
Department of Zoology and Cell Biology Faculty of Science 
József Attila University

Summary of Ph.D. Thesis

%
. /У a
; SZEGED S\- 4*

Studies on the Genetics of Retinitis Pigmentosa

by

Marian Humphries

Szeged
1999



Introduction
Humphries MM, Nagayoshi T, Sheils D, Humphries P and Uitto J (1990). 
Human Nidogen Gene: Identification of multiple RFLPs and exclusion as 
candidate gene in a family with Epidermolysis Bullosa (EBS2) with evidence 
for linkage to chromosome 1. J Inv Dermat, 95 (3), 568-570.

Retinitis pigmentosa (RP) is an heritable degenerative disease of the 

retina (retinopathy) in which the photoreceptors gradually die. Patients initially 

experience night blindness owing to the early loss of rod cells, a symptom 

usually followed by the development of tunnel vision and eventually, in many 

cases, total blindness as the cone photoreceptors subsequently degenerate. 

RP occurs with an approximate frequency of 1:3000 and a prevalence, world

wide of approximately 1.5 million. The condition is incurable, and hence a first 

step towards the development of therapies is the determination of the cause 

of the disease. Ten years ago we knew that at least two genes would turn out 

to be implicated in disease etiology since the condition was known to be 

inherited either in an autosomal dominant, autosomal recessive or X-linked 

mode. Two large pedigrees were initially available to us, one of Irish and the 

other of American origin, which were, in principle, sufficiently large to enable 

the genes involved to be localised by genetic linkage analysis. We covered at 

least 60% of the genome in the search for this gene, the location of which was 
eventually established in 1989. The marker in question, C17 (D3S47), which 

was located on the long arm of chromosome 3, со-segregated with the 

disease locus in this family at zero recombination and with a Lod score of 

13.7, which was at that time and probably remains to this day, the largest 

single Lod score ever reported as a result of genetic linkage studies in a 

single family. As an immediate consequence of this study we were able to 

establish the existence of genetic heterogeneity in autosomal dominant 

retinitis pigmentosa: there was no evidence for linkage on chromosome 3 in 

another large family of Irish origin that had become available to us. The gene 

in that family was localized to the short arm of chromosome 6. Also in 1991 

the gene in the original American family was eventually localized in the 

pericentric region of chromosome 8 by Dr. Stephen Daiger and colleagues.

Humphries MM, Sheils DM, Jordan SA, Farrar GJ, Kumar-Singh R and 
Humphries P (1992). Alu polymorphism in the human type I Keratin (KRT14) 
gene. Human Mol Genet, 1 (6), 453.

Humphries MM, Sheils D, Young M, Farrar GJ and Humphries P (1992). 
Genetic-linkage analysis in a pedigree with autosomal dominant simplex 
Epidermolysis Bulloaa. J Invest Dermat, 98 (3), 397.

Humphries MM, Sheils DM, Farrar GJ, Kumar-Singh R, Kenna P, Mansergh 
FC, Jordan SA, Young M and Humphries P (1993). A mutation (Met->Arg) in 
the type I Keratin (K14) gene responsible for autosomal dominant 
Epidermolysis Bullosa Simplex. Human Mutation, 2, 37-42.

Humphries MM, Mansergh FC, Kiang A-C, Jordan SA, Sheils DM, Martin MJ, 
Farrar GJ, Kenna PF, Young M and Humphries P (1996). Three Keratin gene 
mutations account for the majority of dominant simplex Epidermolysis Bullosa 
cases within the population of Ireland. Human Mutation, 8, 57-63.

Humphries P, Barton D, McKay AM, Humphries MM and Carritt В (1983). 
Isolation of a polymorphic DNA segment unique to human chromosome 7 by 
molecular cloning of hybrid cell DNA. Mol Gen Genet, 190,143-149.

Humphries P, MacCabe AP, Spencer RA, Humphries MM and Pearson C 
(1985). Structural and transcriptional properties associated with a member of 
a new family of conserved short dispersed repeated elements in human DNA. 
Gene, 39, 255-261.

Humphries P, Russell SHE, McWilliam P, McQuaid S, Pearson C and 
Humphries MM (1987). Observations on the structure of two human 7SK 
pseudogenes and on homologous transcripts in vertebrate species. Biochem 
J, 245, 281-284
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Genomics, 14 (3), 805-807.Since those early days many genes have been localized as a result either of 

genetic linkage studies in families with RP and related retinal dystrophies, or 

by direct mutation screening of potential candidate genes in affected cases.

In total, 35 genes have now been isolated and characterized.

In respect to the chromosome 3 study, the gene encoding Rhodopsin, the 

light sensitive pigment of the rod photoreceptors turned out to map within the 
disease interval. From the published sequence of the rhodopsin gene we 

found a microsatellite which could be amplified by polymerase chain reaction 

(PCR). Again this genetic marker со-segregated with the disease locus at 

zero recombination, providing a very strong indication that the rhodopsin gene 

was probably implicated in disease etiology. To date up to 100 mutations 

have been encountered within the rhodopsin gene, mostly in cases of adRP 

although some have also been found in autosomal recessive RP and in 

congenital night blindness.

Chapter two of the thesis describes a systematic genetic linkage study on 

our two largest pedigrees which is typical of the work undertaken over the 

period from 1985 to 1989 which eventually resulted in the localization of the 

first autosomal dominant RP gene. This was the first investigation we 

undertook in attempts to cover entire chromosomes in the search for the 

disease causing gene and these data have never been reported as part of a 

PhD thesis.

The generation of a mouse model carrying a targeted disruption of the 

rhodopsin gene, was undertaken for two reasons. The first is historical. As 

described above the rhodopsin gene was the first to be implicated in the 

cause of RP in man. The protein constitutes the major component of the rod 

photoreceptors. Clearly it would be of immense intrinsic interest to ask the 

fundamental question - what is the functional and histological consequence to 

the rod cells of losing their major protein component? Secondly, a mouse 

model for RP based on a targeted disruption of the rhodopsin gene would

Jordan SA, Farrar GJ, Kenna P, Humphries MM, Sheils DM, Kumar-Singh 
R, Sharp EM, Soriano N, Ayuso C, Benitez J and Humphries P (1993). 
Localization of an autosomal dominant retinitis pigmentosa gene to 
chromosome 7q. Nature Genetics, 4, 54-57.

Farrar GJ, Jordan SA, Kumar-Singh R, Inglehearn CF, Gal A, Greggory C, Al- 
Maghtheh M, Kenna P, Humphries MM, Sharp EM, Sheils DM, Bunge S, 
Hargrave PA, Denton M, Schwinger E, Bhattacharya SS and Humphries P 
(1993). Extensive genetic Heterogeneity in Autosomal Dominant Retinitis 
Pigmentosa. Retinal Degeneration. Edited by JG Hollyfield et al. Plenum 
Press, New York.

Mansergh FD, Kenna P, Rudolph G, MeitingerT, Farrar GJ, Kumar-Singh R, 
Scorer J, Hally AM, Mynett-Johnson L, Humphries MM, Kiang S and 
Humphries P (1995). Evidence for genetic heterogeneity in Best's vitelliform 
macular dystrophy. J Med Genet, 32, 855-858.

