorting Intolerant from Tolerant (SIFT) analysis 

(http://blocks.fhcrc.org/sift/) was used to predict the potential impact of a missense substitution on 

protein function. A SIFT score of below a cutoff of 0.05 for a given substitution is predicted as not 

tolerated while those with scores above this value are considered as tolerated.  

 

 

Results: 

  

Based on genotypes obtained at markers flanking the 23 gene loci, homozygosity specific for affected 

members was detected at 12 loci in 10/34 families (details in Table1).  Screening of the relevant 
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candidate genes in these cases showed putative pathogenic changes in 5  genes (listed in Table 2).  

Several polymorphisms and other variants of uncertain significance were also detected of which novel 

polymorphisms are listed in Table 3. A summary of findings in families with mutations is given in the 

following sections. 

 

RPE65  

 

In family RP205 (pedigree shown in Figure 1), homozygosity was detected at the RPE65 gene locus. 

Screening of the RPE65 gene showed a homozygous single base deletion in exon 10 of RPE65 (cDNA 

change c.1060delA). This change co-segregated with the disease in the family. None of 103 control 

individuals tested by direct sequencing of PCR products of exon 10 showed this change. Both the 

affected individuals had the initial symptom of night blindness reportedly by 1 year of age (Figure 2A).  

The fundus showed arterial narrowing and white dots in the periphery due to RPE atrophy. A diagnosis 

of early onset RP was made for both patients in this family.  Clinical features of patients are 

summarized in Table 4.  

  

RP1 

 Homozygosity was detected in 2 affected members of family RP170 (Figure 1) at the RP1 gene locus. 

Screening of the RP1 gene showed 4 sequence changes, one novel single base deletion (Table 2) and 3 

reported SNPs. The single base deletion, c.2847delT, co-segregated with the disease phenotype in the 

family and  is predicted to result in a  frameshift at codon 949 leading to premature termination after 

32 amino acid residues (p.Asn949LysfsX32). This change was not observed in any of the 202 control 

chromosomes screened for this deletion by direct sequencing. In the proband, 3 reported SNPs were 
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identified in homozygous form (rs444772, rs414352, rs441800 (c.5175A>G); not shown). Affected 

individuals of this family had symptoms of night blindness beginning in childhood and progressively 

reduced visual acuity. The fundus showed equatorial RPE degeneration, pale disc, arterial narrowing, 

vitreous opacities and macular RPE degeneration (Figure 2B). Visual fields showed a central island of 

vision. This family had a diagnosis of RP with macular degeneration (Table 4).  

 

TULP1 

 

In family RP126 (Figure 1) homozygosity among affected members was detected at 2 gene loci, 

TULP1 and CRB1 and hence both the genes were selected for the mutation screening.  

 

Five homozygous sequence changes were found in the TULP1 gene in the proband RP126/1, 

including one novel missense change and 4 reported SNPs. A single base substitution of c.1199G>A 

was found in exon 12 of the gene, corresponding to a missense change Arg400Gln (Table 2). This 

change co-segregated with the disease phenotype and was absent in 109 normal control individuals 

screened using restriction enzyme Eco57I. As shown in Figure 3, Arg400 is highly evolutionarily 

conserved, suggesting that the alteration in this residue would be pathogenic. SIFT analysis of this 

substitution predicts this change to be possibly damaging to the protein (SIFT score-0.00).  Four 

reported SNPs (rs7764472, rs58984224, rs2064317, rs2064318; data not shown) identified in this gene, 

were also homozygous in the proband.  
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  Two affected individuals in this family showed initial symptoms of night blindness in 

childhood, followed by progressively reduced vision. Fundus showed diffuse RPE degeneration, 

pigment migration, arterial narrowing with prominent macular degeneration and optic disc pallor 

(Figure 2C, Table 4). The affected individuals had a diagnosis of advanced RP. 

 

  

RLBP1 

 

In family RP169 (Figure 1), homozygosity was detected at the RLBP1 gene locus. Screening of the 

proband RP169/3 for mutations in the RLBP1 gene showed a novel homozygous substitution in exon 6 

(c.451C>T; Table 2), which predicts a missense change Arg151Trp. This change co-segregated with 

the disease phenotype in RP169. 108 control individuals were tested for the presence of this change by 

restriction digestion of PCR-amplified product of exon 6 with restriction enzyme Hpy188III.   None of 

the control chromosomes were positive for the change.  The Arg151 residue is conserved among 

different species (Figure 4) suggesting that it is essential for protein function. The SIFT score for this 

change was 0.00 predicting it to be deleterious to the protein.   

