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Abstract
Lattice corneal dystrophy type I (CSDI), an autosomal dominant disorder causes

significant visual impairment. It is characterized histologically by the deposition of an, as
yet undefined, amyloid specifically in the corneal stroma. By slit-lamp examination,
refractile lines, dots, dashes or haze are characteristically evident. Treatment is
symptomatic to provide relief from corneal erosions. Vision loss is restored by corneal
transplantation. However, erosions and progressive visual loss reoccur, culminating in the
need for re-transplantation.

A single large multigeneration CSDI kindred of Belgian descent forms the basis of
this study. AII CSDI patients and at-risk individuals are being monitored by one
ophthalmologist. Those affected have been symptomatic and/or have demonstrated
characteristic corneal changes by the age of 25 years. To date, none of the individuals
assessed as unaffected at the age of 25 years have subsequently developed the signs and
symptoms of CSDI later on in life. There is no evidence of any systemic illnesses,
specifically neurological, cardiac or renal in any affected individual. The 60 participating
family members 25 years of age or older include 34 affected and 26 unaffected individuals
as well as 13 unrelated spouses. An additional 15 family members between the ages of 15
and24 years with a 50o/o risk of carrying the csDl gene were also studied.

Recently, CSDI was mapped to a 10 centiMorgan interval on ch¡omosome 5q22-
5q33.3 bound by IL9 proximally nd D5543ó distally (Stone et al, 1994). This study was
designed to confirm the mapping of CSDI and refine the candidate interval. Following a screen
of 10 microsatellite markers in the candidate regio4 linkage analysis was performed using
MARK Itr (Côté, 1975) and LINKAGE (Lathrop et al, 1984; Lathrop and Lalouel, l9B4;
Lathrop et ø1, 1986). The rezults generated by the two approaches were consistent and
confirmed the mapping of CSDI to 5q. The highest lod score was observed between CSDI and
D5S4l4. Our study provides sufficient evidence that CSDI maps to the same 2 cM interval
defined by D55393 proximally and D5539ó distally as reported by Gregory et al (1995). To
date, none of the known 14 genes whose products are involved in amyloid deposition nor any
potential candidate genes map to the candidate interval. All the known affeaed individuals
share a comlnon haplotype for the five most tightly linked markers which differs from the
haplotypes reported by other groups. This finding implies different mutations have a¡isen
independently at the CSD locus. The haplotype segregating with CSDI*D has been detected in
5 of 15 at-risk individuals screened, prediøing they will, most likely, manifest the signs and
symptoms of CSD1.

In screening the panel of PCR-formatted microsatellite markers, a non-ampli$ing allele
at D5S4I4 was observed to be segregating in one branch of the CSDI kindred. A sequmce
variation at the primer annealing site was hypothesized to give rise to the non-ampli$ing allele.
Molecular charactenzÀtion revealed a two base pair change immediately adjacent to the 3'-end
of the reverse primer. This sequence va¡iation created a repetitive region of three tandenrly
repeated CG base pairs causing inefficient primer-template annealing and markedly reduced or
no amplification. Failure to recognize non-amplif,iing alleles can result in the omission or
misinterpretation of link age data.



I would like to thank Dr. C. R. Greenberg for the opportunity to study in her laboratory.

I would also like to thank the members of my committee, Dr. P. J. McAlpine and
Dr. T. Zelinsl<t, for their advice and criticism of this thesis.

Thank you to Cheryl Taylor, Rupinder Singal and Dr. J. Haworth for their continued
technical assistance as well as encouragement during my studies.

Special thank you to Edward Nylen for his expert technical assistance.

Many thanks to Sylvia Philipps for her help with the MARK III and PCMAPS3 computer
programs.

I would also like to thank Dr. K. Morgan and Tracey Weiler for their help with the
LINKAGE computer program.

A very special thank you to Dr, M. Ekins and the members of this kindred whose interest
and desire to participate in scientific research made this project possible.

Acknowledgments



iii

List of Figures

Figure 1: Photograph and line drawing of a corneal section illustrating the layers of the
cornea .......................2

Figure 2: Examples of different categories of (dC-dA)"(dG-dT)" repeaf sequences ........29

Figure 3: Ideogram of chromosome 5 illustrating the proposed ordering of 5q

microsatellite markers and the localization of four corneal dystrophies..........48

Figure 4: Pedigree of CSDI kindred under study......... ...............54

Figure 5: Pedigree of CSDl kindred under study modified to included individuals where
a non-amplifying allele was detected ..........58

Figure 6: The published oligonucleotide sequence at D55414............. .........64

Figure 7: Example of shadow bands when typing with D55436 in one nuclear famly ...74

Figure 8: Example of typing tetranucleotide marker D558l6 in one nuclear family .......74

Figure 9: One nuclear family demonstrating non-Mendelian segregation of alleles at
D5S4t4 ...................77

Figure 10: Reduction of annealing temperature during PCR to visualize non-amplifying
a11e1e......... ...............77

Figure l1: Amplification with an alternate primer pair to visualize non-amplifying allele at
D5S4l4 in one nuclear family ....................78

Figure 12a: Genotyping with various primer pairs at D5S4I4 .......78

Figure l2b: Genotyping with various primer pairs at D55414.... ....................78

Figure l3 : Sequencing of locu s D5S4l4 to molecularly charactenze the non-amplifying
a11e1e......... ...............79

Figure 14: Haplotype constructed for nuclear family I ì'vith coded alleles at each microsatellite
locus ......... . ............80

Figure 15: Haplotype constructed for nuclear family zwtth coded alleles at each microsatellite
locus......... .........II

Figure 16: Haplotype constructed for nuclear family 3 \ryith coded alleles at each microsatellite
1ocus......... ..............82



lv

Figure 17: Haplotype constructed for nuclea¡ family 4 with coded alleles at each microsatellite
1ocus......... .... .........83

Figure l8: Haplotype constructed for nuclear family 5 with coded alleles at each microsatellite
locus......... ..............84

Figure 19: Haplotype constructed for nuclear family 6 with coded alleles at each microsatellite
1ocus......... ..............85

Figure 20: Haplotype constructed for nuclear family 7 with coded alleles at each microsatellite
locus . ........ ........ . . .... 86

Figure 2l: Haplotype constructed for nuclear family I with coded alleles at each microsatellite
Iocus......... ..............87

Figure 22: Segregation of an alternate allele with CSDI*D at D5S4I4 in one nuclear
family .,............,.... 101

Figure 23: Ideogram of chromosome 5 Genethon linkage map illustrating the proposed
ordering and distance of a series of 5q microsatellite markers......................114

List of Tables

Table 1: Summary of the closest linked microsatellite markers for four corneal
dystrophies .............49

Table 2: Summary of clinical status of at-risk individuals. ...........56

Table 3: Series of 5q microsatellite markers screened .................61

Table 4: Summary of allele coding scheme for a series of 5q microsatellite markers
screened.... ...............63

Table 5: Electronic information sources for human genetic maps......... ........72

Table 6: Lod scores between CSDI and D5,S8,18............... .........91

Table 7:Lod scores between CSDI and 1L9.....

Table 8: Lod scores between CSDI and D55816............... .........93

Table 9: Lod scores between CSDI and D55393............... .........94

Table 10: Lod scores between CSDI and D55i99............... ......... 95

92



v

Table 11: Lod scores between CSDI and D55396............... .........96

Table 12:Lod scoresbetween CSDI andD55414............... .........97

Table l3: Lod scores between CSDI and D55436.,............. .........98

Table 14: Lod scores between CSDI and D5SI78 .......99

Table 15: Lod scores between CSDI and D552508........... ....... 100

Table 16: Summary of lod scores generated by LINKAGE between CSDI and a series of
5q microsatellite markers ......... 103

Table 17. Summary of peak lod scores at their corresponding recombination fraction
generated by PCMAPS3 and LINKAGE ...104

Table 18: Summary of lod scores generated by LINI(AGE between CSDI and a series of
5q microsatellite markers where all unaffected siblings were removed........... 105

Table 19: Summary of PCMAPS3 analysis for the most likely ordering of 5 microsatellite
markers..... .............. 107

Table 20: Summary of electronically available chromosome 5 maps.... ......... 113



AA
ATP
bp
CHLC
cM
cR
CSDI
CSDl*N
CSDl*D
CSD2
CSD3
DMSO
dNTP
EDTA
FISH
GDB
kb
KCI
kDa
LCDI
lod
M
MgCl2
Mb
mL
mM
ng
NI{4CI
nm
NR
OMIM
PCR
PEG
PIC
R
rpm
SAP
SDS
SSM
STRP
STS

TAE
Taq

List of Abbreviations

amyloid A protein
adenosine 5'-triphosphate
base pair
Cooperative Human Linkage Centre
centiMorgan
centiray
corneal stromal dystrophy type 1

normal allele for CSDI
disease allele for CSDl
corneal stromal dystrophy type 2
corneal stromal dystrophy type 3
dimethyl sulfoxide
deoxynucleotide triphosphate
ethylenediaminetetraacetic acid
fluorescence in situ hvbridization
Genome Database
kilobase
potassium chloride
kiloDalton
lattice corneal dystrophy type I
log of the odds
molar; moles L-l
magnesium chloride
megabase

millilitre
millimolar
nanogram
ammonium chloride
nanometre
nonrecombinant(s)
Online Mendelian Inheritance in Man
polymerase chain reaction
polyethylene glycol
polymorphic information content
recombinant(s)
revolutions per minute
serum amyloid P component
sodium dodecyl sulfate
slipped strand mispairing
short tandem repeat polymorphism
sequenced tagged site
tris/acetate (buffer)
Themus aquaticas DNA (polymerase)

vl



TBE
TE
TEMED
Tm
Tris
UV
V
YAC
e
pci
¡rL
pM
32P

Tris/borate (buffer)
Tris/EDTA (buffer)
N,N,N',N'- tetramethylethylene diamine
melting temperature; thermal denaturation
Tris (hydro>rymethyl) aminomethane
ultraviolet
volts
yeast artificial chromosome

theta; recombination fraction
microCurie
microlitre
micromolar
radioisotope of phosphorus

vll



1. Introduction
1.1. Anatomyofthecornea ......... I
1.2. Hereditary corneal dystrophies ............... J

1.2.1. Lattice corneal dystrophy.. .........4
l.2.1.l.Cornealstromaldystrophytypel .....................6
l.2.l.2.Pathology of CSDI ........7

1.2.2. Granular corneal dystrophy ........9
1.2.3. Avellino corneal dystrophy.. ..... 10

1.2.4. Reis-Bücklers corneal dystrophy ............... I I
1.3. Amyloid ..,.........l2
1.4. Genome rnaps......... ............ l8

1.4.1. Physical maps........ .................. 19

1 .4.1 .l.Restriction maps......... ................... 19

l.4.l.2.Sequenced Tagged Site maps ........20
1.4.1.3.Radiationhybridmaps......... ... ...21
I .4. I .4. Sequence maps......... ....22

1.4.2. Genetic maps......... ..................22
1.5. Linkage analysis .,.,.............23
1.6. Genetic markers .................26

1.6.1. Microsatellite markers ..............26
1.6.2. Trinucleotide expansions and disease ........35

1.7. Gene mappin9............ ........40
1.7 .1. Functional cloning approach... ...................40
1.7.2. Candidate gene approach........... ...............40
1 .7 .3 . Positional cloning approach... .................... 41

1.8. Mapping heritable corneal dystrophies ..................45
1.8.1. Previous mapping efforts of CSDI ............45
1.8.2. Corneal dystrophies mapping to 5q ........ ....................47
1.8.3. Genes mapping to candidate region ..........51

Project Objectives .......53
Materials and Methods.............. ...................53
3.1. Clinical studies ...................53

Table of Contents

vlll

............. I

aL.
a
J.

3.2.
J.J.

3.1.1. CSDI kindred .........53
Sample collection ............... 55
Molecular Methods
3.3.1. DNAisolation.... .....57
3.3.2. Genotyping microsatellite markers ............57

57



lx

3.3.3. Cloning PCR product.............. ..................62
3.3.4. Plasmid isolation and purification............ ...................67
3.3.5. DNA sequencing ....69

3.4. DataAnalysis............. ........69
3.4.1. Haplotype construction .............. ..............69
3.4.2. Linkage ana1ysis..... ..................70
3.4.3. PCMAPS3 analysis .................71
3.4.4. Compilation of genome maps ....................71

Results .......73
4.1. Genotyping microsatellite markers ......73
4.2. Charactenzation of non-amplifying allele ..............75
4.3. Haplotype analysis..... ........76

4.3.1. CSDI kindred .........76
4.3.2. At-risk individuals. ...................89

4.4. Linkage analysis ................90
4.5. PCMAPS3 analysis..... ..... 106

Discussion .................. 108

5.1. Linkage analysis ............. 109

5.2. Haplotype analysis..... ....... 110
5.3. Genome rnaps......... ........112
5.4. Ordering of microsatellite loci... ........ l15
5.5. Genotyping errors: non-amplifying alleles ........... 116
5.6. Implication of four corneal dystrophies mapping to 5q ........ .................117
5.7 . Future directions ............. l2l
Summary ..................124
References .................125

4.

5.

6.

7.



1. Introduction

1.1. Anatomy of the Cornea

The cornea is transparent connective tissue which provides a physical barrier to

protect the enclosed ocular tissues from infection, dust and other foreign material. The

elasticity of the cornea further helps to protect it from damage by buffering external

pressure or force (Hollwich, 1985). It is the primary refractive element of the eye with a

refractive power equivalent to 43 diopters (Vaughan et al, 1992). The central thickness is

0.52 mm, increasing towards the periphery to 0.67 mm. The diameter of the cornea is

1 1.7 mm with a superficial area of 1.3 cm2 (Hogan et al, l97l).