Farrar GJ, Kenna PF, Mansergh F, Erven ASW, Humphries MM, Kennedy S, 
Sieving P, Bush R, Gulya К and Humphries P (1997). Progress in genetic 
linkage for Retinitis Pigmentosa and gene delivery to ocular tissues. J Invest 
Ophthal & Vis Sei, 36 (4), S1045.

al-Jandal N, Farrar GJ, Kiang А-S, Humphries MM, Bannon N, Findlay JBC, 
Humphries P and Kenna P (1998). A Novel Mutation within the Rhodopsin 
Gene (Thr-94-lle) Causing Autosomal Dominant Congenital Stationary Night 
Blindness. Human Mutation, 13 (1), 75-81.

Mansergh FC, Millington-Ward S, Kennan A, Kiang А-S, Humphries MM, 
Farrar GJ, Humphries P and Kenna P (1999). Retinitis Pigmentosa and 
Progressive Sensorineural Hearing Loss Caused by a C12258A Mutation in 
the Mitochondrial MTTS2 Gene. Am J Hum Genet, 64, 971-985.

Humphries MM, Sheils D, Lawler M, Farrar GJ, McWilliam P, Kenna P, 
Bradlay DG, Sharp EM, Gaffney EF, Young M, Uitto J and Humphries P 
(1990). Epidermolysis Bullosa: Evidence for linkage to genetic markers on 
chromosome 1 in a family with the autosomal dominant simplex form. 
Genomics, 7, 377-381.
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Farrar GJ, Kenna P, Jordan SA, Kumar-Singh R, Humphries MM, Sharp EM, 
Sheils DM and Humphries P (1991). A three-base-pair deletion in the 
peripherin-flDS gene in one form of retinitis pigmentosa. Nature, 354, 478- 
480.

serve as a useful model for studies on therapeutic gene intervention. The 

major part of this thesis describes the workup of the 

Rho-/- mouse and the histological consequences of breeding these animals 

onto c-fos-/- and pure C57 and 129 genetic backgrounds. These animals will 

undoubtedly be of significant value in the development of genetic therapies for 

this group of diseases.

Farrar GJ, Kenna P, Redmond R, Sheils D, McWilliam P, Humphries MM, 
Sharp EM, Jordan S, Kumar-Singh R and Humphries P. (1991). Autosomal 
Dominant Retinitis Pigmentosa: A Mutation in Codon 179 of the Rhodopsin 
Gene in Two Families of Celtic Origin. Genomics, Vol. 11:1170-1171.

ObjectivesMcWilliam P, Jordan S, Kenna P, Humphries MM, Kumar-Singh R, Sharp EM 
and Humphries P (1991). Progress in the localization of a late-onset adRP 
gene in Retinal Degenerations. (Pbl. CRC Press, Florida, Eds. Hollyfield, 
Anderson and LaVail, p369-373. 1. Report of the chromosome 4 exclusion study in two adRP families, the first 

systematic genetic linkage analysis of an entire chromosome in the search 

for the disease-causing gene.

2. To generate a mouse model for Retinitis Pigmentosa based on the 

targeted disruption of the rhodopsin gene and to explore the effects of a 

number of genetic backgrounds on the disease phenotype.

Jordan SA, McWilliam P, Kenna P, Humphries MM, Kumar-Singh R, Farrar 
GJ and Humphries P (1991). Genetic linkage studies of a late onset 
autosomal dominant Retinitis Pigmentosa family using microsatellites. 
Cytogenet and Cell Genet, 58 (3-4), 2114.

Farrar GJ, McWilliam P, Kenna P, Jordon S, Singh R, Humphries MM, Sharp 
EM, Sheils D, Lawler M and Humphries P (1991). Continued genetic linkage 
studies in autosomal dominant Retinitis Pigmentosa. Am J Hum Genet, 49 
(4), 2-2 Suppl.S.

Experimental Procedures

Techniques employed for the exclusion of an RP locus from extensive 

regions of chromosome 4 involved the use of genetic markers based on two 

allele restriction fragment length polymorphisms (RFLPs), and Southern 

blotting. Two-point and multipoint genetic linkage analyses were carried out 

using the Liped and Linkage programmes.

Construction of the rhodopsin knockout mouse involved the generation of a 

targeting vector carrying neomycin resistance and thymidine kinase genes in 

order to facilitate double selection in mouse embryonic stem cells (ES). 

Histopathological and immunocytochemical were undertaken at this 

laboratory. Electroretinography (ERG) was undertaken by collaborators Drs 

Paul Sieving and Ron Bush at the University of Michigan.

Farrar GJ, Findlay JBC, Kumar-Singh R, Kenna P, Humphries MM, Sharp E 
and Humphries P. (1992). Autosomal dominant Retinitis Pigmentosa: a novel 
mutation in the rhodopsin gene in the original 3q linked family. Human Mol. 
Genet., Vol. 1, No. 9:769-771.

Jordan SA, Farrar GJ, Kumar-Singh R, Kenna P, Humphries MM, Allamand 
V, Sharp EM and Humphries P. (1992). Autosomal Dominant Retinitis 
Pigmentosa (adRP;RP6): Cosegregation of RP6 and the Peripherin-RDS 
Locus in a Late-Onset Family of Irish Origin. (1992). Am. J. Hum. Genet., Vol 
50:634-639.

Farrar GJ, Kenna P, Jordan SA, Kumar-Singh R, Humphries MM, Sharp EM, 
Sheils D and Humphries P. Autosomal dominant Retinitis Pigmentosa - A 
novel mutation at the peripherin/RDS locus in the original 6P-linked pedigree.
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Humphries P (1989). Autosomal dominant retinitis pigmentosa (adRP): 
Localization of an adRP gene to the long arm of chromosome 3. 
Genomics ,5:619-622.

Results and Discussion

Daiger SP, Humphries MM, Giesenschlag N, Sharp E, McWilliam P, Farrar J, 
Bradley D, Kenna P, McConnell DJ, Sparkes RS, Spence MA, Heckenlively 
JR and Humphries P (1989). Linkage analysis of human chromosome 4: 
exclusion of autosomal dominant retinitis pigmentosa (adRP) and detection of 
new linkage groups. Cytogenet Cell Genet, 50,181-187.

The chromosome 4 study (Chapter 2) was the first systematic one that we

embarked upon to cover the genome chromosome by chromosome in two

large families with autosomal dominant RP in the search for a causative gene. Bradley DG, Farrar GJ, Sharp EM, Kenna P, Humphries MM, McConnell DJ, 
Daiger SP, McWilliams P, Humphries P. (1989) Autosomal dominant retinitis 
pigmentosa: exclusion of the gene from the short arm of chromosome 1 
including the region surrounding the rhesus locus. Am. J. Hum. Genet. 
44:570-576 .

We tested 7 DNA markers and 2 classical markers in the two extended

pedigrees.