 

The affected individuals of this family presented to us at age 16 and 12 years (Table 4). In both 

the individuals night blindness began in childhood. The fundus showed diffuse RPE degeneration, 

pigment migration, and arterial narrowing with macular sparing (Figure 2D). These individuals had a 

visual acuity of 20/50 in both eyes. A diagnosis of RP was made in these individuals.  
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ABCA4 

 

Genotyping at the 23 candidate gene loci in family RP213 (Figure 1) indicated homozygosity at the 

ABCA4 gene locus.  Screening of the ABCA4 gene revealed 7 homozygous sequence changes in the 

proband. One novel nonsense mutation Tyr665X (c.1995C>A; Table 2) co-segregated with the disease 

phenotype in family RP213. The Tyr665X change was absent in 101 control individuals (202 

chromosomes). This change leads to premature truncation of the ABCA4 protein and is predicted to 

result in complete loss of 2 ATP binding domains, partial loss of 1st and 2nd transmembrane domains.7  

Among the other variants found in ABCA4, one novel missense change Met1419Thr (c.4256T>C) was 

found (Table 3) that leads to abolition of one of the restriction sites for NlaIII in the 229 bp PCR 

product of exon 29 of ABCA4.  105 normal controls were screened for this change by digestion with 

NlaIII. Five of 105 control individuals (4.8%) were heterozygous for Met1419Thr suggesting that it is 

a polymorphic variant. Mutiple sequence alignment of ABCA4 proteins showed that this residue is not 

conserved among different species (not shown). SIFT analysis yielded a score of 0.16 for this 

substitution interpreting it to be tolerated. Other homozygous sequence changes identified were 

reported SNPs (rs4847281, rs547806, rs55860151, rs1801359 and rs17110761; data not shown).  

 

Affected individuals of family RP213 showed onset of visual loss at 9 and 11 years of age. The 

fundus showed equatorial RPE degeneration, pale disc, arterial narrowing and a large patch of macular 

atrophy (Figure 2E). ERG was extinguished for rods and severely reduced for cones. These patients 

had a diagnosis of RP with atrophic maculopathy (Table 4). 
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Changes identified at the remaining loci selected for homozygosity:  

 

Five additional loci listed in Table 1 at which homozygosity was found (PDE6B, CRB1, CNCG1, RGR 

and NRL) showed no pathogenic changes upon sequencing. Non-pathogenic variants or changes of 

unknown significance found in these 5 genes are discussed below.  

  

Affected members of RP126 also showed homozygosity at the CRB1 locus (Table 1). 

Screening of the CRB1 gene in the proband RP126/1 (Figure 1) showed 3 homozygous sequence 

changes- one novel synonymous change, Arg905Arg (c.2715G>A; Table 3)  and 2 reported SNPs 

(rs58879207, rs3902057; not shown).   

 

The PDE6B gene locus showed homozygosity in family RP119 (Table 1). Screening of the 

PDE6B gene in the proband showed 3 homozygous sequence changes and 1 heterozygous change. A 

novel homozygous sequence change in intron 17, c.2130-15G>A, co-segregated with the disease 

phenotype and was absent in 108 normal controls. However, the splice site prediction programme 

(www.fruitfly.org/seq-tools/splice.html) suggests the change to be likely non-pathogenic, as the 

introduction of the sequence variant changes the accepter site prediction score from 0.90 to 0.89. In 

addition, no splice site was predicted to be created as a result of the mutation by the splice site 

prediction tools. Other changes in PDE6B were found in the proband including 2 reported SNPs 

(rs10902758, rs28675771; not shown), both homozygous and a novel heterozygous intronic change, 

c.1401+31C>A (Table 3).  
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Screening of the CNCG1 gene in family RP200 (Table 1) revealed 3 reported SNPs (rs1972883 