From the anterior to the posterior, the cornea is organized into five distinct layers:

(l) epithelium, (2) Bowman layer, (3) stroma, (4) Descemet membrane and (5)

endothelium (figure 1). The epithelium is made up of five to six layers of cells which

occupy about ten percent ofthe total corneal thickness. The uniform thickness and regular

arrangement of the cells results in a smooth anterior surface which contributes to corneal

transparency and its maintenance. Bowman layer is a modified layer of the stroma which is

both clear and acellular. The stroma constitutes ninety percent of the corneal thickness. It

is composed almost entirely of collagenous lamellae which are arranged parallel to each

other and to the surface of the cornea. The size and periodicity of the collagen fibrils is

essential to the cornea's light-conducting properties. Descemet membrane is the basement

membrane of the corneal endothelium. It is two to three times the thickness of the

endothelium and characteristically clear and elastic. The endothelium is the innermost

layer of single cells between the stroma and the aqueous humour. It is responsible for



Fjeure 1: PhotograPh ugd. þe drqwrlg of a corneal section illustrating the five layers of the cornea. The
photograph depicts amyloid deposits in the centre of the stoma in an afiected indiviiluat (-+).
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removing fluids from the stroma against the hydrostatic gradient of intraocular pressure,

therefore preventing corneal edema (Hogan et al,l97l Vaughan et al,1992).

The avascular cornea receives nourishment from the limbal blood vessels, aqueous

humour and the tears. Glucose and oxygen which diffiise through the epithelium and

endothelium are of primary significance to the metabolism of the cornea. Superficially,

corneal oxygen is also derived from the atmosphere. The cornea is innervated by the first

ophthalmic division of the fifth (trigeminal) cranial nerve. These sensory nerves penetrate

the epithelium, Bowman layer and the anterior of the stroma making the cornea extremely

sensitive to pain from injury or inflammation. The three key factors contributing to and

maintaining corneal transparency are its uniform structure, the absence of blood vessels

and chemical composition and hydration of tissues (Hogan et a|,7977).

1.2. Hereditary Corneal Dystrophies

Heritable corneal dystrophies cause significant progressive visual impairment. As

primary diseases of the cornea, they are characteristically bilateral and symmetric.

However, unilateral and asymmetric cases have been described. In general, the dystrophies

have a tendency to affect the central cornea more than the periphery. Corneal dystrophies

are anatomically classified according to the affected corneal layer (Waring et al, 1978;

Arffa, 1991). Transmission electron microscopy analysis has further aided in the

classification process (Arffa, 1991). As specific genes causing corneal dystrophies are

identified and responsible mutations determined, a gene-based classification system will be
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most useful in distinguishing between the different dystrophies and improve our

understanding of their pathogenesis (Folberg et al, 1994).

Treatment to relieve symptoms of CSDI is generally symptomatic. Once vision is

severely impaired, corneal transplantation is required. However with time, in several of

the corneal dystrophies, the disease can recur in the corneal graft (Arffa,l99l; Krachmer

and Palay, 1991). Although the frequency of corneal dystrophies is rare, the relative

frequency varies with the geographic distribution of affected families (Waring et al,

1978). As in Manitoba, lattice corneal dystrophy type t has had a major impact on one

large multigeneration kindred that has formed the basis of the study described herein.

1.2,1. Lattice Corneal Dystrophy

In 1890, Biber first described the corneal condition "gitterige keratisis". Today, it

is referred to as lattice corneal dystrophy type 1. The hereditary nature was confirmed by

Haab (1899) and Dimmer (1899) as cited by Ramsay (1958). Fuchs (1925) reexamined

the original cases of Dimmer including other family members, in addition to new cases

from which he was able to evaluate and describe the clinical features from early to late

stages (cited by Ramsay, 1958). Klintworth (1967) provided evidence that lattice corneal

dystrophy \ryas an inherited amyloidosis specifically expressed in the cornea. In 1969,

Meretoja described another type of lattice corneal dystrophy which was associated with

systemic amyloidosis referred to as Finnish hereditary amyoloidosis. To distinguish

between these two types, the classic inherited form of Biber-Haab-Dimmer corneal

dystrophy was designated lattice corneal dystrophy type I (LCDl). The Meretoja form of
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lattice corneal dystrophy was designated as type 2 (LCD2). A third, a Japanese type, was

classified as type 3 (LCD3) (Gorevic et al, 19S4). As a consequence of the recent

mapping of LCD1 and two other corneal stromal dystrophies to ch¡omosome 5q (Stone el

al, 1994), it is now referred to as corneal stromal dystrophy type I (CSDI).

Lattice corneal dystrophy type II is inherited in an autosomal dominant manner. It

presents with blepharochalasis, bilateral facial-nerve palsies, peripheral neuropathy and

systemic amyloidosis (Krachmer and Palay,l99l). The characteristic lattice lines are less

numerous, but coarser than those observed in CSDI. They are radially oriented and

extend to the limbus. Although symptoms usually manifest by 20-35 years of age, vision

acuity is generally preserved until the seventh decade of life. In the Meretoja form of

lattice corneal dystrophy, LCD? is associated with Finnish hereditary amyloidosis where

the amyloid protein is derived from an abnormal variant of gelsolin, an actin binding

protein (Haltia et al, 1990).

Lattice corneal dystrophy type III appears to be inherited in an autosomal recessive

manner, presenting late in life, between 70 and 90 years of age with no previous history of

corneal erosions or systemic amyloidosis. Amyloid deposition results in thick translucent

lattice lines in the cornea (Hida et al, 1987). The deposits are composed of serum

amyloid P component (SAP);therefore, the disease-causing gene may be located at 1q12-

q32 where the SAP gene has been mapped (Mondino et al, l98l).



1.2,1,1, Corneal Stromal Dystrophy Type 1

CSDI is inherited in an autosomal dominant manner with incomplete penetrance

and variable expressivity. A disorder manifesting localized amyloidosis, CSDl is limited to

the stromal layer of the cornea with no relationship to any known primary or secondary

systemic amyloidosis (Ramsay 1960; Waringet al, 1978; Krachmer and Palay 1991). The

onset of CSD1 is generally in the first or second decade, although cases have been

described where it was not observable until middle age. Early corneal lesions can initially

involve the anterior stroma and Bowman layer appearing as small refractile lines, white

dots and dashes or as diffi.lse haze in the central stroma by slitJamp examination. With

progression, the superficial lines become thicker, branching and radially oriented. The

white dots and dashes appear as small nodules or th¡ead like spicules. These findings are

accompanied by recurrent epithelial erosions causing pain, photophobia and redness

(Wanng et al, 1978; Arffa, 1991). Some individuals with CSD1 experience corneal

erosions without any evidence of stromal involvement. Yet others do not experience

recurrent corneal erosions, but present with lattice lines and dots (Waring et al, 1978).

With time, the central diffiise opacity becomes more dense due to recurrent corneal

erosions or the process of amyloid accumulation and the lattice lines can extend into the

deep stroma and epithelium. Later in life along vr/ith diminishing corneal sensation, the

epithelial erosions become less frequent. The opacities coalesce by becoming more dense

and extending to the corneal periphery which mask the lattice lines. Occasionally corneal

vascularization develops secondary to the inflammation caused by corneal erosion (Waring

et al,1978; Arffa, 1991).
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In general, by the third or fourth decade, there is marked visual impairment which

becomes severe by the fifth or sixth decade (Ramsay, 1960; Waring et al, 1978).

Treatment for recurrent corneal erosions is artificial tears, topical hypertonic solutions and

ointments, pressure patching and soft contact lenses (Waring et al, 1978). Significant

vision loss necessitates corneal transplantation. Yet, the dystrophy can reoccur 2 to 14

years postoperatively via infiltration from the rim of the original cornea which serves as

an anchor for the new cornea. Recurrent erosions and progressive visual loss are again

experienced culminating in the need for repeat corneal transplantation 5 to 15 years later

(Ramsay, 1958; Waring et al, 1978). Two types of opacities appear in the corneal grafts:

(1) dot-like, diffi¡se or filamentous subepithelial opacities or (2) faint peripheral stromal

lattice lines and dots. These opacities do not reoccur centrally in the cornea and are not

consistently composed of amyloid (Waring et al, 1978).

When examining isolated or atypical cases, CSDI can occasionally be

misdiagnosed as primary recurent corneal erosions, herpes simplex, superficial punctate

keratisis and keratoconjunctivitis eczematosa (Ramsay, 1958; Tsubota et al, 1987).

1.2.1.2. Pathology CSDI

Three components in the stroma which characterize CSD1 are refractile lines,

white dots and central diffi;se opacity. The characteristic lattice lines of CSD1 give a

"lace\ryork" appearance against red fundus reflection. Under direct illumination, the lines

show irregular margins and occasionally assume a beaded appearance caused by the

accumulation of small white dots within them (Waring et al, l97g). Under
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retroillumination, the lines are typically refractile with a light and dark side and a clear

core (Arffa, l99l). The lattice lines fluoresce in unstained and fluorochrome-stained

histologic sections (Klintworth, 1967).

Early in disease, the intervening stroma is clear, but becomes progressively more

hazy due to fine discrete white dots between the lattice lines. The opacities appear flake

like, flutry and slightly stellate under direct illumination and refractile under

retroillumination. At this stage, it is often difficult to distinguish between CSDI and

granular corneal dystrophy. The use of electron microscopy techniques can reliably

differentiate the deposits charactersitic of the two dystrophies, revealing the CSD1

deposits to be composed of fine, electron-dense, nonbranching fibrils 8 to 10 nm in

diameter without periodicity. Many of the fibrils are randomly arranged, but most are

systematically aligned to exhibit the phenomenon of birefringence and dichroism (Waring

et al, 1978; Arffa, 1991).

Corneal lesions in the stroma viewed tkough the light microscope reveal a

fusiform deposit of amyloid that pushes aside collagen lamellae. Bowman layer may be

absent or partially replaced by the deposits and by irregular connective tissue. The

deposits cause variations in thickness of the epithelial layer. The basal epithelial cells

degenerate and the basement membrane is usually thickened and fragmented (Arffa, 1991).

The population of stromal fibroblasts decreases due to degeneration of cellular

components. Many fibroblasts appear metabolically active with increased amounts of

rough endoplasmic reticulum and golgi apparatus. The corneal lesions are most

concentrated anteriorly and may extend deeper into the stroma leaving the intervening
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stroma clear. These findings correspond to the clinically observed lattice lines and dots

(Waring et al, 1978).

1.2,2, Granular Corneal Dystrophy

Granular corneal dystrophy type 1 was originally described by Groenouw (1890,

1898, 1917). It is transmitted as an autosomal dominant trait with essentially full

penetrance and variable expressivity. Initially, small discrete, sharply demarcated, grayish

white opacities appear in the anterior axial stroma. At this stage, vision is not impaired as

the stroma between the opacities remains clear and the epithelium remains regular. As the

disease progresses, the opacities enlarge, increase in number, coalesce and extend deeper

into the stroma (Waring et al, 7978). The opacities vary in size, shape and appearance:

Some are round with solid or relatively clear centers, others resemble a "christmas tree" or

"snowflake" like pattern or may look like a sponge imprint (Arffa, 1991). Visual acuity

decreases gradually due to opacification of the stroma between granular spots and

epithelial irregularity. The opacities can extend to the periphery of the cornea but not as

far as the limbus. Painful corneal erosions do not commonly occur (Waring et al, 1978;

Arffa, 1991).

Histopathologically, the eosinophilic hyaline deposits occur primarily in the central

stroma and beneath the epithelium and stain a brilliant red with Masson's trichome. The

peripheral regions of deposits have, in some cases, stained positive with Congo red

(Brownstein el al, 1974). Electron microscopy reveals the extracellular deposits to be

electron dense rod-shaped or trapezoid-shaped 100-500 ¡rm wide. The morphology of the
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randomly oriented rods are homogeneous, filamentous or moth-eaten in appearance. The

stromal keratocytes show varying levels of degeneration with dilation of endoplasmic

reticulum and golgi apparatus, swelling of mitochondria and cytoplasmic vacuoles.

Histochemical characterization indicates the hyaline deposits to be non-collagenous

protein composed primarily of tyrosine, tryptophan, arginine and sulphur- containing

amino acids. The phospholipid, phosphatidylcholine, has been identified in the hyaline

deposits. For most patients, treatment is not required. If vision is markedly reduced,

surgery will restore vision. However, disease often reoccurs in corneal grafts. (Waring el

al, 7978; Arffa, 1991; Krachmer and Palay, 1991).

1.2.3. Avellino Corneal Dystrophy

Folberg et al (1988) described a condition in four patients with histologic features

of both lattice and granular corneal dystrophy. The th¡ee families originally studied and

subsequent families trace their ancestry to the Italian province of Avellino (Holland et al,

1992; Rosenwasser et al, 1993). However, Avellino corneal dystrophy has been reported

in a family of German and Swiss origin (RosenwasseÍ et al, 1993) as well as in an isolated

case of Colombian origin (Dolmetsch et al, 1996), both with no known Italian ancestry.

Avellino corneal dystrophy is inherited in an autosomal dominant manner with essentially

full penetrance and moderate variable expressivity. Clinically, the characteristic signs

present in the following sequential manner: first, discrete, gray-white granular deposits

appear in the anterior stroma, followed by the formation of lattice lesions in the mid to



ll

posterior stroma and lastly the emergence of anterior stromal haze (Folberg et al, 7988;

Holland et al, 1992; Rosenwasser et al, 1993).