Figure 1
Farrar GJ, McWilliam P, Bradley DG, Kenna P, Lawler M, Sharp EM, 
Humphries MM, Eiberg H, Conneally PM, Trofatter JA and Humphries P. 
(1990). Autosomal Dominant Retinitis Pigmentosa: Linkage to Rhodopsin and 
Evidence for Genetic Heterogeneity. Genomics, Vol. 8:35-40.

*

Farrar GJ, Kenna P, Redmond R, McWilliam P, Bradley DG, Humphries MM, 
Sharp EM, fishman G, Marchese C, Fusi L, Dufier JL, Abitbol M and 
Humphries P (1990). Autosomal Dominant Retinitis Pigmentosa (RP4): 
Analysis of mutations within the Rhodopsin gene. Degenerative 
Retinopathies: Advances in Clinical and Genetic Research.

Ш1
Pedigree of the Irish adRP family TCD-M. Ages of at-risk individuals are at the 
top right of the pedigree symbol.

Farrar GJ, Kenna P, Redmond R, McWilliam P, Bradley DG, Humphries MM, 
Sharp EM, Inglehearn CF, Bashir R, Jay M, Watty A, Ludwig M, Schinzel A, 
Samanns C, Gal A, Bhattacharya S and Humphries P (1990). Autosomal 
Dominant Retinitis Pigmentosa: Absence of the Rhodopsin Proline->Histidine 
Substitution (codon 23) in Pedigrees from Europe. Am J Hum Genet, 47, 
941-945.

Farrar GJ, Jordan SA, Kenna P, Humphries MM, Kumar-Singh R, McWilliam 
P, Allamand V, Sharp E and Humphries P. (1991). Autosomal Dominant 
Retinitis Pigmentosa: Localization of a Disease Gene (RP6) to the Short Arm 
of Chromosome 6. Genomics, Vol. 11:870-874.
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Heckenlively JR and Humphries P (1989). Linkage analysis of human 
chromosome 4: exclusion of autosomal dominant retinitis pigmentosa (adRP) 
and detection of new linkage groups.

Figure 2

*Humphries MM, Rancourt D, Farrar GJ, Kenna P, Hazel M, Bush RA, Sieving 
PA, Sheils DM, McNally N, Creighton P, Erven A, Boros A, Gulya K, Capecchi 
MR and Humphries P (1997). Retinopathy induced in mice by targeted 
disruption of the rhodopsin gene.

2. Additional publications not used in this thesis:

Humphries MM, Rancourt D, Farrar GJ, Kenna P, Hazel M, Bush RA, Sieving 
PA, Sheils DM, McNally N, Creighton P, Erven A, Boros A, Gulya K, Capecchi 
MR and Humphries P. (1997). Retinopathy induced in mice by targeted 
disruption of the rhodopsin gene. Nature Genetics, 15, 216-219.

Pedigree of the Kentucky adRP family UCLA-RP01. Ages of at-risk, unaffected 
individuals (and ages at death of obligate carriers) are at the top right of the 
pedigree symbol.

News and views article regarding the above in the same edition of Nature 
Genetics, pgs. 116-117.

McNally N, Kenna P, Humphries MM, Hobson AH, Khan NW, Bush RA, 
Sieving PA, Humphries P and Farrar GJ (1999). Structural and functional 
rescue of murine rod photoreceptors by human rhodopsin transgene. Hum 
Mol Genetics, 8, 7, 1309-1312.

Figure 3
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Hobson AH, Donovan MA, Humphries MM, Carmody R, Tuohy G, Cotter T, 
Farrar GJ, Kenna P and Humphries P (1999). Apoptotic death of the 
photoreceptors of the rhodopsin knockout mouse in the presence of c-fos. 
(submitted).
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Bush RA, Humphries P, Humphries MM, Farrar GJ, Kenna P and Sieving P 
(1997). Photoreceptor morphology in rhodopsin knockout mice. Invest 
Ophthal & Vis Sei, 38 (4), 3247.

Toda K, Bush RA, Humphries MM, Farrar GJ, Kenna P, Humphries P and 
Sieving P (1997). ERG of the rhodopsin knockout mouse. Invest Ophthal & 
Vis Sei, 38 (4). 4135/

Southern gel patterns of the seven chromosome 4 RFLPs tested in these 
families (see Table II for details). Probes are: (a) GIE5 (D4S21), (b) 3E5 
(D4S16), (с) B5A (D4S40), (d) K082 (D4S10), (e) GDS5 (D4S23), (f) 4F2 
(D4S18), and (g) B3D (D4S44).

McWilliam P, Farrar GJ, Kenna P, Bradley DG, Humphries MM, Sharp EM, 
McConnell DJ, Lawler M, Sheils D, Ryan C, Stevens C, Daiger SP and
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The results obtained (see Figures 3, 4 and 5 and Tables 1, 2 and 3) excluded knockout mouse. Interestingly, while c-fos7' mice are strongly resistant to light 

induced photoreceptor damage the results of our experiments indicate that 

the peak of apoptosis is similar in Rho7 mice on both a c-fos*,+ or c-fos7 

genetic background. We are currently building transgenic mice expressing 

p35 within photoreceptor cells, and it will be interesting to note the effects on 

the photoreceptors of crossing these mice onto the Rho7' genetic background.

In addition, some evidence is available to suggest that the photoreceptors 

of purebred C57 mice are more resistant to light damage than many other 

strains. We crossed Rho7 mice onto pure C57 and 129 backgrounds over 12 

generations. Preliminary data suggest that the degeneration is slower in C57 

than in 129s. Should the difference be substantial enough there may be a 
possibility of identifying such protective genes.

These are some of the investigations currently being undertaken on the 

Rho7' mouse in the work up of therapeutic approaches. Embryonic stem cells 

carrying a targeted 30 base pair (bp) deletion within exon II of the rhodopsin 

gene have now also been selected. It will be my intention to follow this 

experiment through to the generation of a mouse model, probably manifesting 

a rapid dominant segregation pattern. Such animals should be of substantial 

use in the further work up of ribozyme-based suppression strategies.

In conclusion there is now increasing confidence among the scientific 

community that some forms of genetic intervention may become available for 

management of degenerative retinopathies within the near future. The work in 

this thesis should serve to assist in such endeavours.

linkage of adRP from more than 82% of chromosome 4. In this work-up we

detected four new linkage relationships between the markers used.

Figure 4
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1. This thesis is based on the following publications:
Multipoint location map for adRP v K082 - GIE5. K082 was fixed at 0.0 cM and 
GIE5 at 21 cM. Lod scores are relative to adRP at a distance of - 10.00 cM. 
Dashed line is - 2.00 Lod exclusion limit.