(homozygous), rs6819506 (homozygous), rs59800634 (heterozygous)). The CRB1 gene was 

homozygous in family RP160. 2 known SNPs (rs12042179, rs3902057) were found in homozygous 

form in the proband.  Screening of the the RGR gene was carried out in 2 families- RP160, and RP184 

(Table 1). Changes detected in the proband from RP160 included the reported SNPs (rs2279227, 

rs1042454, rs61730895, rs3526) in homozygous form and 1 novel heterozygous synonymous change 

(c.123C>T, p.Phe41Phe, Table 3). In family RP184 a novel homozygous intronic change (c.760-

38C>T, Table 3) was observed in the RGR gene, which did not co-segregate with disease in the family. 

In family RP153, screening of the NRL gene showed no detectable sequence changes.  
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Discussion: 

 

The high degree of genetic heterogeneity in ARRP makes genetic screening and gene identification 

rather expensive and time-consuming. The use of homozygosity to detect disease gene loci for ARRP 

enables a relatively rapid screen of a large number of loci and is particularly useful in analysis of 

consanguineous families in which regions of several centimorgans adjacent to the disease gene are 

expected to be homozygous by descent.8  This approach is well suited to screening, consanguineous 

ARRP families as in this study. Gene identification in families with ARRP has been carried out by 

homozygosity screening both in screens of pre-existing/candidate gene loci 9, 10 as well as genome-

wide screening.11  A screen of 23 loci in the present study identified putative pathogenic alterations in 

5 different genes in 5/34 families (~15%). 2 frameshift, 2 missense, 1 nonsense and 1 intronic sequence 

changes were detected, of which 5 are not reported previously.   

 

Three of the mutations we identified are of probable severe consequence since they encode 

prematurely truncated proteins. Two are single base deletions -c.1060delA in the RPE65 gene expected 

to result in frameshift at codon 356 with premature truncation at codon 371 (p.Asn356MetfsX16) and 

c.2847delT in the RP1 gene, predicting frameshift at codon 949 and premature termination after 32 

amino acids (p.Asn949LysfsX32). Mutations in RP1 known so far to cause ARRP are 1 missense, 2 

insertions and 2 deletions reported in 2 different studies involving families of Pakistani origin.12, 13  

The phenotype of patients in the present study is comparable with those reported in the Pakistani 

families, with typical fundus changes including disc pallor and vascular attenuation and an onset of 

disease in childhood. We also noted the presence of macular degeneration in family RP170 while 

Khaliq et al 12 described “macular stippling”.  A third mutation encoding premature termination is a 
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novel nonsense mutation Tyr665X in the ABCA4 gene in family RP213, which is likely to be 

functionally null or lead to instability of the mRNA or protein due to a premature nonsense codon.  

The associated phenotype of severe, early-onset disease with early signs of maculopathy is part of the 

spectrum of phenotypes resulting from ‘severe’ mutations in ABCA4.14, 15   

 

Two missense changes that we identified in 2 families were Arg400Gln (c.1199G>A) in the 

TULP1 gene and Arg151Trp (c.451C>T) in the RLBP1 gene.  The high degree of conservation of 

residues involved in the two cases (Figures 3 & 4), the predicted SIFT scores of 0.00, as well as the 

nature of the substitutions both of which replace a charged amino acid for a neutral one, argue in favor 

of their pathogenicity. Codon Arg400 is located in the highly conserved C-terminal ‘tubby’ domain of 

the TULP1 protein 16 in which mutations reported so far in TULP1 are also located. The Arg400 

residue is conserved among TUB, TULP1, TULP3, Drosophila king tubby and C. elegans tub-1. 17 The 

same residue has been previously described to have the mutation R400W. 18 The phenotype observed 

in this family (Table 3; Figure 2) is one of severe, early-onset RP with one of the affected siblings 

having nystagmus.  These features are similar to those described earlier for patients with TULP1 

mutations.19, 20 A notable feature is the presence of maculopathy in the patients in our study as well as 

those described by Lewis and co-workers. 19 The Arg151Trp mutation in RLBP1 in our study involves 

the same residue as a previously reported mutation Arg151Gln 21 shown to have decreased ability to 

bind 11-cis retinal.  