With increasing age, the granular lesions become larger and often coalesce to form

linear opacities particularly in the inferior cornea. The lattice lines initially in the mid and

deep stroma, begin to involve the entire stroma. As the disease progresses, stromal haze is

only evident in patients with advanced stages of granular and lattice opacities. Under light

microscopy, the superficial granular deposits stain red with Masson's trich¡ome stain. The

deeper lattice-like deposits stain positive with Congo red and demonstrate birefringence

and dichroism, characteristics of amyloid. Recurrent corneal erosions are experienced by

Avellino patients, which are not commonly observed in typical granular corneal dystrophy

cases (Folberget al, 1988; Holland et al, 1992, Rosenwasser et al, T993). Treatment is

symptomatic. If corneal transplantation is required, in time the dystrophy reocurs with

only granular deposits clinically evident (Holland et al, 1992).

1.2.4. Reis-Büclders Corneal Dystrophy

There are many similarities in the clinical, histological and natural history of Reis-

Bücklers corneal dystrophy and granular corneal dystrophy to suggest that they may be

the same entity (Moller, 1989; 1991). However, consensus has not been reached in this

respect. Traditionally, Reis-Bücklers corneal dystrophy is classified as Bowman

membrane/anterior membrane dystrophy. It is inherited in an autosomal dominant manner

with essentially full penetrance and variable expressivity. The initial manifestation involves

recurrent erosions which cause photophobia, pain and ocular redness. The frequency of



t2

these episodes decreases with increasing age. The earliest findings are reticular

opacifications in the central cornea at the level of Bowman layer. As the disease

progresses, the cornea becomes more clouded by superficial gray-white opacities. The

density of the opacities is greatest in the central or midperipheral cornea, leaving a

transparent zone at the extreme periphery. The opacities form ringJike, honey-combed,

geographic or linear patterns localized to Bowman layer that focally project into the

epithelial layer. This causes the corneal surface to become rough and irregularly thickened

resulting in irregular astigmatism (V/aring et al, 1978; Arffa, 1991). The abnormal

epithelial architecture is evident by cytoplasmic vasculanzation, mitochondrial swelling

and clumping of nuclear chromatin in many epithelial cells and especially the basal cells. In

advanced cases, the anterior stroma has a fine granular appearance. Bowman layer is

completely replaced by fibrocellular connective tissue consisting of a mixture of randomly

arrayed collagen fibrils of 2.5 to 4 nm in diameter and short dense, curly fibrils 0.8 to 1.2

nm in diameter. The posterior stroma, Descemet membrane and endothelium remain

unaffected (Waring et al, 1978). As there are no histochemical stains that charactenze

Reis-Bücklers corneal dystrophy, the composition and origin of these fibrils is yet to be

determined (Arffa, 1 99 I ).

1.3. Amyloid

Studies by Virchow (1854) established amyloid as a pathological entity (cited by

Benson, 1995). He chose the term amyloid based on his findings of celluloseJike deposits

in tissues which gave a unique color reaction when stained with iodine and sulfuric acid.
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Despite the demonstration by Friedrich and Kekule (1859) that amyloid deposits were

composed of protein, theterm "amyloid" has endured (citedbyBenson, 1995). It is now

thought the observations by Virchow had resulted from positive iodine staining of

carbohydrates such as heparin sulfate proteoglycans which appear to be ubiquitous

constituents of amyloid deposits (Snow et al,1987).

Amyloid appears homogenous, eosinophilic and amorphous under the light

microscope in tissue sections. Various staining techniques and polarization microscopy

provide a definitive test for the presence of amyloid. In the past, metachromatic staining

with aniline dyes such as methyl violet and crystal violet were used to identify amyloid.

Presently, positive Congo red staining is the standard method for identification of amyloid

deposits in tissue sections. With polarizing optics, unstained amyloid deposits exhibit

birefringence, which implies the presence of a highly ordered structure. When stained with

Congo red, the amyloid deposits take up the dye and emit a characteristic apple-green

color when viewed with polarizing light. Under similar conditions, the increased intensity

of birefringence displayed by amyloid deposits is not observed with other fibrillar

structures such as collagen, elastin and frbrin. 'The increased intensity is explained by the

linear dye molecules binding to the amyloid fibril axis in a parallel fashion. Collagen also

appears birefringent in tissue sections. However, an apple-green birefringence is not

observed because collagen does not bind to Congo red. Fluorescent dyes such as thioflavin

are a sensitive staining method for detecting the presence of amyloid deposits in brain and

other tissues. The presence of amyloid fibrils must be confirmed by Congo red staining

(Sipe, 1992;1994; Benson, 1995).
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In 1959, Cohen and Calkin and Spiro charactenzed the amyloid deposits as non-

branching fibrils of intermediate length with diameters of 0.75 to 1.00 nm. These non-

branching fibrils appear to consist of two to several parallel subunit filaments measuring

25 to 35 nm in width. The fibrils often have a beaded appearance caused by the helical

twisting about each other. Findings from X-ray diffraction studies and infrared

spetroscopic analysis of amyloid fibrils reveal that the polypeptide backbone of amyloid

fibril proteins is arranged in a cross-beta-pleated sheet conformation, is anti-parallel and is

oriented perpendicularly to the long axis of the fìbril. The amyloid fibril precursors are

small, 3 to 30 kDa polyanionic proteins with high glutamic and aspartic acid and serine

content. The polypeptide subunits are polymerized in each filament to force the adjacent

polypeptide chains to assume the B-pleated sheet conformation. Folding is in an anti-

parallel manner where the carboryl and amino termini of adjacent polypeptide chains are

oriented in opposite directions. The stability of the B-pleated sheet conformation not only

imparts resistance to proteolytic digestion but is also insoluble under physiological

conditions (Sipe, 1992;1994; Benson, 1995).

The chemical characterization of amyloid was first elucidated in 1971by Glenner

et al. Here, amyloid fibrils were solubilized from tissues of patients presenting with

primary amyloidosis. Following isolation and amino acid sequencing of the major subunit,

results showed homology to the variable segment of immunoglobulin light chains.

Subsequently, amyloid fibrils from patients with secondary amyloidosis were found to be

composed of a previously undescribed protein, which was named "amyloid A protein"

(AA) (Levin et al, 1972). Further studies revealed AA was derived f¡om a circulatins
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precursor, serum amyloid A (SAA) shortened at the carboryl terminus by proteolytic

cleavage (Levin et al, 1973). The amyloidogenic protein first implicated in hereditary

amyloidosis \¡/as identified by Costa et al, (7978) who showed the amyloid material from

patients to react with antisera to plasma transthyretin (prealbumin). To date, over 45

mutations in the transthyretin gene have been identified and their involvement in hereditary

amyloidosis described (Benson, 1995). Mutations in other plasma proteins including

apolipoprotein A-I (Nichols et al, 1990), gelsolin (Maury, 1991) and cr- fibrinogen @enson

et a|,1993) have also been found to be associated with hereditary amyloidosis.

Amyloidosis is the end result of a sequential process which begins with the

polymerization of amyloid fibril precursor proteins which are assembled into filaments and

eventually accumulate as bundles of fìbrils and form deposits either localized or

systematically distributed throughout the body. These deposits disrupt the architecture

and function of normal tissue by invading extracellular space and ultimately causing cell

death. Although the primary structure of amyloid precursors and fibrils differ widely,

some cofitmon features are shared. First, the amyloid fibrils conform to the B-pleated

sheet secondary structure. Second, the calcium dependent association of SAP which

specifically binds to the fibrils. Third, the fibrils and deposits are intimately associated

with sulfated glycosaminoglycans (Sipe, 199 4).

There are several factors associated with amyloid formation. First, in the majority

of cases, the amino acid sequence reflects the translated product of the normal gene.

However, in some amyloid precursors, amino acid substitutions lead to self-aggregation.

Second, both partially digested and intact precursor proteins have been found to coexist
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within amyloid deposits, suggestive of possible defects in proteolytic processing as well as

the need for a specific molecular mass of amyloid constituents. Third, the amyloid

deposition process may be affected by the high concentration of precursor proteins either

locally or in circulation. Furtherrnore, amyloid formation may be initiated by either early

secondary and/or tertiary conformational changes of precursor molecules influenced by

physiochemical components such as pH and the presence of free radicals and metal ions in

the microenvironment where amyloid deposition occurs. Fourth, in these regions,

undefined tissue-specific factors (cellular receptors, eÌzymes or extracellular matrix

components) may account for the selectivity of amyloid localization. And lastly, the

presence of amyloid enhancing factors (AEF), although uncharacterized biochemically are

associated with several forms of amyloidosis and functionally described as accelerants of

amyloidosis (Sipe, 1994; Castaño and Frangione, 1995).

The cellular origin and biochemicalnature of selective amyloid deposition in CSDI

is not known. The earliest deposits are localized to the central region of the avascular

cornea where there is a preponderance of fibroblasts, extracellular matrix precursors and

collagen. Three hypothesis have been put forth to explain the origin of amyloid in CSDI.

The first hypothesis suggests that fibroblasts which are known to synthesize and secrete

filamentous precursors of collagen fibers, may also synthesize amyloid fibers. The

observed close proximity and occasional intermingling of structurally intact collagen fibrils

with extracellular deposits of amyloid led to the second hypothesis, that amyloid fibrils

may arise from collagen degradation. However, both amyloid and collagen maintain their

unique morphologic characteristics, thus implying that collagen degradation may not lead
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directly to amyloid deposition. The third hypothesis speculates on the production of

amyloid originating from other tissue sites and depositing in the cornea via the limbal

blood vessels. However, the earliest corneal lesions occur furthest from the limbal blood

vessels which suggests the amyloid does not reach the cornea via the bloodstream. Based

on the complex chemical composition of the cornea, the involvement of other local factors

in amyloid deposition cannot be excluded (Klintworth, 1971;V/aring et al, 1978).

The reoccurence of disease in corneal transplants begins at the periphery of the

transplanted cornea, possibly from the rim of the original diseased cornea. These findings

imply either the precursor proteins are derived from the circulation or fibroblasts from the

rim of the original cornea secrete amyloid into localized regions of the transplant. The

stromal lattice lines or white spots generally do not reoccur in the central region of the

cornea. (Klintworth 1967;1971; Waring et a|,1978).

The immunohistochemical characterization of amyloid deposits is based on the

recognition of specific antisera to protein components. Attempts have been made to

charactenze the amyloid deposits specifically in CSDl. The SAP component, common to

all forms of secondary and several localized amyloidosis was found in the corneal amyloid

deposits (Mondino, 1980; Gorevic et al, 1984). An initial study detected protein AA

reactivity in the stromal deposits of CSDI (Mondino, 1980), which was not confirmed in,

a subsequent detailed study (Gorevtc et al, 1984). Protein AA is involved in reactive

amyloidosis where a familial pattern of inheritance has only been observed in familial

Mediterranean fever and Muckle-Wells syndrome (Benson, 1995).
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The oligosaccharides associated with amyloid deposits in CSDI were determined

by screening a panel of lectins (Bishop et al, 1991). These are a specialized group of

proteins or glycoproteins primarily derived from plants which have the ability to bind to

specific classes of oligosaccharides. With the use of histochemical staining techniques, the

distinct labeling patterns for each lectin reflects the distribution of specific carbohydrates

(Freeman, 1992). Those with an affrnity for corneal amyloid deposits have been identified

and revealed the modifying oligosaccharides to consist of mannoseþlucose, sialic acid,lN-

acetylglycosamine residues, terminal galactose residues and oligosaccharides with B-

galactose-N-acetylgalactosamine disaccharides. The cellular mechanisms involving

glycoproteins and the deposition of amyloid specifrcally to the stromal layer of the cornea

in CSDI is not clear and yet to be elucidated (Bishop et al. l99I).

1.4. Genome Maps

A genome map is defrned as a linear representation of DNA which reflects the

organtzation of genomic landmarks in the context of a co-ordinate system. The major

classes of genome maps are physical maps and genetic maps. The co-ordinate system for

each of these is experimentally established by measuring the distance separating the

genomic landmarks. Each map has a characteristic resolution range which defines its utility

in studying the human genome (Green et al, 1995).



1.4.1. Physical Maps

Physical maps of DNA specify the distance separating genomic landmarks from

one another. These maps are constructed from either total genomic DNA or cloned

fragments of the genome. However, in the latter case, the ordering of the DNA segments

is lost. The collection of clones is comprised of numerous copies of each DNA fragment.

Identical DNA segments may also be present on overlapping fragments of differing sizes.

To order these clones, they are screened for the presence or absence of genomic

landmarks. When two clones are matched at a genomic landmark, they overlap at this

point to reconstruct a larger DNA segment. By continuing to screen and match genomic

landmarks in a sequential manner, a set of ordered clones called a "contig" is obtained. A

contig represents a contiguous segment of DNA which can be used to construct a contig

map (Cooper,1994; Green et al, 1995)

1.4.1.1. Restriction Map

l9

Restriction sites are a class of genomic landmarks available for constructing

physical DNA maps. The restriction site is a signal for cleavage by a specific restriction

enzyme, Long-range restriction maps of uncloned, total genomic DNA are constructed by

using pulsed field gel electrophoresis (PFGE) to delineate the order and distance between

recognition sites for rare cutting enzymes. The resolution of this type of physical map is

between 50, 000 to several million base pairs (Rose, 1991). Restriction sites can also be

analyzed within individual clones to establish a fingerprint pattern which can be used to

determine the overlapping relationship among different clones (Green et al, 7995).