Daiger SP, Humphries MM, Giesenschlag N, Sharp E, McWilliam P, Farrar 
GJ, Bradley D, Kenna P, McConnell DJ, Sparkes RS, Spence MA,
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Figure 6by a rod opsin promoter). Further studies of this sort may well in the next few 

months result in a rescue of the photoreceptor cells from degeneration and a 

partial recovery of the rod electroretinogram. Parallel work is also ongoing in 

order to assess the neuroprotective effect on the photoreceptors of glial 

derived neurotrophic factor (GDNF) delivered systemically (via the tail vein) 

over periods of up to three months. Demonstration of photoreceptor 

protection in these mice would clearly strengthen the “proof of principle”, that 

gene therapy for degenerative retinal diseases is feasible. Chapter 3 of this 

thesis describes the building of the rhodopsin knockout mouse and its 

characterization. The rhodopsin gene was disrupted by targeted integration of 

a neomycin resistance cassette into exon II of the gene. Double selection 

using both neomycin and gancyclovir resulted in the identification of a large 

number of embryonic stem cell lines carrying the null rhodopsin mutation.

The resultant retinopathy is intermediate in severity between that of the Rd 

and Rds mice. During the course of this year other researchers within this 

unit have reported the results of experiments in which Rho+ mice were 

crossed with mice expressing a normal human rhodopsin transgene.

Complete structural and functional rescue of the Rho' retinas was obtained. 

These experiments have now been taken further by introducing a Pro23His 

rod opsin mutation onto the wild type human rod opsin background (these 

animals simultaneously express wild type and mutant human rod opsins on a 
Rho' background). These mice should serve as ideái models in exploring the 

effects of ribozymes targeting human rhodopsin transcripts.

It is interesting to note that while mutations in many genes have been 

encountered in RP a “common pathway of cell death” appears to be 

apoptosis. Much is now known of the genetic factors controlling apoptosis. 

Suppression of c-fos activity, over-expression of bcl-2, or possibly expression 

within the photoreceptors of the p35 baculovirus protective protein may all 

turn out in principle to significantly protect the rod cells of the rhodopsin

ADRP vs Gc-MNS
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Multipoint location map for adRP v GC-MNS. GC was fixed at 0.00 cM and MNS 
at 60 cM. Lod scores are relative to adRP at a distance of-10.00 cM. Dashed 
line is -2.00 Lod exclusion limit.

Table 1

Location Symbol DNA Probe Restriction
Enzyme

Alleles (Kb or 
name)

Frequencies
i

4p16.3 D4SIO K082 Hindi \\ 17-4.9, 17-3.7, 
15-4.9, 15-3.7 
11, 9

0.656, 0.094 
0.219, 0.031 
0.450, 0.550 
0.720, 0.280 
0.220, 0.780 
0.440, 0.560 
0.256. 0.148 
0.596
0.320, 0.680 
0.710, 0.290 
0.259, 0291, 
0.063, 0.387

4pter - p15.1 
4p16.1 -p15.1 
4p16.1-p15.1 
4p 15.1 -q 11 
4q12-q13 
4q11-qter 
4q11-qter 
4q28-q31

D4S21
D4S18
D4S23
D4S16

GIE5 BamH1
8amH1

i

4F2 10, 5
GDS5 Bgi\\ 10, 8
3E5 A4sp1 14,11+2.8 

2, 1f, 1s 
10, 8.5 
16, 5.5
MS, Ms, NS, Ns

GC (Protein)
B3D

N/a
D4S44
D4S40

Psfl
B5A Psfl

MNS (Blood
Group)

n/a

Chromosome 4 markers included in this study
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segregating RP are relatively straightforward. However, prior to the 

development of these technologies only classical markers (e.g. blood groups, 

enzymes etc) and restriction fragment length polymorphisms (RFLPs) were 

available for such studies. An enormous drawback to the use of such 

markers was their lack of information content and the arduous Southern 

blotting approach. Nevertheless during these times remarkable progress was 

made. A milestone in such research was the localization of the first 

autosomal dominant RP gene by this research team in 1989. The first 

systematic linkage study to be undertaken as part of that research was the 

linkage study reported in chapter 2 of this thesis (a study never reported as 

part of a PhD thesis). Nine genetic markers were run in that study, all of 
these being simple two-allele RFLPs. In spite of the tedium of this approach, 

an RP locus was excluded from the bulk of chromosome 4 by analysis of DNA 

from two families, one from Ireland and one from America. It is perhaps ironic 

to note that the gene in the Irish family was subsequently located on an 

adjacent chromosome (chromosome 3).

Apart from an extensive knowledge of genetic etiologies, animal models 

are also an obligatory requirement for the development of genetic therapies. 

As already emphasized, we chose rhodopsin for targeted disruption for 

several reasons. The first was historic in that the chromosome 3 linkage 

turned out to involve the rhodopsin locus. Secondly however, and clearly of 

greater scientific importance was the fact that rhodopsin is the most abundant 

protein of the rod photoreceptors and mutations within the rhodopsin gene 

have been encountered in an appreciable number of cases of RP. The 

generation of the rhodopsin knockout mouse has not been reported as a PhD 

thesis. Already these animals are proving to be of immense value in exploring 

therapeutic approaches. For example work by others at this research unit has 

now resulted in long term and highly efficient adeno-associated viral mediated 

reporter gene expression (green fluorescent protein [GFP] expression driven

ITable 2

Exclusion distance (recombination traction)

Marker
K082

Exclusion
0.16
0.11

Marker Exclusion
0.17
0.08

GC
GIE5 B3D
4F2 B5A0.15 0.14
GDS5 0.06 B3D-B5A haplotype 0.18
3E5 0.04 MNS 0.22
GC 0.15 MNS 0.24

t

Approximate exclusion map (sex-averaged recombination fractions converted to genetic 
distances using Haldane's formula) (Ott, 1985):

GDS5
I

4pter-//-(19)-K082-(21)-GIE5-(12)-//-(18)-4F2-(18)-/...

B3D

./-(4)-3E5-(4)-//-(22)-Gc-(60)-MpS-(29)-//-4qter

B5A
Total genetic distance excluded: 207 cM

Range of exclusion (Lod score of -2.00 or less) and exclusion map for linkage between adRP 
and chromosome 4 markers

Table 3

Marker Lod scores (m=f) I

9 = 0.00 0.100.01 0.20 0.30 0.40
K082-GIE5
4F2-GC
4F2-GDS5
B3D-MNS
B5A-MNS
B3D-B5A

-2.31 1.25 1.48 0.99 0.37
-2.35 1.53 1.221.69 0.54-OO

2.43 2.39 1.99 1.49 0.95 0.42
5.55 5.45 4.40 3.08 1.68 0.46

, 3.45 3.44 2.91 2.06 1.13 0.30
3.07 3.00 2.36 1.57 0.78 0.17

Significant between-marker linkages
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mice than in C57 mice, that is at approximately 49 days as opposed to 21

days respectively (MA Donovan, personal communication), in spite of the fact Linkage studies of the type exemplified in this chapter eventually lead to the

that the retinal degeneration is faster on the 129 background. This raises the localization of adRP genes in each pedigree. These genes mapped on

interesting possibility that genes involved in such modulation of apoptosis chromosomes 3 and 8 in the Irish and American pedigrees respectively and

could in principle be localized by back-crossing the 129 colony onto the C57 provided the initial information necessary to subsequently isolate these genes.