 

The novel intronic change in the PDE6B (c.2130-15G>A) gene in family RP119 was absent in 

at least 100 normal controls and co-segregated with disease in family RP119. Analysis of this sequence 

change by means of splice site prediction software did not predict any adverse effect of the change. 
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One possibility that could still be considered is that the G>A change at this site is unfavorable due to 

creation of the AG dinucleotide in the vicinity of the authentic splice acceptor. It has been suggested 

that AG dinucleotides are not found to occur within 15 bp upstream of position –4 of the intron,22 

possibly to ensure specificity of spice site selection. . Hence, further investigations are required to 

confirm the pathogenic/benign nature of this change. Although the PDE6B gene locus was selected for 

further analysis based on homozygosity among affected members of family RP119, the presence of a 

heterozygous sequence change (c.1401+31C>A) suggests that this locus is unlikely to be homozygous 

by descent. It is also possible that the heterozygous c.1401+31C>A change arose as a more recent 

mutation of one of the ancestral alleles.  

 

RP is an important cause of blindness in Southern India with a prevalence of 1 in 1000 in the 

state of Andhra Pradesh.23 Few studies on the genetics of RP have been reported in this region.24-26 

Investigation into the genes underlying RP is potentially useful in designing genetic testing and 

counseling for patients. Our study revealed novel causes of disease in Indian ARRP families, detecting 

mutations in RPE65, RP1, TULP1, RLBP1 and ABCA4 genes, revealing mutations in about 15% (5/34) 

of ARRP families in the loci tested. Furthermore, this study paves the way to screen larger cohorts of 

RP patients or families using the same methods in combination with genome-wide screening and/or 

mapping to identify disease genes in all families.  
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Table 1:  Details of families with autosomal recessive RP and loci showing homozygosity. 

  
 

Chromosomal 

location 

 

Gene 

 

Family Informative markers 

Distance 

of the furthest 

marker 

from the gene 

(Mb) 

1p31 RPE65 RP205 D1S2829, D1S1162 0.6 

1q31-q32.1 
 

CRB1 
 

RP126, 
RP160 

D1S1726, D1S373, 
D1S1181, D1S2853, 

D1S2622 
2.8 

1p22.1-p21 ABCA4 RP213 
D1S236, D1S1170, 

D1S188 
1.9 

4p16.3 PDE6B RP119 
D4S3038, D4S412, 
D4S432, D4S2936, 
D4S3023, D4S2285 

4.5 

4p12-cen CNCG1 RP200 
D4S405, D4S174, 

D4S2996, D4S2971 
7.5 

6p21.3 TULP1 RP126 
D6S1568, D6S1629, 
D6S1583, D6S273 

3.7 

8q11-q13 RP1 RP170 
D8S285, D8S1718, 

D8S1696 
8.3 

10q23 
 

RGR 
 

RP160, 
RP184 

D10S1753, 
D10S1744, 

D10S1755, D10S1765  
6.3 

 
14q11.1-q11. 2 

NRL RP153 D14S1042, D14S990 4.7 

15q26 RLBP1 RP169 
D15S972, D15S1046, 
D15S111, D15S963, 

D15S202 
3.8 

 
Families and the gene loci are shown with corresponding markers at which homozygosity was 

identified with the distance of the furthest marker from the gene. 
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Table 2: Putative pathogenic changes found in autosomal recessive RP. 
 
 

Family Gene Location 
Mutation 

cDNA, protein 
Consequence 

Reported/ 

Novel 

Restriction 

site 

change, if 

any 

RP205 RPE65 Exon 10 
c.1060delA, 
p.Asn356fs 

Frameshift 
Reported 
(Marlhens 

et al., 1997) 
None 

RP170 RP1 Exon 4 
c.2847delT, 
p.Asn949fs 

Frameshift Novel None 

RP126 TULP1 Exon 12 
c.1199G>A, 
p.Arg400Gln 

Missense Novel Eco57I+ 

RP169 RLBP1 Exon 6 
c.451C>T, 

p.Arg151Trp 
Missense Novel Hpy188III - 

RP213 ABCA4 Exon 14 
c.1995C>A, 
p.Tyr665X 

Nonsense Novel None 

 
Pathogenic sequence changes identified. ‘+’ denotes gain of restriction site, ‘ –’ denotes loss of 

restriction site. Numbering is with respect to first base of ATG. Sequences referred to above have the 

following Ensembl Transcript Ids: RPE65- ENST00000262340, RP1- ENST00000220676, TULP1- 

ENST00000229771, RLBP1- ENST00000268125, ABCA4- ENST00000370225. 
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Table 3.  Novel changes of unknown significance identified in families with autosomal recessive RP. 
 