1.4.1.2. Sequenced Tagged Site Maps

The most recent genomic landmark to emerge is the sequenced-tagged site (STS)

(Olson et o1,1989) which is defined as a -60 to 1000 bp stretch of unique DNA

specifically detectable by PCR. STS-based maps reflect the relative order and distance

between STSs within a region of DNA. There are several features that make STSs

suitable tools for physical mapping. First, PCR detection is most desirable because of its

high sensitivity, specifìcity and efficiency. Secondly, all relevant information pertaining to

each STS can be electronically stored and accessed by investigators. In this way, any

DNA segment defined by a STS can be synthesized under the appropriate PCR conditions

with the appropriate oligonucleotide primers (Green et al, 1995).

To construct physical maps of human chromosomes, STSs are the genomic

landmarks and yeast artificial chromosomes (YACs) are the source of cloned DNA.

YACs can accommodate aDNA fragment of 0.1 to I Mb (Green, 1990; Schlessinger,

1990). The magnitude of the insert size simplifies the process of assembling contigs

within a chromosomal region. YAC clones are screened for the presence of STSs and

sized by PFGE. Then, they are arranged in a sequential manner by overlapping the regions

where clones contain one or more comrnon STSs. Once the order of the clones is

established, the resulting contig maps provide information about the relationship between

the clones and relative order and distribution of STSs (Green et al, 1995).
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YACs are an invaluable resource for covering large regions of the genome,

however, there are some limitations. First, a high proportion of chimaeric clones

containing non-contiguous genomic sequences have been observed. Additionally, the
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presence of widely dispersed homologous sequences in the genome can lead to incorrect

contig assembly. Furthermore, some human sequences are not amenable to cloning into

yeast or exhibit instability once cloned. For these reasons, YAC contigs often contain

deletions and rearrangements (Cooper, 1994).

1.4.1.3. Radiation llybrid Maps

Radiation hybrid mapping is an alternative approach to order physically genomic

landmarks along a chromosome. The success of this experimental technique relies on the

ability to recover fragments of human ch¡omosomes from rodent cell lines. Human-rodent

hybrid cell cultures containing a single human chromosome are exposed to lethal X-ray

irradiation. The resulting human chromosome fragments are rescued by fusion of the

irradiated cells to another rodent cell line. Each of these cell lines contains fragments of

specific human ch¡omosomes which can be analyzed for the presence or absence of DNA

markers such as STSs by PCR. The coexistence of markers within a collection of cell

lines provide information about both their order and physical location. The closer two

markers are on a chromosome, the less likely they will be separated by breakage caused by

irradiation. The information obtained can be used to assemble STS-based radiation hybrid

maps. In turn, these maps complement the YAC clones ordered by STS analysis, by

helping to order disjointed YAC contigs and orient YAC contigs relative to the

centromere and telomeres (Cooper, 1994; Green el al, 1995).



1.4.1.4. Sequence Maps

DNA sequence map reflects the precise order of the nucleotide sequence along a

stretch of DNA and represents the highest resolution physical map. As the Human

Genome Project advances, the complete sequence of the huinan genome will be eventually

established. The resulting DNA sequence will be a composite of different individuals and

reflect an individual's DNA for >99%o of the genome (Green et al, 1995).

As less than 5Yo of the human genome is expressed, DNA sequence maps are being

assembled which depict only the transcribed sequences. However, a map based only on

sequenced cDNA has a number of limitations. First, this type of map provides no

information about location, structure or regulation of the gene. Secondly, cDNA

sequences do not give any insight into cases where multiple mRNAs are produced from

the same gene or where one type of mRNA is produced from multiple genes. Lastly, a

portion of transcribed sequences may go undetected due to low levels of expression,

tissue-specific expression or species-specific expression (Rose, l99l)

22

1.4.2, Genetic Maps

Genetic maps also known as linkage maps reflect the relative location of genomic

landmarks in an interval of DNA (Green et al, 1995). These maps are constructed by

measuring the probability that two closely spaced genomic landmarks on a chromosome

will be inherited as a unit and not be separated by recombination during meiosis. As the

genetic distance separating the landmarks increases, the frequency of recombination

increases, Likewise, the smaller the recombination fraction. the smaller the estimated
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genetic distance. The unit of measure is the centiMorgan (cM), where 1 cM corresponds

to a lYo frequency of recombination between two markers during meiosis. There is no

direct relationship between genetic and physical distance due to sex-specific and regional-

specific differences in the recombination frequency across the human genome (Renwic(

1969).It has been estimated that 1 cM on a linkage map on average corresponds to -1 to

3 Mb on a physical map (Donis-Keller et al,1987).

1.5. Linkage Analysis

Linkage analysis is an effective tool to identify and map genes responsible for

inherited disease. Genetic linkage reflects the proximity of two genomic landmarks (genes,

microsatellite loci) and their tendency to be inherited in a non-random manner in families.

The closer two loci are situated on the same ch¡omosome, the less likely their respective

alleles will be separated by homologous recombination during meiosis. Loci that are

situated physically close together along the chromosome are described as linked and the

alleles will tend to be inherited together. However, if the loci are farther apart,linkage is

disrupted by homologous recombination during meiosis resulting in new alleles at various

loci on the ch¡omosome pairs. As the distance between the loci increases, the frequency

of recombination defined as the recombination fraction (e), also increases. The

recombination fraction varies in value from 0.0 which signifies no recombination to 0.5

which signifies independent assortment. 'When two loci on the same chromosome are

located far enough apart that they assort independently, the probability of recombinant and

non-recombinant chromosomes is equal (0:0.5), similar to when loci reside on different



24

chromosomes (reviewed by Conneally and Rivas, 1980). The genetic distance between

loci is estimated from the recombination fraction where I cM corresponds to lyo

frequency of recombination. In other words, the recombination fraction represents the

probability of I recombination event on average for every 100 meioses (Renwick,1969).

Two assumptions are inherent to detecting linkage. First, the genetic mechanism of the

disease must be known. However, for many complex diseases, the pattern of inheritance is not

known and must be determined by perlorming linkage analysis under va¡ious models of

inheritance. Second, the alleles at the disease and marker locus must be inherited in an

autosomal codominant fashion. ln an informative mating, one parent must be heterozygous at

both loci under consideration to permit the segregation of alleles in the family to be followed

unambiguously. If this is not the case, segregation can not be clearly defined and the mating is

non-informative for the marker under study. Although family members, such as grandparents

and grandchildren, are not used directly in the calculation of lod scores, they are helpful in

assigning the parental genotypes in a nuclear family. The analysis of grandparents is

particularly useful when the informative parent is a double heterorygote for the two loci being

studied. ln this case, two possible phases exist: if the ma¡ker allele and disease allele are on the

same homologue, they are in coupling; alleles on opposing homologues are in repulsion. By

døermining the phase of the parent, it permits the classification of offspring as either

recombinants or nonrecombinants. Phase-known families provide more linkage information

than phase-unknown families. Thus, the strength of evidence in support of linkage is much

greater in phase-known families compared to phase-unknown families (reviewed by Risch,

1992;Iftoury et a|,1993)
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Since human families tend to be relatively small and phase information is not always

obtainable, Morton (1955) developed a sequential method for testing linkage based on two-

point lod score analysis. Two-point lod scores can be calculated by inspection using lod

score tables or generated with the aid of computer software packages such as MARK III

(Côté, 1975) and LINKAGE (Lathrop et aL,1984;Lathrop and Lalouel, 1984;Latltrop et

al, 1986). Regardless of the tools choser¡ the maximum likelihood approach to linkage

analysis measures the likelihood of the observed association between two traits in families

under two hypotheses. Under the null hypothesis of no linkage, the two traits are not

linked and have a recombination fraction equal to 0.5. The alternate hypothesis presumes

the two loci are linked at a recombination fraction of <0.5. To conclude, statistically,

linkage between two traits, an odds ratio, L, is determined by the ratio of the probability

of observing the distributional pattern of two traits in a family under the alternate

hypothesis of linkage at a given 0, to the same probability under the null hypothesis of no

linkage. The lod score, the decimal logarithm of L, is calculated at several values of 0.

The maximum lod score at its corresponding recombination fraction can be obtained

graphically or with the aid of computer programs. If the meioses being scored are phase-

known, the number of recombinants (R) and non-recombinants (NR) can be determined. If the

mating is phase-unknown, then aZ score is used to represent children of each type. Sequential

testing permits families to be sampled until conclusive evidence either for or against linkage is

accumulated (reviewed by Conneally and Rivas, 1980;Khoury et al, 1993).

Morton (1955) established the conventional threshold for asserting linkage is a lod

score >3. At this level, the observed segregation between the two traits is 1000 times more
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likely to have arisen due to linkage than by chance alone. Thus, the posterior probability of

linkage is 95o/o and the posterior probability of no linkage, or a probability of false positive is

5%. Alod score of -2.0 or less signifies a 100:1 odds against linkage at some specified value of

0. Lod scores between -2.0 and 3.0 summed over independent matings neither support linkage

nor allow linkage to be excluded and require more data to be collected. When multiple loci are

considered, if trrso are known to be located on the same chromosome, a lod score of 2.0 is

sufEcient to support linkage (Keats et al,1987)

To study human disease under conventional methods of linkage analysis, it must be

monogenetic and follow an autosomal or X-linked dominant or recessive pattern of inheritance

(RisclU 1992). The primary assumption underþing this linkage study is that CSD1 conforms to

a single locus, autosomal dominantly inherited Mendelian disorder. The CSDI kindred shows

vertical transmission with multiple affected generations. The offspring of affected parents,

regardless of sex gender, have a 50% risk of developing the disease. The responsible gene

appears to be 100% penetrant in family members 25 years or older. There is no evidence for

reduced penetrance as each affected child has an affected parent.

1.6. Genetic Markerr

1.6.1. Microsatellite Markerc

Short tandem repeat polymorphisms (STRPs), commonly called microsatellites, are

highly polymorphic genetic markers exhibiting variation in the number of di-, tri-, tetra- and

pentanucleotide repeat motiß. These unique markers tend to have several alleles which are

inherited in a co-dominant Mendelian manner (Weber and May, 1989; Sheffield et al, 1995).
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As microsatellites occur abundantly and randomly tkoughout the human genome and are

amenable to assay by PCR, they are used extensively in genome-wide searches for linkage

analysis and gene mapping and for diagnostic tests.

The core repetitive region generally consists of 10-15 tandem repeats of 1-6 base pairs

(Litt and Luty, 1989; Weber, 1990). All nucleotide combinations have been identified within

the repetitive region. The abundance of different motiß is highly skewed and differs

significantly from the prediøed distribution based on the frequency of nucleotides in the human

genome (Ashley and Dow, 1994).If spaced uniformly throughout the genome, tandem repeats

of (dC-dA)"{dG-dT)" are the most commonly occurring at an average frequency of 30-60 kb

(Litt and Luty, 1989).

The overall chromosomal distribution of microsatellite markers varies from

chromosome to clromosome, with under representation on chromosomes 9, 19 and 21, for

example, and over representation on clromosomes 14, 17 and 18. Cytogenetic correlations at

the intrach¡omosomal level are inconclusive as no systematic trend has been observed for either

G or R bands which might be rich or poor in (CA/GT)n microsatellite markers. The

distribution of microsatellite markers in telomeric regions ranges from very poor to absent

(Weissenbach et ql, 1992; Weissenbac[ 1993b). Tri- and tetranucleotide repeats occur much

less frequently in the genome and differ considerably in thei¡ distribution from (CA/GT)n

repeats (Gastier et al, 1995; Sheffield et al, 1995). The most abundant class of trinucleotide

repeats in (AAT)n, occurring approximately every 500 kb. The least frequent class, (ACT)n

occurs approximately every 25,000 kb (Gastier et al, 1995). Preliminary data suggest that

tetranucleotide repeats of (GATA)n and (GGAA)n are relatively abundant in the genome. It is
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thought the distribution of these markers will complement the distribution of dinucleotide

repeat sequences in the genome (Shetreld et al, 7995),

The repetitive motif can be classified as perfect, imperfect, or compound (figure 2).

Perfect repeats are unintem¡pted tandem repeats without adjacent repeats of another sequence.

Imperfeø repeats are characterised by one or more intemrptions of the core motif Compound

repeats are defined as diferent motiß located adjacent to each other. The length and type of

the repetitive region is an indicator of the informativeness of the microsatellite marker. The

informativeness of perfect repeats increases with increasing number of repeats, particularly in

the range of 11-17 repeats. Imperfeø repeats and compound repeats are generally less

polymorphic than perfect repeats, thus less informative (Weber, 1990).

For microsatellite markers to be useful in linkage studies, they must fuIfilIthe following

criteria outlined by Conneally and Rivas (1980):

(1) The mode of inheritance of the marker must be clear. Microsatellite markers are

inherited in a co-dominant Mendelian manner where the segregation of alleles can be

followed in families.

Ø The phenotypic expression of each genotype must be evident. When screening

microsatellite markers, individuals are cha¡acterized as homorygous or heterozygous at

each locus on the basis of the inherited alleles. These alleles reflect the DNA sequence

transmitted from parent to offspring.

(3) The locus must exhibit a high level of heterozygosþ in the population. The term

heterorygosity is defined as the chance an individual has of having two different alleles

at a given locus. For a locus with only two alleles, the heterozygosity is generally 50o/o.



Perfect TTTAGATqTqúqA(AC)TsCCCCtuAAGCT

CATGCACGTG(CA)20 TACACCAGCT

Imperfect TTGTTGATTT(CA)u CT(CA)4 TACTGATGTG

CTTTCTCAGGA(CA)ZGAG(AC)T¿ AGGCAATGACA

Compound (perfect) CCTTGTCTCT(AC)r6(TC)16 AGCCAGGCAC

GGCATGCATG(CA)94(ACh9 A(GA)?CATGCTGTTC

Figure 2. Examples of different categories of (dC-dA)".,(dG-dT)" repeat sequences (Adapted from Weber, 1990).