Chapter 3 describes for the first time in a PhD thesis the generation andbackground. Also, since the submission of the main thesis we have obtained

characterization of a mouse carrying a targeted disruption of the rhodopsinextensive transfection of the photoreceptor cells of mice with adeno-

associated viral vectors (AAV) expressing rhodopsin promoter-driven green gene.

Figure 7fluorescent protein (P Kenna and D Allman, personal communication).

Attempts at photoreceptor rescue in the Rho' mice are currently being

attempted using AAV vectors expressing a potentially therapeutic rhodopsin

gene.

Conclusion

The long-term objectives of my research are to contribute to the 
development of methods for the prevention of hereditary retinal diseases, 

particularly retinitis pigmentosa, given that it is the most prevalent mendelian 

retinopathy (the disease affects an estimated 1.5 million individuals world

wide). In order to develop effective therapies detailed knowledge of the 

etiology of RP is obligatory. Today approximately 30 genes involved in the 

molecular pathology of RP have been identified. With the availability of PCR 

and microsatellite markers genetic linkage studies on large families
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Construotion of Rhodopsin gene targeting vector, a, targeting vector; b, Southern 
analysis of ES clones by probe flanking targeting vector, showing diagnostic 
shift-up of Nde 1 restriction fragment, from 6.7 kb (1) to 9.8 kb (2); c, restriction 
map illustrating pol2:neo insertion into exon 2 of the rhodopsin gene, resulting in 
a 3.1 kb Nde 1 shift-up; d, RT PCR analysis of total RNA extracted from ocular 
tissues derived from Rhow*mice (lanes 1 and 2), and Rho*'" and Rho'‘ mice 
(lanes 3 and 4 and 5 and 6 respectively) using primers specific for the rhodopsin 
gene (above) and constitutively expressed gene GAPDH (below). Left most lane, 
/Wsp1 - cut pGEM plasmid DNA marker. The positions of primers within exons 1 
and 2 of the rhodopsin gene are illustrated.

Dark-adapted and light-adapted ERG responses from 13-week-old Rho*'* and 
Rho*'-mice, and from 7-week-old Rho7‘ mouse. ERGs were recorded in a 
Ganzfeld bowl using a silver wire corneal electrode. The stimulus was a 50ms 
pulse of ‘white’ light from a tungsten halogen lamp.

The effects of a number of genetic backgrounds have been explored in

respect to the rates of photoreceptor degeneration in these mice. Notably, the

This work was undertaken for a number of reasons. Firstly, it would be of rate of degeneration is the same in Rho7' mice irrespective of whether or not

»
intrinsic interest to know what the consequences to rod photoreceptors would these animals were bred onto a c-fos7' genetic background. This observation

be as a result of losing their most abundant protein. Secondly, we anticipated was of interest in that c-fos7' mice are highly resistant to light-induced!

that the Rho7'mouse might serve as a very useful model in the development apoptosis of the photoreceptor cells. Interestingly, we found that the rate of

of genetic therapies for RP. Rho7' mice lose all of their photoreceptors by degeneration of the photoreceptors of Rho7 mice was slower on a C57 than

three months of age and have no recordable rod electroretinogram. on a 129 genetic background. Since the submission of the main thesis, we

have observed that the peak phase of apoptosis occurs much later in 129
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mice than in C57 mice, that is at approximately 49 days as opposed to 21

days respectively (MA Donovan, personal communication), in spite of the fact Linkage studies of the type exemplified in this chapter eventually lead to the

that the retinal degeneration is faster on the 129 background. This raises the localization of adRP genes in each pedigree. These genes mapped on

interesting possibility that genes involved in such modulation of apoptosis chromosomes 3 and 8 in the Irish and American pedigrees respectively and

could in principle be localized by back-crossing the 129 colony onto the C57 provided the initial information necessary to subsequently isolate these genes.

Chapter 3 describes for the first time in a PhD thesis the generation andbackground. Also, since the submission of the main thesis we have obtained

characterization of a mouse carrying a targeted disruption of the rhodopsinextensive transfection of the photoreceptor cells of mice with adeno-

associated viral vectors (AAV) expressing rhodopsin promoter-driven green gene.

Figure 7fluorescent protein (P Kenna and D Allman, personal communication).

Attempts at photoreceptor rescue in the Rhov' mice are currently being

attempted using AAV vectors expressing a potentially therapeutic rhodopsin

gene.

Conclusion

The long-term objectives of my research are to contribute to the 
development of methods for the prevention of hereditary retinal diseases, 

particularly retinitis pigmentosa, given that it is the most prevalent mendelian 

retinopathy (the disease affects an estimated 1.5 million individuals world

wide). In order to develop effective therapies detailed knowledge of the 

etiology of RP is obligatory. Today approximately 30 genes involved in the 

molecular pathology of RP have been identified. With the availability of PCR 

and microsatellite markers genetic linkage studies on large families

Founder chimeric Rhodopsin knockout mouse.
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segregating RP are relatively straightforward. However, prior to the 

development of these technologies only classical markers (e.g. blood groups, 

enzymes etc) and restriction fragment length polymorphisms (RFLPs) were 

available for such studies. An enormous drawback to the use of such 

markers was their lack of information content and the arduous Southern 

blotting approach. Nevertheless during these times remarkable progress was 

made. A milestone in such research was the localization of the first 

autosomal dominant RP gene by this research team in 1989. The first 

systematic linkage study to be undertaken as part of that research was the 

linkage study reported in chapter 2 of this thesis (a study never reported as 

part of a PhD thesis). Nine genetic markers were run in that study, all of 
these being simple two-allele RFLPs. In spite of the tedium of this approach, 

an RP locus was excluded from the bulk of chromosome 4 by analysis of DNA 

from two families, one from Ireland and one from America. It is perhaps ironic 

to note that the gene in the Irish family was subsequently located on an 

adjacent chromosome (chromosome 3).

Apart from an extensive knowledge of genetic etiologies, animal models 

are also an obligatory requirement for the development of genetic therapies. 

As already emphasized, we chose rhodopsin for targeted disruption for 

several reasons. The first was historic in that the chromosome 3 linkage 

turned out to involve the rhodopsin locus. Secondly however, and clearly of 

greater scientific importance was the fact that rhodopsin is the most abundant 

protein of the rod photoreceptors and mutations within the rhodopsin gene 

have been encountered in an appreciable number of cases of RP. The 

generation of the rhodopsin knockout mouse has not been reported as a PhD 

thesis. Already these animals are proving to be of immense value in exploring 

therapeutic approaches. For example work by others at this research unit has 

now resulted in long term and highly efficient adeno-associated viral mediated 

reporter gene expression (green fluorescent protein [GFP] expression driven

ITable 2

Exclusion distance (recombination traction)

Marker
K082

Exclusion
0.16
0.11

Marker Exclusion
0.17
0.08

GC
GIE5 B3D
4F2 B5A0.15 0.14
GDS5 0.06 B3D-B5A haplotype 0.18
3E5 0.04 MNS 0.22
GC 0.15 MNS 0.24

t

Approximate exclusion map (sex-averaged recombination fractions converted to genetic 
distances using Haldane's formula) (Ott, 1985):

GDS5
I

4pter-//-(19)-K082-(21)-GIE5-(12)-//-(18)-4F2-(18)-/...