 
 

Family Gene Location Change in cDNA, protein 

RP126 CRB1 Exon 8 c.2715G>A, p.Arg905Arg 
RP213 ABCA4 Exon 29 c.4256T>C, p.Met1419Thr 
RP119 PDE6B IVS 10 c.1401+31C>A 
RP119 PDE6B Intron 17 c.2130-15G>A 
RP160 RGR Exon 2 c.123C>T, p.Phe41Phe 
RP184 RGR Intron 6 c.760-38C>T 
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Table 4: Clinical features of affected individuals from families with autosomal recessive RP  
 
 

Family/ 
Gene 
mutation 

Patient 
Age at 
presenta-
tion 

Age of 
onset 

Initial 
symptoms 

Fundus appearance Visual acuity ERG Diagnosis 

IV:1 7 yrs 1 yr 
20/60 OD; 
20/50 OS 

Extinguished 

RP205/ 
RPE65  

IV:2 5 yrs 1 yr 

Night 
blindness 
 

Arterial narrowing; widespread 
white dots in periphery due to 
RPE atrophy  
 Teller Acuity: 

20/63 OU 
ND 

Early onset RP 
 

II:1 19 yrs 
NA, 
Childhood 

OD 20/60; OS- 
counting 
fingers at 1 
meter 

ND 

RP170/ 
RP1 

II:2 17 yrs 5 yrs 

Night 
blindness, 
reduced 
vision 
 

Equatorial & macular RPE 
degeneration, pale disc, arterial 
narrowing; vitreous opacities  
 

20/50 OU ND 

RP with 
macular 
degeneration 
 

 IV:1 22 yrs 
NA, 
Childhood 

Night 
blindness, 
reduced 
vision 

20/200 OD; 
20/200 OS 

Extinguished 

RP126/ 
TULP1 

 IV:2 19 yrs 
NA, 
Childhood 

Night 
blindness, 
reduced 
vision; 
Nystagmus 

RPE degeneration, pigment 
migration, arterial narrowing with 
prominent macular degeneration; 
optic disc pallor 
 20/400 OD; 

20/600 OS 
Extinguished 

Advanced RP 
 

IV:3 16 yrs 
NA, 
childhood 

20/50 OU ND 

RP169/ 
RLBP1 

IV:5 12 yrs 
NA, 
childhood 

Night 
blindness, 
progressive 
loss of 
vision 
 

 
RPE degeneration, pigment 
migration, arterial narrowing with 
macular sparing; discs normal, 
peripheral visual field constriction 20/50 OU ND 

Typical RP 
 

Page 22 of 27IOVS



 
23 

IV:4 19 yrs 11 20/200 OU 
Rod-cone 

pattern  

RP213/ 
ABCA4 

IV:3 21 yrs 13 

Progressive 
visual loss 

 

Equatorial RPE degeneration, 
pale disc, arterial narrowing; 
vitreous opacities and large 

patch of macular atrophy 
 

20/200 OU 
Rod-cone 

pattern 

RP with 
atrophic 

maculopathy 
 

 
RPE- retinal pigment epithelium; OD-right eye; OS- left eye; OU- both eyes; ERG- electroretinogram; NA- not available; ND- not 
done. 
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Figure 1. Pedigrees of families with autosomal recessive retinits pigmentosa in which pathogenic 
changes were identified. 
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Figure 2. Representative fundus photographs of affected individuals of families with autosomal 

recessive retinitis pigmentosa. (A) family RP205, (B) family RP170, (C) family 126, (D) family 169, 

(E) family RP213.  
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Figure 3. Multiple sequence alignment of TULP1 proteins from different species. Arginine residue at 

position 400, which is the site of mutation, is boxed. 
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Figure 4. Multiple sequence alignment of the RLBP1 protein sequence in different species. Arginine 

residue undergoing mutation, at position 151 is boxed. 
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