N)
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In contrast, microsatellite markers with several alleles have heterozygosities in excess

of 70o/o (Goodfellow, 1992). A measure of the probability of a marker locus being

informative based on the number of alleles at a given locus and their frequenry in the

population is the polymorphic information content @IC) @otstein et al 1980). The

highest PIC scores are achieved for ma¡kers with many equally frequent alleles

(Khoury et al, 1993). For linkage analysis, microsatellite markers with PIC > 0.7 are

well zuited because in these cases the parents are often heterozygous at the locus under

study and the segregation of alleles can be followed unambiguously in the offspring.

Genotyping highly polymorphic markers increases the informativeness of families

(Flearne et al, 1992).

(4) It must be possible to detect phenotypic expression in tiszues amenable to study. The

polymorphic nature of microsatellites is expressed in DNA. The most readily available

and accessible supply of genomic DNA is from white blood cells obtained by DNA

extraction from whole blood. Thus, the tissue or organ affected by the disease in

question does not need to be sampled. A permanent zupply of genomic DNA can be

established by in vitro transformation of lymphocytes. Other potential sources of

genomic DNA suitable to microsatellite analysis include hair (Morin et al, 1992), cells

from the buccal mucosa (Tautz, 1989) and fingemails (Kaneshige et a\,1992).

The highly polymorphic repetitive region characteristic of microsatellite markers is

attributed to slipped strand mispairing (SSM). This mechanism of mutation has four main

features. First, short simple tandem repeats that arise by chance in DNA sequences serve as the

raw material for expansion by SSM of complementary bases at these short repeats during DNA
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replication. Second, mutations zuch as base zubstitutions, insertions and deletions can give rise

to new motiß which a¡e further propagated by SSM events. This potentially gives rise to

tandem or interspersed repeats of closely related motiß. The third feature, transitions

(purines-+purines or pyrimidines+pyrimidines) are more likely to be tolerated, thus occur with

greater frequency than transversions þurineepyrimidine). As a rezult, there will be a

tendenry to maintain polypyrimidine and poþurine tracts vvithin the repetitive region. Lastly,

the abundance of methylated cytosine residues in the human genome at CpG islands may in fact

favour TG repeats over GA repeats. At these CpG islands, the methylated rytosine can

undergo deamination resulting in a transitions of C->T, thereby increasing the abundance of

TpG regions (Levinson and Gutmaq 1987;Tautzet al, 1986;Wright, 1994).

The repetitive regions charaøeristic of microsatellite ma¡kers are wlnerable to

mutation. The mutation rate is not constant, varying from marker to marker. The published

estimates of dinucleotide microsatellite markers is in the order of l0-3 to 10-5 (Weissenbaclr,

1993b). Trinucleotide repeats have a mutation rate approximately equivalent to dinucleotide

markers. In contrast, tetranucleotide markers have a mutation rate estimated to be tfuee to

four times higher than that of dinucleotide ma¡kers (Gasier et al, 1995). It is necessary to

consider the instability of microsatellite ma¡kers in studies zuch as linkage disequilibrium and

other non-parametric genetic analyses where the difference between the mutated allele and a

different allele is critical (Weissenbacll 1993a). In future, knowledge of mutation rates at

specific loci could aid researchers in determining which genetic ma¡kers would be best zuited to

the study (Gastier et al, 1995). The high degree of variability of microsatellite loci may also be

evident in genotypic diferences between somatic and germinal cell lineages. For example, in
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an apparently heterozygous individu d, (a,b), the allele a may be the result of a mutation of allele

b n a portion of the parental germline. Artifacts which appear to distort the segregation of

alleles in microsatellite analysis should be carefully examined by typing with adjacent ma¡kers.

Although the mutation rate is an important consideratior¡ in general, the alleles a¡e inherited

from generation to generation with high fidelity and can be reliably followed in family studies

(Weissenbact¡ 1993a; Nelso4 1996).

Microsatellites are PCR-formatted such that the primers anneal to single-copy DNA

flanking the repetitive element. The most commonly encountered pitfall genotyping

dinucleotide ma¡kers are technical difficulties when scoring alleles. Most notably is the

template switching phenomenon or strand slippage where mispairing of the template and

newly synthesised strand during elongation across the dinucleotide tract rezults in a laddering

effeø. Tri- and tetranucleotide markers are less sensitive to these laddering a¡tifacts and tend

to exhibit better stability during PCR" thus, more easily interpretable results (The Utah Marker

Development Group, 1995). The reason for the increased clarity of the banding pattern is not

entirely clear. It may, in part, be due to the faø that a greater separation of alleles is achieved

because they differ by increments of three or four bases. \ilhen genotyping dinucleotide

repeats, it is useful to identi$ a heterozygote with two sets of multiple bands to distinguish the

true alleles from the artifact bands. For each set, the band representing the true allele is more

readily identifiable than the remaining "shadow bands". ln general, the pattern of the extra

bands is consistent within a given ¿ìssay, therefore, the genotypes of different individuals can be

deduced by only scoring the true alleles (Fludson, 1994).
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There a¡e five different factors which are potential causes of "shadow bands", The first

three are technical and if appropriately controlled allow for dinucleotide repeats to be typed

with relative efficiency and unambiguity. The first factor is the method of labelling the PCR

product. Internal labelling is dependent upon the ratio of bases in the segmørt to be amplified.

When a single radioactive nucleotide is used, ifthe two strands differ sufficiently in the ratio of

the labelled nucleotide, strand separation does not interfere with scoring the alleles. If both

strands a¡e labelled with comparable intensity, then the true allele cannot be distinguished. This

problem can be avoided by 5'-end labelling the forward or reverse PCR primer with

polynucleotide kinase and (t''zf¡ ATP to visualise only one of the two strands (I-itt et a1,1993).

Secondly, the amplification of non-target regions of the genome can interfere with

visualisation of the desi¡ed products. This problem is marker specific and can uzually be

minimised by appropriate primer design and sufficiently stringent annealing temperatures (Litt

et al,l993). Additionally, the concentration ofMg2* in the reaction buffer can be increased and

glycerol can be added to a maximum of 15o/o of the total reaction volume to improve

amplification of the appropriately sized fragment. Another approach to eliminate non-specific

amplificatioq yet facilitate efficient amplification of the target region is to digest the high

molecular weight genomic DNA with an enryme that cuts frequently, but not \ /ithin the target

region (Sharma et al, 7992).

The third potential cause of "shadow bands" is insufficient denaturing conditions during

electrophoresis to separate the amplified fragments. Although 7-8.3M urea provides zufficient

denaturing conditions for resolving PCR products of some dinucleotide markers, for others,
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shadow bands and smears may still be evident even under these conditions. In these cases a

formamiddurea system helps to eliminate these artifacts (Litt et al, 1993).

The final two factors responsible for shadow bands are: (l) the terminal transferase-like

activity of Taq DNA polymerase which is responsible for the non-template dependent addition

of a single nucleotide at the 3'end of the PCR product (Weber and May, 1989) and (2) the

mutation phenomenon SSM described earlier, where the insertion or deletion of repeat units

produces a2bp ladder of fr4gments (Flauge and Litt, 1993; Weber and May, 1989;Luty et al,

1990). From practical experience and evidence from the literature, the first three factors are

technical in nature and can be controlled appropriately and the latter two factors do not prwent

accurate genotyping of dinucleotide markers.

Additional pitfalls in genotyping PCR-microsatellite markers arise from minor to

significant variations in the template DNA. The presence of an unidentified polymorphic

motif nesting within the amplified region of interest (The Huntington Disease Collaborative

Resea¡ch Group, 1993) or duplication of the marker locus (Philips et al, 1993) can interfere

with unambigous allele assignment. Secondary structures in the template DNA such as a

stem and loop configuration have been observed to markedly reduce or inhibit PCR

amplification (Oudet, 1991). Microdeletions encompassing the marker locus (Sander et ql,

1994; Dantels et al, 1995; Taschner et al, 1995) or polymorphisms within the priming

sequence for PCR amplification @hillips et al, 7997; Weber et al, 1991; Callen et al,

1993) lead to reduced or complete loss of PCR product for a given marker resulting in a

"non-ampliflrrng" allele. Such a phenomenon is recognized when there is apparent non-

inheritance of an allele f¡om one or both parents (Daniels et ø1, 1995).



1.6.2. Trinucleotide Expansions and Disease

Several human genetic disorders have evolved from the expansion of trinucleotide

repeats. This phenomenon represents a unique mechanism of mutagenesis which is often

referred to as "allelic expansion" because the increase of repeats involves only one of two

alleles carried by an individual. To date, Xlinked spinobulbar muscular atrophy (SBMA)

(LaSpada et al, 1991), fragile X (FRAXA) (Oberle et al, 1991), myotonic dystrophy

(DM) (Harley et dl, 1gg2), Huntington disease GID) (The Huntington Disease

Collaborative Research Group, 1993), spinocerebellar atæria type I (SCA 1) (Orr et al,

1993), dentatorubral pallidoluysian atrophy (DRPLA) (Nagafuchi et al, 1994) and

Machado-Joseph disease (MID) (Kawaguchi et al,l994) are caused by trinucleotide

expansion in the disease-causing gene. Two aspects common to these diseases are genetic

instability and anticipation. The expanded region is unstable in parent to offspring

transmission. Furthermore, the observed phenotypic variation is genearally related to the

size of the expansion which has a tendency to increase with each successive generation

and larger repeats are associated with more severe disease. This phenomenon is referred to

as anticipation (LaSpada et al, 1994).

The instability of the trinucleotide repetitive region is generally related to the

number of repeats, where an increase in the number of repeats increases the likelihood of

change. In the normal range, these repeats are small, stable, polymorphisms with low

mutation rates. However, when the repetitive region reaches a critical size threshold, the

potential disease-causing gene becomes highly unstable. The likelihood and magnitude of

expansion is related directly to maternal or paternal transmission (LaSpada et al, 1994;

J)
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Nelson 1996). In general, paternal transmission is more frequently associated with

expansion because the paternal line is subject to more cell divisions per generation than the

maternal line (Jennings 1995). There is apparent directionality in the instability of repeats,

with expansion more likely than contraction. Furthermore, the limitation of expansion to

only CGG and CAG trinucleotide repeats implies these sequences adopt some alternative

DNA structures which contribute to the mechanism of instability (Nelson 1996).

The magnitude of instability in the repetitive region is divided into two classes. In

the first class, the mutations are small scale changes demonstrating a two-fold increase in

the original repeat length. Slipped strand mispairing may in part be responsible for these

mutations. It is postulated that a defective mismatch repair system in families with

trinucleotide expansion disorders may contribute to the expansion. Although no evidence

has been found to support this hypothesis, the particular timing and tissue specific location

of these changes may render the mismatch repair system ineffective during critical periods

of development, such as in embryogenesis or gametogenesis. The second class of

mutations is characterized by both small and large scale changes of up to 2O-fold in a

single transmission. Slipped strand mispairing is not believed to be a likely explanation for

large scale type changes (Nelson, 1996).

Small scale instability gives rise to expansion of CAG repeats in five dominantly

inherited neurodegenerative diseases. These are SBMA, HD, SCA 1, DRPLA and MID.

There is a greater likelihood ofjuvenile-onset cases of HD, SCA1, and DRPLA when the

expansion is inherited from affected fathers rather than affected mothers. The alterations in

the expansion region are much larger in paternal transmission versus maternal
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transmission. Consequently, affected males are more likely to transmit larger repeats to

their offspring, thus a greater chance of early onset of disease (LaSpada et al, 1994;

Nelson, 1996). Sperm analysis shows the male bias is primarily attributed to the tendency

of the repetitive region to expand during spermatogenesis (Jennings, 1995).

Current findings suggest that the expansion of CAG/polyglutamine tracts in the

disease-causing gene leads to a gain-oÊfunction mutation (Jennings, 1995). Studies in

available models have found the loss-oÊfunction phenotype does not resemble the disease

pathology. For example, complete loss of the Huntington gene product, huntingtin, causes

embryonic lethality (Duyao et al, 1995; Nasir at aL,7995). The gene involved in SBMA

encodes the androgen receptor whose absence or defective function leads to complete or

partial androgen insensitivity without any indication of neurodegeneration. In transgenic

mice with the expanded SCAI gene, Purkinje cell degeneration is observed (Burright et al,

1995). Throughout evolution, across species, glutamine rich domains and polyglutamine

tracts have been conserved and identified in transcription factors as well as other

developmentally important genes. At present, many suspect that the expansion of the

polyglutamine tracts results in a novel, pathological interaction with a target protein which

is yet to be determined (LaSpada et al, 1994; Jennings, 1995).

The expansion for the five CAG-repeat diseases occurs within the protein-coding

region which suggests that expansion beyond a given number of repeats may abolish the

functioning protein. To gain further insight into this trend, Stallings (1994) surveyed the

distribution of trinucleotide microsatellite sequences in the GenBank database (available at

http://www.ncbi.nlm.nih.gov/) The motif (CAG)n was found to be the most abundant
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trinucleotide microsatellite in the database occurring almost exclusively within exons

which, in part explains their involvement in the pathogenesis of trinucleotide expansion

disorders. The exclusion of (CAG)n from intronic regions in a strand specific manner

suggests a potential mechanism to differentiate from the similar, but highly conserved

CAGG sequence of the 3'-acceptor consensus splice site (Shapiro and Senapathy, 1987).

As most proteins with polyglutamine tracts are transcription factors, the presence of

(CAG)n repetitive region within intronic regions would not be amenable to binding other

proteins (Richards et al, 7993).