B3D

./-(4)-3E5-(4)-//-(22)-Gc-(60)-MpS-(29)-//-4qter

B5A
Total genetic distance excluded: 207 cM

Range of exclusion (Lod score of -2.00 or less) and exclusion map for linkage between adRP 
and chromosome 4 markers

Table 3

Marker Lod scores (m=f) I

9 = 0.00 0.100.01 0.20 0.30 0.40
K082-GIE5
4F2-GC
4F2-GDS5
B3D-MNS
B5A-MNS
B3D-B5A

-2.31 1.25 1.48 0.99 0.37
-2.35 1.53 1.221.69 0.54-OO

2.43 2.39 1.99 1.49 0.95 0.42
5.55 5.45 4.40 3.08 1.68 0.46

, 3.45 3.44 2.91 2.06 1.13 0.30
3.07 3.00 2.36 1.57 0.78 0.17

Significant between-marker linkages
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Figure 6by a rod opsin promoter). Further studies of this sort may well in the next few 

months result in a rescue of the photoreceptor cells from degeneration and a 

partial recovery of the rod electroretinogram. Parallel work is also ongoing in 

order to assess the neuroprotective effect on the photoreceptors of glial 

derived neurotrophic factor (GDNF) delivered systemically (via the tail vein) 

over periods of up to three months. Demonstration of photoreceptor 

protection in these mice would clearly strengthen the “proof of principle”, that 

gene therapy for degenerative retinal diseases is feasible. Chapter 3 of this 

thesis describes the building of the rhodopsin knockout mouse and its 

characterization. The rhodopsin gene was disrupted by targeted integration of 

a neomycin resistance cassette into exon II of the gene. Double selection 

using both neomycin and gancyclovir resulted in the identification of a large 

number of embryonic stem cell lines carrying the null rhodopsin mutation.

The resultant retinopathy is intermediate in severity between that of the Rd 

and Rds mice. During the course of this year other researchers within this 

unit have reported the results of experiments in which Rho+ mice were 

crossed with mice expressing a normal human rhodopsin transgene.

Complete structural and functional rescue of the Rho' retinas was obtained. 

These experiments have now been taken further by introducing a Pro23His 

rod opsin mutation onto the wild type human rod opsin background (these 

animals simultaneously express wild type and mutant human rod opsins on a 
Rho' background). These mice should serve as ideái models in exploring the 

effects of ribozymes targeting human rhodopsin transcripts.

It is interesting to note that while mutations in many genes have been 

encountered in RP a “common pathway of cell death” appears to be 

apoptosis. Much is now known of the genetic factors controlling apoptosis. 

Suppression of c-fos activity, over-expression of bcl-2, or possibly expression 

within the photoreceptors of the p35 baculovirus protective protein may all 

turn out in principle to significantly protect the rod cells of the rhodopsin

ADRP vs Gc-MNS

O.C
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1- 100
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-25.0
liö.300.0 r 9 0

certiWorgarts

Multipoint location map for adRP v GC-MNS. GC was fixed at 0.00 cM and MNS 
at 60 cM. Lod scores are relative to adRP at a distance of-10.00 cM. Dashed 
line is -2.00 Lod exclusion limit.

Table 1

Location Symbol DNA Probe Restriction
Enzyme

Alleles (Kb or 
name)

Frequencies
i

4p16.3 D4SIO K082 Hindi \\ 17-4.9, 17-3.7, 
15-4.9, 15-3.7 
11, 9

0.656, 0.094 
0.219, 0.031 
0.450, 0.550 
0.720, 0.280 
0.220, 0.780 
0.440, 0.560 
0.256. 0.148 
0.596
0.320, 0.680 
0.710, 0.290 
0.259, 0291, 
0.063, 0.387

4pter - p15.1 
4p16.1 -p15.1 
4p16.1-p15.1 
4p 15.1 -q 11 
4q12-q13 
4q11-qter 
4q11-qter 
4q28-q31

D4S21
D4S18
D4S23
D4S16

GIE5 BamH1
8amH1

i

4F2 10, 5
GDS5 Bgi\\ 10, 8
3E5 A4sp1 14,11+2.8 

2, 1f, 1s 
10, 8.5 
16, 5.5
MS, Ms, NS, Ns

GC (Protein)
B3D

N/a
D4S44
D4S40

Psfl
B5A Psfl

MNS (Blood
Group)

n/a

Chromosome 4 markers included in this study
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The results obtained (see Figures 3, 4 and 5 and Tables 1,2 and 3) excluded knockout mouse. Interestingly, while c-fos+ mice are strongly resistant to light 

induced photoreceptor damage the results of our experiments indicate that 

the peak of apoptosis is similar in Rhov' mice on both a c-fos+/+ or c-fos '- 

genetic background. We are currently building transgenic mice expressing 
p35 within photoreceptor cells, and it will be interesting to note the effects on 

the photoreceptors of crossing these mice onto the Rho'" genetic background.

In addition, some evidence is available to suggest that the photoreceptors 

of purebred C57 mice are more resistant to light damage than many other 

strains. We crossed Rhov‘ mice onto pure C57 and 129 backgrounds over 12 

generations. Preliminary data suggest that the degeneration is slower in C57 

than in 129s. Should the difference be substantial enough there may be a 
possibility of identifying such protective genes.

These are some of the investigations currently being undertaken on the 

Rhov mouse in the work up of therapeutic approaches. Embryonic stem cells 

carrying a targeted 30 base pair (bp) deletion within exon II of the rhodopsin 

gene have now also been selected. It will be my intention to follow this 

experiment through to the generation of a mouse model, probably manifesting 

a rapid dominant segregation pattern. Such animals should be of substantial 

use in the further work up of ribozyme-based suppression strategies.

In conclusion there is now increasing confidence among the scientific 

community that some forms of genetic intervention may become available for 

management of degenerative retinopathies within the near future. The work in 

this thesis should sen/e to assist in such endeavours.

linkage of adRP from more than 82% of chromosome 4. In this work-up we

detected four new linkage relationships between the markers used.
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1. This thesis is based on the following publications:
Multipoint location map for adRP v K082 - GIE5. K082 was fixed at 0.0 cM and 
GIE5 at 21 cM. Lod scores are relative to adRP at a distance of - 10.00 cM. 
Dashed line is - 2.00 Lod exclusion limit.

Daiger SP, Humphries MM, Giesenschlag N, Sharp E, McWilliam P, Farrar 
GJ, Bradley D, Kenna P, McConnell DJ, Sparkes RS, Spence MA,

156



Heckenlively JR and Humphries P (1989). Linkage analysis of human 
chromosome 4: exclusion of autosomal dominant retinitis pigmentosa (adRP) 
and detection of new linkage groups.