In fragile site related mutations such as in FRAXA and in DM, large expansions

are evident. Inboth of these disorders, the expansion occurs in the untranslated region of

the gene. Unlike the five other expansion disorders where beyond a given size threshold

the gene becomes unstable, the untranslated, non-CAG repeat disorders must overcome a

second expansion size threshold. Mutations which evolve beyond the second threshold

lead to greater expansion and full phenotypic expression of disease. Carrier individuals

have repeats falling between the two size thresholds and present with minimal to

undetectable disease. These may lead to full expression in subsequent generations. In

FRAXA5 a parental bias is observed where expansion occurs through maternal

transmission. The male germline does not undergo a similar expansion event. In contrast,

both maternal and paternal transmissions can lead to large expansions in myotonic

dystrophy. Reductions of the expansion region rarely occur in either of the disorders

(LaSpada et al, 1994; Nelson 1996).
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Most recently, Campuzana et al (1996) identified an intronic GAA trinucleotide

expansion to cause Friedreich's ataxia (FRDA), an autosomal recessive degenerative

disorder. This trinucleotide expansion accounts for 98% of FRDA*D (mutation

containing) ch¡omosomes studied to date. The GAA repeat is polymo¡phic in the general

population, varying fromT-22 repeat units. However, the disease-causing allele has from

200 to 900 GAA repeat units, with most alleles containing 700 to 800 units. The instability

of the repetitive region has been clearly demonstrated in parent-to-offspring transmission.

The phenomenon of anticipation does not charactenze the inheritance of FRDA.

Heterozygous carriers of expanded alleles are asymptomatic and, therefore, cannot be

identified by physical examination. Consequently, the allele is maintained in the population

at a much higher frequency as compared to the frequency of the mutant alleles in the other

trinucleotide expansion disorders.

As investigations into the human genome continue, additional inherited disorders

with trinucleotide expansions will be identifred. Trinucleotide expansions may be

responsible for other disease-causing fragile sites. Furtherrnore, the (CAG)n expansions

may be involved in other dominantly inherited neurodegenerative disease or perhaps

certain neurological or psychiatric disorders. Nevertheless, the most definitive answers will

be found when both the normal and the pathogenic function of the trinucleotide expansion

in disease-causing genes are defined (LaSpada et al, 1994).



1.7. Gene Mapping

1.7.1. Functional Cloning Approach

There are an estimated 50, 000 to 100, 000 genes in the human genome.Yet, to

date, there is some information only on >8000 genes. Of these, >3700 have been assigned

to individual ch¡omosomes and the proportion known to harbour mutations disrupting

normal function is continually increasing. The classical approach to identifr and isolate

human disease genes is termed functional cloning. in which the disease determining gene

is isolated based on pre-existing knowledge about the function of the defective gene or its

protein product. Once sufficient information about its function is acquired or the amino

acid sequence of the purified protein product is available, the responsible gene can be

mapped and cloned (Collins, 1992; 1995). Some well known examples of disease

determining genes identified by a functional cloning strategy include B-thalassemia (Orkin

and Nathan 1981), Lesch-Nyhan syndrome (Jolly et al, T982), phenylketonuria (Kwok er

al, 1985) and G6PD deficiency (Persico et ø1, 1986).

40

1.7.2. Candidate Gene Approach

The candidate gene approach relies on partial information about the biological or

biochemical basis of the disease. It is an intermediate strategy between functional cloning

in which mapping is directed by prior knowledge about the biochemical defect and

positional cloning in which the gene is mapped and then cloned without prior knowledge

offunction(Collins, 1995; Greenetal, 1995). Acandidategeneisselectedbecauseofits

known involvement in disease pathogenesis, lies within the appropriate interval on the
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chromosome or appears to be physiologically relevant. The initial steps in the candidate

gene approach involve testing for linkage between the putative candidate gene or closely

flanking DNA markers and the locus for the disease under study. Once linkage is

confirmed, the gene must be scanned for disease-causing mutations (Glbert, 1994).

1.7.3. Positional Cloning Approach

In instances where there is limited knowledge about gene function and its role in

disease, an alternative approach must be taken to identify the disease-causing gene. A

positional cloning strategy is used to establish the "position" of the responsible gene within

the genome by utilizing genetic and physical mapping techniques. Genetic mapping tools

are used to narrow the region of the genome to a stage which allows for molecular cloning

of the interval, scanning for expressed genes and eventual identification of the causative

mutation(s) (Collins, 1995; Green et al, 1995).

The positional cloning approach involves a series of sequential steps to identify and

isolate the disease gene. First, the disease phenotype must be clearly defined to determine

if the disease has a significant genetic component and to ensure consistent diagnosis in

family ascertainment and data analysis. Pedigrees are then collected where the defective

gene is segregating in multiple affected individuals. DNA samples are collected from both

affected and unaffected family members (Glbert, 1994; Green et al, 1995).

The next stage is to localize the mutant gene to a region of the genome.

Cytogenetic abnormalities such as deletions, translocations and fragile sites associated

with the disease help considerably to define the interval where the gene is situated.
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However, the majority of genetic diseases aÍe not associated with cytogenetic

abnormalities (Collins, 1992). In these cases, the family members are genotyped using a

set of markers that span the entire genome to search for a marker which segregates with

the disease in the families being studied. Once, the disease-causing gene has been assigned

a ch¡omosomal location, additional genetic markers can be typed to refine its position in

the genome. The extent to which the region of interest can be narrowed depends on family

resources such as the number and size of families and availability of biological samples. In

addition, factors such as the number, distribution and informativeness of the genetic

markers in the region of interest must be considered. When all the genotype dala are

collected, various computational tools are utilized to determine if the data collected are

sufficient to confidently establish linkage (Glbert, 1994; Green et ol, 1995).

Ideally, genetic mapping allows for the candidate region to be limited to

approximately 1 cM. However, genetic and physical distances are not linearly related due

to sex-specific and regional-specific differences in recombination rates across the genome

(Renwick, 1969). Typically, a I cM genetic distance corresponds to 1 to 3 Mb (Donis-

Keller et al, 1987) which can be physically mapped by the use of overlapping clones. The

starting point for isolating clones are the closest distal and proximal genetic markers.

From these isolated clones, new markers are derived which serve to identify new,

overlapping clones. This process, commonly referred to as "chromosome walking" is

repeated systematically until the entire DNA interval defined by the genetic markers is

represented by overlapping clones. The collection of overlapping clones can be used to
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develop additional genetic markers for further fine mapping of the candidate interval and

later for gene isolation and mutation detection (Rommens et al, 7989).

The greatest challenge in the positional cloning strategy is to identify coding genes

in the candidate region. The three major approaches available are: (1) DNA-DNA

hybridization (2) functional analysis and (3) DNA sequence analysis. DNA-DNA

hybridization methods include zoo blots in which DNA fragments from larger clones are

used to probe a panel of genomic DNAs from a collection of organisms to identify the

degree of evolutionary conservation of a gene (Watson et al, 1992). These same probes

can be used in Northern blot techniques to hybridize mRNA derived from various human

tissues. A third technique relies on digesting the probes with specifïc enzymes to identify

CpG islands which often are indicators of the 5'-ends of genes. Alternatively, large

genomic clones such as yeast artificial ch¡omosomes (YACs) and cosmids can be used to

directly probe cDNA libraries derived from tissue specific mRNA (Green et al, 1995).

The second group of available methods are function based in which a particular

gene function or structure is exploited. For example, in "exon trapping", the unique

sequences for splicing introns are used to isolate adjacent exons. Methods to trap the

most 3'-end exon in a gene have been developed using the characteristic poly A tract of

mRNA as a signal. Another method is to transfer the cloned genomic segment into an

appropriate mammalian expression system and select for the desired gene function (Green

et al, 1995).

The last approach to identifying genes is by systematically analyzing DNA

sequence data from the candidate region. The most simple analysis is to translate these
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data into all six possible reading frames to identify the longest open reading frame

unintemrpted by a stop codon. Further, computer analysis can be used to detect possible

exons, known protein motiß and other structural features of genes. In addition, the DNA

sequence can be compared across species to detect motifs that have been conserved

through evolution (Watson et al, 1992).

Any genes identified in the region of interest are potential candidates for the

disease. To prove the candidate gene is indeed the correct one, mutation(s) in the gene

must be associated with the disease. The mutation(s) must demonstrate the same pattern

of inheritance, such as autosomal dominant or recessive, as the disease. The candidate

gene is scanned for DNA alterations using techniques such as denaturing gradient gel

electrophoresis, RNase or chemical cleavage of mismatches, single-strand conformation

polymorphism analysis, heteroduplex analysis and direct sequencing (Gilbert, 1994; Green

et al, 1995). In the course of detecting mutations, it is important to discriminate between

benign sequence polymorphisms part of the disease determining gene and pathogenic

mutations. Generally, an amino acid substitution in a predicted functional domain of the

protein provides strong evidence for its involvement in disease. Yet, the most convincing

evidence that a candidate gene is indeed involved in disease comes from expression studies

demonstrating the mutant gene to cause the abnormal phenotype and the normal gene to

correct the abnormal phenotype (Green et al, 1995).

Since 1986, in excess of 42 disease-causing genes have been identified using a

positional cloning approach. Over 50o/o of these genes were mapped and cloned using

knowledge of an associated cytogenetic reaffangement (Collins, 1995). Some of the
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earliest genes identifìed are responsible for chronic granulomatous disease (Royer-Pokora

et al,1986), Duchenne muscular dystrophy (Monaco et al, 1986), retinoblastoma (Friend

et al, 1986), the six previously described trinucleotide expansion disorders (FRAXA DM,

HD, SCAI, DRPLA MJD) and most recently spinal muscular atrophy (Lefebwe et al,

1995) in addition to others.

A more streamlined and efücient method of identifying a disease gene is the

"positional-candidate" approach. This strategy relies on the initial correct chromosomal

localization of the disease locus followed by a survey of the interval of interest for suitable

candidate genes. Once a candidate gene is identified, it must be scanned for potential

mutations which correlate with features of the disease phenotype (Collins, 1995). This

approach has been used successfully to identify greater than 19 disease-causing genes such

as those responsible for some forms of retinitis pigmentosa (Dryja et al, 1990), malignant

hyperthermia (Maclennan eÍ al, 1990), Li-Fraumeni syndrome (Malkin et al, 1990), early

onset Alzheimer disease (Goate et al, 1991), Marfan syndrome (Lee et al, 1991), Charcot-

Marie-Tooth disease (Patel et al,1992), Waardenburg syndrome (Tassabehji et al, 7992),

the three allelic sydromes, Crouzon (Reardon et al, 1994), Jackson-rileiss (Jabs et al,

1994) and Pfeiffer (Lajeunie et al, 1995) and other diseases.

1.8. Mapping Hereditary Corneal Dystrophies

1.8.1. Previous Mapping Efforts of CSDI

As early as l975,linkage studies between CSDI and various genomic markers on

chromosomes l, 2, 4,6,9, 13, 74,16, 19, and 20 had been conducted. Hammerstein and
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Scholz (1975) tested four CSDI families and observed low positive lod scores with the

ACPL (0.211), MNS blood group system (0.385), HP (0.402) and GC (0.602) loci.

There \ryas no evidence for linkage to ABO blood group markers. Kivlin et al (1984)

studied two CSDI kindreds consisting of 27 affected and 24 unaffected individuals. In this

study, tight linkage to 15 informative blood group markers was excluded. The most

positive lod score, 0.56 at ê:0.17, was obtained between haptoglobin (HP) and CSDI.

When the results between CSDI and HP from these two studies were combined, a weakly

positive lod score of 0.96 at ê=0.17 resulted. To test the potential chromosome 16

localization of CSDI, Marles (1994) studied the CSDI kindred described herein. Similar

to previous studies, linkage to 14 blood group markers was excluded. A toLal of 23

informative meioses were scored for linkage between CSDL and HP. A maximum lod

score of 1.555 at ê=0.10 was obtained. When all the CSDI:HP data from the three

studies were combined, the maximum lod score, 2.46 at ê:0.20, was not sufficient to

demonstrate confidently linkage to chromosome 16q.

A candidate gene approach was also under taken to identify the gene(s)

responsible for CSD1. Although the nature of the amyloid deposits in CSD1 is yet to be

characterized, several precursor proteins are likely involved in the formation and

deposition of amyloid specifically to the corneal stroma. Two proteins involved in

systemic amyloidoses, gelsolin (GSN) and transthyretin (prealbumin) (TTR) were

investigated further for the possibility of harbouring mutation(s) responsible for CSD1.

GSN is involved in the Finnish type IV amyloidosis, a disorder that presents with corneal

dystrophy and other manisfestations. Thirty-two informative meioses scored for linkage in
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the family described herein resulted in strongly negative lod scores (2:-6.29 at ê:0.05)

between a highly polymorphic, intronic microsatellite of the gelsolin gene and C,SD,I This

finding provided sufficient genetic evidence to exclude G^9N as a candidate gene for CSDI

(Wiens er al,1992).

Mutations in the TTR gene have been implicated in causing both familial amyloid

polyneuropathies types I and II which include corneal dystrophy among the phenotypic

features. Single strand conformational analysis and direct sequencing of coding regions of

the TTR gene showed no sequence differences in genomic DNA from control individuals

and those affected with CSDl (Marles, 1994).

These two findings reflect the absence of linkage between CSDI and ABO whose

locus maps to 9q34.1-q34.2 in the same general location as GSi/ (9q33) and between

CSDI and the -L(, Kidd blood group locus, which maps to 18q11-ql2 in the same general

vicinity as TTR (18q12.1).

1.8.2. Corneal \strophies Mapping to 5q

A genome-wide linkage analysis of microsatellite markers enabled investigators to map

the loci for four phenotypically distinct corneal dystrophies to 5q22-33.3 over the course of the

last tluee years (figure 3 and table 1). ln 1993, Eiberg eî al screened genomic markers in a

large granular corneal dystrophy kindred of 124 individuals (52 affected arñ 72 unaffected).

Highly positive lod scores were observed with 5q microsatellite ma¡kers, specifically to the

interval defined by IL9 proximally nd D5543ó disally. The highest lod score,15.96 at a

ê:0.00, was observed between granular comeal dystrophy and IL9 @iberg et al, 1994).

Stone et al (1994) likewise mapped granular corneal dystrophy to the identical l0 cM interval



Figure 3: Ideogram of chromosome 5 illustrating the proposed ordering of 5q
microsatellite markers and the genomic localization of four phenotypically distinct
corneal dystrophies at 5q22-q33.3. The position of D5S4l4 relative to D55396 has not
been defined.
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Table 1: Summara of closest linked markers at their corresponding tod scores for corneal dystrophies

Research Group

Eiberg et al,1993

Stone et al,1994

Type of Corneal Closest Linked
Dystrophy Markers

Gregory et al,1995

Small et al,1996

mappins to 5q22-q33.3

CSD2

CSDI

CSD2

CSD3

CSDI

Reis-Bücklers

IL9

D55393

D5SI78

Dssse3 &, D5s4r4

D55393

D534I4

Zmax
Lod Score

15.96

10.70

6.90

I1.30

7.51

3.54

0.00

0.00

0.00

0.00

0.03

0.00

è\o
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on 5q as well as two other clinically and histologically distinct corneal stromal dystrophies,

lattice corneal dystrophy type 1 and Avellino corneal dystrophy. As these three stromal

dystrophies, lattice type 1, granular and Avellino map to the same locus, they have been

renamed corneal stromal dystrophy qpe I (CSD1), type 2 (CSD2) and type 3 (CSD3)

respectively. The highest lod scores for CSDI, CSD2 and CSD-3 were observed between

different microsatellite loci. The maximum lod score for CSDI was obtained with marker

D5S3g3 (Z:10.70, ê:0.0), for CSD2 with ma¡ker D5SI78 (Z4.gO, ô:O.OO¡ and CSD3 with

both markers D55393 and D55414 (Z:11.30, ê:0.00). The combined ma,ximum lod score

using all 114 affected individuals from CSDI, CSD2 and CSD3 kindreds was 28.60 at ê--O.OO

between CSD and D55393. The candidate interval has since been refined further to 2 cM by

Gregory et al (1995) who conducted a linkage study of a CSDI kindred of 46 family members

Q4 atreøed, I I unaffected and 1l unrelated spouses). This study positioned CSDI between

D55393 (distal to IL9) proximally and D55369 þroximal to D5S43Q distally. Most recently,

Reis-Bücklers corneal dystrophy has also been mapped to 5q in the interval ILg proximally and

D5S4I4 distally. Althouglr, it is a non-amyloid type of corneal dystrophy which is clinically and

histopathologcally distinct from CSDI and CSD3, it does share some common clinical features

with CSD2 (Moller, 1989) The highest lod score, 3.54 at Ô:0.00, was obtained between the

Reis-Bucklers corneal dystrophylocus and D5S4l4 in a study of 22 individuals (11 affected

and 11 unaffected) of a single five generation kindred (Small et al, 1996).



1.E.3. Genes Mapping to Candidate Region

The region 5q22-q33.3 encodes several disease-causing genes as well as some

important gene families. Those genes involved in disease cause hereditary startle disease,

diastrophic dysplasia, Treacher Collins syndrome, an autosomal dominant form of

deafness, one of several autosomal forms of limb girdle muscular dystrophy, a myeloid

disorder associated with 5q- syndrome and tumour development in specific types of

colorectal cancer. Various genes from the interleukin family (IJ.'3, U,4, IL5, IL9, and

ILl3) reside within this region. In addition, genes for growth factor receptors such as

glucocorticoid receptor (GRL) and adrenergic receptor (ADRB2) and genes for growth

factors such as early growth response (EGRl), fibroblast growth factor I (FGFI) are also

located at 5q22-33.3. Some regulatory function genes found, include transcription factor 7

(TCF7) and transcription elongation factor 13 (TCEBlL). A number of genes involved in

calcium binding such as osteonectin (SPARC), annexin IV (ANX6) and calnexin (CAN)()

are present on 5q as well. A more comprehensive list is available from Online Mendelian

Inheritance in Man (OMIM) (available athttp:llwww3.ncbi.nlm.gov/omim/). To date, the

genes mapped or cloned to the candidate interval do not appear as obvious candidates for

CSD1 or the other three corneal dystrophies, but none have been systematically tested.

Eiberg et al (1994) speculated the gene encoding SPARC as a potential candidate for

CSD2. Small et al (1996) tested for linkage between the loci for Reis-Bücklers corneal

dystrophy and SPARC and obtained significantly negative lod scores.

The evolutionary conservation of linkage groups between humans and mice on the

autosomes has been well documented. Many genes or disease loci have been identified by

5l
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comparative mapping methods. Here, predictions are made regarding the chromosomal

position of gene(s) in the human genome once their homologues have been mapped to

conserved regions in the mouse genome (Lalley et al, 1989; Searle et al, 1994). The

human chromosomal region 5q22-q35 is conserved on mouse chromosomes 11, 13, and

18. To date, there are approximately 36 human genes within this region that have

homologous loci on mouse chromosome 11, 13, and 18. For example, on mouse

chromosome 11 at position 28-29 cM, homologues of human interleukin genes, IJ.-3, [A,

IL5, and IL13 can be found. At 29 cM on mouse chromosome 11, the human homologue

of ANX6 (5q32-úÐ is present. The homologues of the SPARC (5q31-q33) and CANX

(5q35) genes can be found at 30 cM on mouse ch¡omosome 11. The human IL9 gene

(5q22-q32) is positioned at a 33 cM on mouse chromosome 13. Homologues of a number

of the growth factors and growth factor receptors are on mouse chromosome 18. A more

detailed list can be obtained from the Mouse Genome Database

(http://www.informatics.jax.orglmgd.html) where tools to perform mammalian homology

searches are also available.

Since the candidate interval of interest on human ch¡omosome 5q is not conserved

on a known syntenic segment of the mouse genome, comparative mapping does not offer

further insight to a potential candidate gene. It appears that evolutionary changes have

dispersed segments homologous to human chromosome 5 to four different mouse

chromosomes 11, 13, 15 and 18. Nevertheless, by locating a candidate loci in either

mammalian genome can lead to the search for its homologue in the other species. The
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conservation of genes across species is a clear indicator of the important biologic function

of a given gene.

2. Project Objectives

The linkage analysis study of a CSDI kindred of Belgian descent was carried out with

the following obj ectives :

(l) to confirm the mapping of CSDI to the 10 cM interval defined by IL9 proximally and

D 5 54 3 6 distally at 5 q22-q33 .3 .

(2) to refine the mapping of CSDI to a ca¡didate interval smaller than 10 cM at 5q22-

q33.3.

In pursuing the two objectives outlined above, technical difficulties encountered with

genotyping PCR-formatted microsatellite loci led to an additional objective: to determine the

cause for the unusual pattern of segregation of alleles observed at microsatellite locus D5S4l4

in one branch ofthe CSDI kindred.

3. Materials and Methods

3.1. Clinical Studies

3.1.1. CSDI Kindned

A single large multigeneration CSDI family of Belgian descent is the focus of this

study (figure 4). This kindred was first described in 1958 by Dr. R. Ramsay (Ramsay,

1958). The mode of transmission of CSD1 is consistent with autosomal dominant
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Figure.4: Corneal t$q-gl $ys{ophy type 1 kindred of Belgian descent under study. Affected individuals are r€presented by filled-in
symbols; un¿ffected individuals are represented by open symbols. Fifteen individuals at fifty percent risk ôf being afiected are
represented by open rymbols with question mark.
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inheritance with essentially full penetrance affecting males and females equally. There are

no apparent clinical differences among affected individuals born to affected mothers versus

affected fathers. All CSDI patients and at-risk individuals are being closely followed by

one ophthalmologist, Dr. M. Ekins @epartment of Ophthalomology, University of

Manitoba). Those affected have been symptomatic and/or have demonstrated

characteristic corneal changes by the age of 25 years. To date, none of the individuals

assessed as unaffected at the age of25 years have subsequently gone on to develop the

signs and symptoms of CSDI later in life. There is no evidence of unusual systemic

illnesses, specifically neurological, cardiac or renal in any affected individual. Presently,

those at-risk are 75-24 years of age. At their last eye examination by Dr. M. Ekins, all

showed no signs or symptoms of CSDI (table 2). Over the past decade, 26 patients have

received a total of 42 corneal grafts and several more are awaiting transplantation.

Characteristic amyloid deposits have been confirmed histopathologically by Dr. J. Safneck

@epartment of Pathology, University of Manitoba) in all the corneas studied.

3.2. Sample Collection

Heparinized venous blood samples were collected for previous studies (Wiens et

al, 1992, Marles et al, 1994) from consenting familiy members. The 60 participating

family members 25 years of age or older included 34 affected individuals, 26 unaffected

individuals and 13 un¡elated spouses. Additionally, 15 samples were collected and banked
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Table 2: Summary of clinical status of at-risk individuals

F00t
F002
F004
F005
F009
F010
E058
E059
8060
E069
8088
8089
E090
E091

E,092

l3
t2
l8
l4
16

13

2l
l6
l3
t7
18

l3
l8
t6
T4

56

Last Eye Corneal
Examination Status

l8
t7
23

t9
2l
l8
26

2l
18
aa/-/-

23

18

23

21

l9

Ãugl96
Augl96
tr'darl96

i|llar196

M;arl96
Aug/90
Oct/94
Oct/94
Nov/93
Nov/90
JuU93

Junl94
NA
NA
NA

clear
clear
clear
clear
clear
clear
clear
clear
clear
clear
clear
clear
NA
NA
NA
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from "at-risk" individuals younger than 25 years of age all of whom have an affected

parent.

Figure 5 illustrates the nuclear family studied to charactenze the segregation of a

non-amplifying allele at D5S4I4. DNA sample from unrelated spouse X045 vr,/as

previously banked. DNA samples were obtained from the two unaffected offspring, F;076

andB077.

3.3. Molecular Methods

3.3.1. DNA Isolation

DNA was extracted from whole blood following the method outlined below. First,

five volumes of lysis buffer (0.155 M NIl4Cl, 0.170 M Tris, pH 7.65) warmed to 37"C

were added to one volume of whole blood to lvse the non-nucleated red blood cells.

Following incubation for five minutes at 37"C, the blood and lysis buffer were centrifuged

at 2000 rpm for ten minutes (IEC HN-SII Centrifuge) to pellet the nucleated cells. The

supernatant was carefully aspirated and discarded leaving behind the white blood cell

pellet and the residual loose red blood cell pellet. The pellet \ilas resuspended in 20 mL

saline solution (0.85% NaCl) and centrifuged at 2000 rpm for ten minutes. The

supernatant was then aspirated leaving the white blood cell pellet. This pellet was

resuspended in 2 mL high TE (100 mM Tris, 40 mM EDTAs pH 8.0), then immediately

lysed by the addition of 2 rnL white blood cell lysis buffer (100 mM Tris, 40 mM EDTA' I

M NaCl, 0.2% SDS, pH 8.0) using a syringe attached to a l6 gauge needle. To extract the

DNA an equal volume of phenol was added to the lysed cells. After gently mixing for ten
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Figure 5: A branch of the CSDI kindred where segregation of a non-amphffing allele atD5,S414 was detected (boxed area).
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minutes by inversion, the milky white suspension was centrifuged at 2000 rpm for five

minutes. The upper aqueous phase \ryas removed and the extraction repeated by adding

phenol followed by mixing and centrifugation under the same conditions. The aqueous

layer was then extracted with an equal volume of chloroform:isoamyl alcohol (24:l) and

centrifuged at 2000 rpm for five minutes. To the upper aqueous layer, l/10 volume of 4 M

ammonium acetate and an equal volume of isopropanol was added. A-fter inverting several

times, the high molecular weight DNA precipitated out. The isolated DNA was washed

first with 70Yo isopropanol, followed by a final wash of absolute isopropanol to remove

any traces of water and further condense the DNA. The pellet was allowed to dry in a

speed vacuum (Speed Vac Concentrator, Savant) for fifteen minutes and reconstituted in

the appropriate volume of low TE (10 mM Tris, I mM EDTA' pH S.0). The

concentration of DNA was determined spectrophotometrically at ?60 nrn. The purity was

estimated by measuring the ratio of absorbance at 260 nm and 280 nm. The DNA samples

were stored at 4oC.

3.3.2. Genotyping Microsatellite Markers

A series of ten microsatellite markers in the candidate region was selected for

study from the published literature (Stone et al, 1994) and personal communication with

Dr. A. Kanis @epartment of Pediatrics, University of Iowa, Iowa City, Iowa).

Information on the oligonucleotide primer sequences and their chromosomal location was

obtained from the Genome Database (GDB) (http:/þdbwww.gdb.org) and the

Cooperative Human Linkage Centre (CHLC) (http://www.chlc.org). Seven of the selected
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markers were (CA)n dinucleotide repeats and the remaining three were tetranucleotide

repeats (table 3).