Figure 2

THumphries MM, Rancourt D, Farrar GJ, Kenna P, Hazel M, Bush RA, Sieving 
PA, Sheils DM, McNally N, Creighton P, Erven A, Boros A, Gulya K, Capecchi 
MR and Humphries P (1997). Retinopathy induced in mice by targeted 
disruption of the rhodopsin gene. •-•G *jO :v

cAí'-céjC i

2. Additional publications not used in this thesis: VJ.

Humphries MM, Rancourt D, Farrar GJ, Kenna P, Hazel M, Bush RA, Sieving 
PA, Sheils DM, McNally N, Creighton P, Erven A, Boros A, Gulya K, Capecchi 
MR and Humphries P. (1997). Retinopathy induced in mice by targeted 
disruption of the rhodopsin gene. Nature Genetics, 15, 216-219.

Pedigree of the Kentucky adRP family UCLA-RP01. Ages of at-risk, unaffected 
individuals (and ages at death of obligate carriers) are at the top right of the 
pedigree symbol.

News and views article regarding the above in the same edition of Nature 
Genetics, pgs. 116-117.

McNally N, Kenna P, Humphries MM, Hobson AH, Khan NW, Bush RA, 
Sieving PA, Humphries P and Farrar GJ (1999). Structural and functional 
rescue of murine rod photoreceptors by human rhodopsin transgene. Hum 
Mol Genetics, 8, 7, 1309-1312.

Figure 3

b
Sí **Hobson AH, Donovan MA, Humphries MM, Carmody R, Tuohy G, Cotter T, 

Farrar GJ, Kenna P and Humphries P (1999). Apoptotic death of the 
photoreceptors of the rhodopsin knockout mouse in the presence of c-fos.
(submitted).
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Bush RA, Humphries P, Humphries MM, Farrar GJ, Kenna P and Sieving P 
(1997). Photoreceptor morphology in rhodopsin knockout mice. Invest 
Ophthal & Vis Sei, 38 (4), 3247.

Toda K, Bush RA, Humphries MM, Farrar GJ, Kenna P, Humphries P and 
Sieving P (1997). ERG of the rhodopsin knockout mouse. Invest Ophthal & 
Vis Sei, 38 (4). 4135/

Southern gel patterns of the seven chromosome 4 RFLPs tested in these 
families (see Table II for details). Probes are: (a) GIE5 (D4S21), (b) 3E5 
(D4S16), (с) B5A (D4S40), (d) K082 (D4S10), (e) GDS5 (D4S23), (f) 4F2 
(D4S18), and (g) B3D (D4S44).

McWilliam P, Farrar GJ, Kenna P, Bradley DG, Humphries MM, Sharp EM, 
McConnell DJ, Lawler M, Sheils D, Ryan C, Stevens C, Daiger SP and
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Humphries P (1989). Autosomal dominant retinitis pigmentosa (adRP): 
Localization of an adRP gene to the long arm of chromosome 3. 
Genomics ,5:619-622.Results and Discussion

DaigerSP, Humphries MM, Giesenschlag N, Sharp E, McWilliam P, Farrar J, 
Bradley D, Kenna P, McConnell DJ, Sparkes RS, Spence MA, Heckenlively 
JR and Humphries P (1989). Linkage analysis of human chromosome 4: 
exclusion of autosomal dominant retinitis pigmentosa (adRP) and detection of 
new linkage groups. Cytogenet Cell Genet, 50,181-187.

The chromosome 4 study (Chapter 2) was the first systematic one that we

embarked upon to cover the genome chromosome by chromosome in two

large families with autosomal dominant RP in the search for a causative gene. Bradley DG, Farrar GJ, Sharp EM, Kenna P, Humphries MM, McConnell DJ, 
Daiger SP, McWilliams P, Humphries P. (1989) Autosomal dominant retinitis 
pigmentosa: exclusion of the gene from the short arm of chromosome 1 
including the region surrounding the rhesus locus. Am. J. Hum. Genet. 
44:570-576 .

We tested 7 DNA markers and 2 classical markers in the two extended

pedigrees.

Figure 1
Farrar GJ, McWilliam P, Bradley DG, Kenna P, Lawler M, Sharp EM, 
Humphries MM, Eiberg H, Conneally PM, Trofatter JA and Humphries P. 
(1990). Autosomal Dominant Retinitis Pigmentosa: Linkage to Rhodopsin and 
Evidence for Genetic Heterogeneity. Genomics, Vol. 8:35-40.

T

Ill
Farrar GJ, Kenna P, Redmond R, McWilliam P, Bradley DG, Humphries MM, 
Sharp EM, fishman G, Marchese C, Fusi L, Dufier JL, Abitbol M and 
Humphries P (1990). Autosomal Dominant Retinitis Pigmentosa (RP4): 
Analysis of mutations within the Rhodopsin gene. Degenerative 
Retinopathies: Advances in Clinical and Genetic Research.Pedigree of the Irish adRP family TCD-M. Ages of at-risk individuals are at the 

top right of the pedigree symbol.

Farrar GJ, Kenna P, Redmond R, McWilliam P, Bradley DG, Humphries MM, 
Sharp EM, Inglehearn CF, Bashir R, Jay M, Watty A, Ludwig M, Schinzel A, 
Samanns C, Gal A, Bhattacharya S and Humphries P (1990). Autosomal 
Dominant Retinitis Pigmentosa: Absence of the Rhodopsin Proline->Histidine 
Substitution (codon 23) in Pedigrees from Europe. Am J Hum Genet, 47, 
941-945.

Farrar GJ, Jordan SA, Kenna P, Humphries MM, Kumar-Singh R, McWilliam 
P, Allamand V, Sharp E and Humphries P. (1991). Autosomal Dominant 
Retinitis Pigmentosa: Localization of a Disease Gene (RP6) to the Short Arm 
of Chromosome 6. Genomics, Vol. 11:870-874.
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Farrar GJ, Kenna P, Jordan SA, Kumar-Singh R, Humphries MM, Sharp EM, 
Sheils DM and Humphries P (1991). A three-base-pair deletion in the 
peripherin-flDS gene in one form of retinitis pigmentosa. Nature, 354, 478- 
480.

serve as a useful model for studies on therapeutic gene intervention. The 

major part of this thesis describes the workup of the 

Rho-/- mouse and the histological consequences of breeding these animals 

onto c-fos-/- and pure C57 and 129 genetic backgrounds. These animals will 

undoubtedly be of significant value in the development of genetic therapies for 

this group of diseases.

Farrar GJ, Kenna P, Redmond R, Sheils D, McWilliam P, Humphries MM, 
Sharp EM, Jordan S, Kumar-Singh R and Humphries P. (1991). Autosomal 
Dominant Retinitis Pigmentosa: A Mutation in Codon 179 of the Rhodopsin 
Gene in Two Families of Celtic Origin. Genomics, Vol. 11:1170-1171.

ObjectivesMcWilliam P, Jordan S, Kenna P, Humphries MM, Kumar-Singh R, Sharp EM 
and Humphries P (1991). Progress in the localization of a late-onset adRP 
gene in Retinal Degenerations. (Pbl. CRC Press, Florida, Eds. Hollyfield, 
Anderson and LaVail, p369-373. 1. Report of the chromosome 4 exclusion study in two adRP families, the first 

systematic genetic linkage analysis of an entire chromosome in the search 

for the disease-causing gene.

2. To generate a mouse model for Retinitis Pigmentosa based on the 

targeted disruption of the rhodopsin gene and to explore the effects of a 

number of genetic backgrounds on the disease phenotype.

Jordan SA, McWilliam P, Kenna P, Humphries MM, Kumar-Singh R, Farrar 
GJ and Humphries P (1991). Genetic linkage studies of a late onset 
autosomal dominant Retinitis Pigmentosa family using microsatellites. 
Cytogenet and Cell Genet, 58 (3-4), 2114.

Farrar GJ, McWilliam P, Kenna P, Jordon S, Singh R, Humphries MM, Sharp 
EM, Sheils D, Lawler M and Humphries P (1991). Continued genetic linkage 
studies in autosomal dominant Retinitis Pigmentosa. Am J Hum Genet, 49 
(4), 2-2 Suppl.S.

Experimental Procedures

Techniques employed for the exclusion of an RP locus from extensive 

regions of chromosome 4 involved the use of genetic markers based on two 

allele restriction fragment length polymorphisms (RFLPs), and Southern 

blotting. Two-point and multipoint genetic linkage analyses were carried out 

using the Liped and Linkage programmes.

Construction of the rhodopsin knockout mouse involved the generation of a 

targeting vector carrying neomycin resistance and thymidine kinase genes in 

order to facilitate double selection in mouse embryonic stem cells (ES). 

Histopathological and immunocytochemical were undertaken at this 

laboratory. Electroretinography (ERG) was undertaken by collaborators Drs 

Paul Sieving and Ron Bush at the University of Michigan.

Farrar GJ, Findlay JBC, Kumar-Singh R, Kenna P, Humphries MM, Sharp E 
and Humphries P. (1992). Autosomal dominant Retinitis Pigmentosa: a novel 
mutation in the rhodopsin gene in the original 3q linked family. Human Mol. 
Genet., Vol. 1, No. 9:769-771.

Jordan SA, Farrar GJ, Kumar-Singh R, Kenna P, Humphries MM, Allamand 
V, Sharp EM and Humphries P. (1992). Autosomal Dominant Retinitis 
Pigmentosa (adRP;RP6): Cosegregation of RP6 and the Peripherin-RDS 
Locus in a Late-Onset Family of Irish Origin. (1992). Am. J. Hum. Genet., Vol 
50:634-639.

Farrar GJ, Kenna P, Jordan SA, Kumar-Singh R, Humphries MM, Sharp EM, 
Sheils D and Humphries P. Autosomal dominant Retinitis Pigmentosa - A 
novel mutation at the peripherin/RDS locus in the original 6P-linked pedigree.
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Genomics, 14 (3), 805-807.Since those early days many genes have been localized as a result either of 

genetic linkage studies in families with RP and related retinal dystrophies, or 

by direct mutation screening of potential candidate genes in affected cases.

In total, 35 genes have now been isolated and characterized.

In respect to the chromosome 3 study, the gene encoding Rhodopsin, the 

light sensitive pigment of the rod photoreceptors turned out to map within the 
disease interval. From the published sequence of the rhodopsin gene we 

found a microsatellite which could be amplified by polymerase chain reaction 

(PCR). Again this genetic marker со-segregated with the disease locus at 

zero recombination, providing a very strong indication that the rhodopsin gene 

was probably implicated in disease etiology. To date up to 100 mutations 

have been encountered within the rhodopsin gene, mostly in cases of adRP 

although some have also been found in autosomal recessive RP and in 

congenital night blindness.

Chapter two of the thesis describes a systematic genetic linkage study on 

our two largest pedigrees which is typical of the work undertaken over the 

period from 1985 to 1989 which eventually resulted in the localization of the 

first autosomal dominant RP gene. This was the first investigation we 

undertook in attempts to cover entire chromosomes in the search for the 

disease causing gene and these data have never been reported as part of a 

PhD thesis.

The generation of a mouse model carrying a targeted disruption of the 

rhodopsin gene, was undertaken for two reasons. The first is historical. As 

described above the rhodopsin gene was the first to be implicated in the 

cause of RP in man. The protein constitutes the major component of the rod 

photoreceptors. Clearly it would be of immense intrinsic interest to ask the 

fundamental question - what is the functional and histological consequence to 

the rod cells of losing their major protein component? Secondly, a mouse 

model for RP based on a targeted disruption of the rhodopsin gene would

Jordan SA, Farrar GJ, Kenna P, Humphries MM, Sheils DM, Kumar-Singh 
R, Sharp EM, Soriano N, Ayuso C, Benitez J and Humphries P (1993). 
Localization of an autosomal dominant retinitis pigmentosa gene to 
chromosome 7q. Nature Genetics, 4, 54-57.

Farrar GJ, Jordan SA, Kumar-Singh R, Inglehearn CF, Gal A, Greggory C, Al- 
Maghtheh M, Kenna P, Humphries MM, Sharp EM, Sheils DM, Bunge S, 
Hargrave PA, Denton M, Schwinger E, Bhattacharya SS and Humphries P 
(1993). Extensive genetic Heterogeneity in Autosomal Dominant Retinitis 
Pigmentosa. Retinal Degeneration. Edited by JG Hollyfield et al. Plenum 
Press, New York.

Mansergh FD, Kenna P, Rudolph G, MeitingerT, Farrar GJ, Kumar-Singh R, 
Scorer J, Hally AM, Mynett-Johnson L, Humphries MM, Kiang S and 
Humphries P (1995). Evidence for genetic heterogeneity in Best's vitelliform 
macular dystrophy. J Med Genet, 32, 855-858.

Farrar GJ, Kenna PF, Mansergh F, Erven ASW, Humphries MM, Kennedy S, 
Sieving P, Bush R, Gulya К and Humphries P (1997). Progress in genetic 
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to be implicated in disease etiology since the condition was known to be 
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other of American origin, which were, in principle, sufficiently large to enable 

the genes involved to be localised by genetic linkage analysis. We covered at 

least 60% of the genome in the search for this gene, the location of which was 
eventually established in 1989. The marker in question, C17 (D3S47), which 

was located on the long arm of chromosome 3, со-segregated with the 

disease locus in this family at zero recombination and with a Lod score of 

13.7, which was at that time and probably remains to this day, the largest 

single Lod score ever reported as a result of genetic linkage studies in a 

single family. As an immediate consequence of this study we were able to 

establish the existence of genetic heterogeneity in autosomal dominant 

retinitis pigmentosa: there was no evidence for linkage on chromosome 3 in 

another large family of Irish origin that had become available to us. The gene 

in that family was localized to the short arm of chromosome 6. Also in 1991 

the gene in the original American family was eventually localized in the 

pericentric region of chromosome 8 by Dr. Stephen Daiger and colleagues.
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