Radioactive PCR was performed in a total volume of 25 ¡rL. The forward primer

was labelled by the following reaction mixture: 0.3 ¡rL sterile nanopure water, 0.2 ¡tL 5x

kinase buffer (300 mM Tris-HCl pH 7.8, 50 mM MgCl2, I M KCl, Gbco BRL), 4 pM

appropriate primer, 1 pL (y32P)dATP (10.0 mCi/ml Dupont) and l/15 units T¿

polynucloetide kinase (Gbco BRL). The labelling mix was incubated at 37oC for thirty

minutes and the reaction stopped by incubation at 55oC for five minutes. The PCR

reaction was set up as follows: 100 ng of each individual's DNA was used as template in a

reaction containing 4 pM of non-labeled and 
3þ 

endlabeled of the appropriate primer,

5mM of each dATP, dCTP, dGTP and dTTP, 2.5 ¡tL 10x buffer (l00mM TRIS, 500 mM

KCI, 15 mM MgCl2, 0.01ilv gelatin) and 0.2p1 5000 unitslml- Taq DNA polymerase

(Gibco BRL). Samples were overlaid with mineral oil and incubated in a DNA

thermocycler (Perkin Elmer Cetus) under standard conditions with an initial denaturation

at 95oC for 3 minutes, followed by 30 cycles of 95oC for 1 minute, annealing 55"C for 1

minuteandextensionatTZ"C for2minutesandafinalextensionof l0minutesat 72"C.

The annealing temperature and number of cycles were often adjusted to optimize the PCR

conditions for a given primer pair. In addition, glycerol was added up to a maximum of

15% of the total volume to the PCR reaction mix to reduce non-specific amplification.

Following amplification, 12 ¡tL of stop solution (95% formamide, 20 mM EDTA 0.05%

bromophenol blue, 0.05% xylene cyanol) were added to the PCR products and then stored

at -70oC. PCR products were heated at 95"C for 5 minutes and immediately placed on
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D5S818

IL9
Dss816

D5S393

D5S399

Ð5S414

D55396

D5S4s6

DsS178

D5S2508

Chromosomal
Location

Table 3: Series of chromosome 5q microsatellite markers screened

5q

5q22-q32

5q

5q

5q

5q

5q

5q

5q3 I
5q

Allele Sizes (bp)

*Cooperatve Human Linkage Cent¡e (CHLC) available at http://www.chlc.org

Genome Database (GDB) available at http ://gdbwww. gdb. org

t4t-t45
123-139

223-251

t62-182
t16-134
186-206

120-128

234-254

98-120

161-189

Annealing
Temperature (oC)

57

58

57

55

62

53

57

62

JI
57

Repeat Motif Max. Het. *Source

AGAT

CA
ATCT

CA
CA
CA
CA
CA

CA
ATAC

o.gs

0.84

0.80

0.83

0.66

0.87

0.93

0.67

CHLC

GDB

CHLC

GDB

GDB

GDB

GDB

GDB

GDB

CHLC
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ice. Samples were loaded along side an Ml3 sequencing ladder (Sequenase@ Version 2.0

United States Biochemical) on 7M urea, 6%o polyacrylamide sequencing gels to separate

the amplified fragments by electrophoresis for 2-5 hours at 2000 V. The M13 DNA was

supplied in the Sequenase@ Version 2.0 fut and sequenced according to the protocol

provided without modification. The gels were dried and exposed to X-ray film (DuPont)

fo¡ 4-24 hours. The film was developed in an AFP Imaging 14){J- X-ray film processor.

For each locus studied, fragment sizes were determined relative to the Ml3 sequencing

ladder and control DNA from other family members and a CEPH individual (classification

number 134702) with previously assigned allele sizes. Each nuclear family was genotyped

as a unit to facilitate unambiguous allele assignment. Allele designations were initially

based on the number of base pairs and later arbitrarily assigned consecutive numbers

starting with the minimum number of repeats (table 4). For example, " 1" represented the

allele with the smallest number of repeat units and "10" represented the allele with the

maximum number of repeat units.

3.3.3. Cloning PCR Products

In genotyping D5S4I4, it was brought to our attention by our collaborator Dr. E.

Stone (Department of Ophthalmology, University of Iowa, College of Medicine, Iowa

City, Iowa) of the possible segregation of a non-amplifying allele at this locus. By

inspection of the genotype data obtained in our kindred, a non-amplifying allele appeared

to be segregating in one nuclear family. The published oligonucleotide primer sequences

that define D5S4l4 are shown in figure 6. The published primer pairs designated A and B



Table 4: Allele coding scheme for a series of 5q microsatellite markers screened

Alleles at DSS&I8

Published coded allele desi

Alleles at IL9
Published coded allele desi

Alleles at D55816

Published coded allele d

Alleles at DSS393

Published coded allele d

Afleles at DiS399
Published coded allele des

Alleles at DSS414

tions

Published coded allele des

1234567

Alleles at DSS396

t46 150 154 158
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acggaaafac

ttttctggat

aaf
C
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taatttaaag

acttgg gcLgcagaga îa

taafttgtgt
A

Wtu"g ggtc
D
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64

aattcaaaca
gatcatttat

B

Figure 6: The published oligonucleotide sequence at locus D5S414. The blacked
areas indicate the published sequence of forward primer A and reverse primer B
initially used for genotyping. The boxed areas represent the forward primer C and
reverse primer D designed to ampliff the identical region of (CA)n repeats. The
grey region indicates the dinucleotide repetitive region.
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and a newly designed primer pair, C and D were used to amplify this locus. To determine

the cause of nonamplification, two separate PCR reactions were set up, first using primers A

and D and the second using primers C and B.

4220 bp fragment was generated by non-radioactive PCR vrith primers A and D

by omitting the primer labelling step from the procedure outlined earlier for D045 and a

control individual. The PCR products were then pooled and gel purified. Samples were

subjected to electrophoresis on 5Yo acrylamide gels composed of 30o/o acrylamide

solution, lx TBE (89 mM Tris-borate,zmll{ EDTA5 pH 8.3) and suffìcient amount of

Temed (Sigma) and 25%o ammonium persulfate for polymenzation. The samples 't¡/ere

electrophoresed with I pL of standard DNA marker (1000 pglrnl- pGem@ DNA Markers

Promega) at 270 V for 30 minutes. The gels were stained for 10 minutes in a l0o/o solution

of ethidium bromide. The bands were visualized under longwave length ultraviolet light.

The appropriate bands of 220 bp were cut from the gels and incubated overnight with

shaking in 0.5 mL low TE at 37"C. Following centrifugation at 10,000 rpm (International

Clinical Centrifuge ICE) for 5 minutes, the liquid portion was collected. An equal volume

of phenol chloroform (1:1) was added and mixed for 30 seconds. After a five minute

incubation at room temperature and centrifugation at 10,000 rpm (IEC Micro-MB

Centrifuge) for 5 minutes, the upper aqueous layer was extracted again as above with an

equal volume of chloroform:isoamyl (24:l). To the aqueous layer, 1/10 volume of 3 M

ammonium acetate and double the volume of absolute alcohol was added. After mixing

well, it was incubated at -70'C for 2-3 hours to precipitate the DNA. The samples were

centrifuged at 13,000 rpm @axter Canlab Biofuge 13) for 20 minutes at 4"C to isolate the



66

pellet. After removing the supernatant, the pellet was washed \nth 70% alcohol, then

centrifuged at 13,000 rpm @axter Canlab Biofuge 13) for 15 minutes at 4"C. The pellet

was allowed to air dry for I hour and resuspended in 15 ¡rL sterile nanopure water. The

purity of the PCR products was confirmed by gel electrophoresis of an aliquot of each

sample along side the standard DNA marker as described above. The gel was

photographed to determine product purity and as a reference for future quantification.

The TA Cloning ru System from Invitrogen Corporation 'u/as used without

modification for direct insertion of gel purified PCR products into the plasmid vector,

pCRTMII, and subsequent transformation into competent Escherichia coli cells. The

vector supplied in this kit is specifically designed to take advantage of the non-template

dependent activity of Taq DNA polymerase which adds a single deoryadenosine to the

3'-end of the double stranded PCR products. The vector, initially linear, has 3' T-

overhangs at the insertion point which can anneal with the PCR product and then be

circularized.

Following transformation, twelve colonies were selected on the basis of their white

colour, as these were indicative of the incorporation of the insert into the plasmid and

disruption of the lacZ gene marker. Three blue colonies were selected as control plasmids

indicative of an intact lacZ gene and no insert. Aliquots of 2.5 mL Luria Bertani (LB)

broth made according to standard protocol containing 50 ¡rllml- ampicillan (Sigma) were

inoculated with each individual colony and incubated at 37oC overnight in a shaking

incubator.



3.3,4, Plasmid Isolation and Purification

A small scale plasmid purification v/as carried out following the alkali method

(Sambrock et al, 7989) \¡/ith some modification. The overnight cultures were centrifuged

for five minutes at 4"C at 13,000 rpm (Baxter Canlab Biofuge 13). The pellet was

suspended in 100 pL solution of glucose buffer (100 mM glucose, 0.5 M EDTA I M

TRIS, pH 8.0) and left at room temperature for five minutes. The cells were lysed by

adding 200 ¡tL of freshly prepared SDS-NaOH solution (10% SDS, 5M NaOFI) and

chilled on ice for five minutes. To precipitate chromosomal DNA high molecular weight

RNA and protein, 150 ¡rL of potassium acetate (3 M potassium, 5 M acetate, pH 4.8)

were added, after which the reaction mixture was incubated on ice for thirty minutes and

then centrifuged at 13,000 rpm (Baxter Canlab Biofuge 13) for 15 minutes at 4"C. The

recovered supernatant \¡ias extracted with 500 pL phenol. Following one minute of

vigorous mixing, the aqueous layer was separated by centrifugation at 10,000 rpm (IEC

Micro-MB Centrifuge) for 5 minutes at room temperature. The upper aqueous layer was

extracted again with 500 ¡,rL of phenol-chloroform (1:1), followed by incubation at room

temperature for five minutes and centrifugation at 13,000 rpm (Baxter Canlab Biofuge l3)

for 5 minutes at 4oC. The supernatant was removed and 1 mL of 95Yo ethanol was added.

The contents were left at room temperature for 5 minutes and then centrifuged for 15

minutes at room temperature. The pellet was washed a second time with 70o/o alcohol.

After discarding the ethanol, the pellet was allowed to air dry for t hour and dissolved in

50 pL sterile nanopure water.

ot
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The sequence for D5S4I4 was analysed using the computer program Gene Runner

(version 3.0) to determine all possible restriction sites present in the fragment. The EcoRI

restriction site was selected as it was absent from the insert but present within the plasmid

on either side of the insert. EcoRI restriction digests were carried out for the 15 plasmid

preparations to confirm the presence/absence of insert. The reaction mixture was made up

of 2 pl required 10x buffer, 2 ¡tl l1mglrnL RNase @oehringer Mannheim), 2 ttl EcoRI

(25,000 units/ml Pharmacia), 7 ltl sterile nanopure water and 7 ¡rl plasmid preparation.

Following incubation at 37"C for three hours, the samples were subjected to

electrophorese on lYo agarose gel (electrophoretic grade agarose, lx TBE) at 90 V for 45

minutes. A 250 ng DNA Molecular-weight Marker II (Boehringer Mannheim) was run

along side the digested samples to determine fragment size. A photograph was taken for a

permanent record of clones containing the appropriately sized insert.

Two clones with the appropriate insert were selected for large scale plasmid

preparation. Aliquots of 2 mL LB broth containing 50 pllml. ampicillin (Sigma) were

innoculated with a loopful of cells. These initiating cultures were incubated with shaking

at 37oC for two hours. The initiating cultures were added to 100 mL aliquots of LB broth

containing 50 pllml- ampicillin (Sigma) and incubated overnight at 37oC with shaking.

The plasmid was purified using the QIAGEN Plasmid Kit (QIAGEN Inc.) according to

protocol without modification. An EcoRI digest as outlined above v/as repeated on these

purified samples to determine quality of the purification procedure and yield of the insert.

A photograph was taken for permanent record of the fwo clones containing the

appropriately sized insert.



3.3.5. DNA Sequencing

To determine the sequence variation suspected to give rise to a non-amplifying

allele, cycle sequencing of double stranded purified PCR products was carried out

according to protocol supplied by dsDNA Cycle Sequencing System (Gibco BRL). As the

sequencing data were difficult to interpret, several aliquots of cell culture containing the

insert-carrying plasmid for D045 and a control individual \ryere sent to the Sequencing

Core Facility of the Canada Genetics Disease Network of Centres of Excellence directed

by Dr. H. S. Chen (Department of Genetics, Hospital for Sick Children, Toronto). Here, a

small scale plasmid DNA preparation was recovered using the alkali method with an

additional RNase digestion step. The double stranded DNA was sequenced on the ABI

PRISM 377 sequencer by the Dye Terminator Cycle Sequencing method. The cycle

sequencing program was 96oC for 30 seconds, 50"C for 15 seconds and 60oC for 4

minutes for 25 cycles.
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3.4. Data Analysis

3.4.1. Haplotype Construction

Haplotypes were manually constructed for each nuclear family based on all l0

microsatellite markers genotyped to reflect the minimum number of recombination events

assuming that no mutations have occurred. Haplotypes were also constructed for at-risk

individuals in the context of their affected/unaffected siblings and parents. The genetic risk

to at-risk individuals was predicted by inspection of their haplotype data.



3.4.2. Linkage Analysis

Two-point lod scores were calculated assuming that CSD1 is inherited in an

autosomal dominant manner with essentially full penetrance. To facilitate the linkage

analysis the kindred was divided into 8 nuclear families defined by a sibship with one or

more parents and up to four grandparents (Côté, 1975). Separate maternal and paternal

lod scores were calculated manually for fully informative meioses using published lod

score tables at the following values of 0: 0.00, 0.05, 0.70,0.20,0.30 and 0.40. Total lod

score were obtained by summing the total maternal and paternal lod scores.

The coded genotype data were entered into the computer in the correct format to

perform linkage analysis using both the MARK III (Côté, 1975) and LINKAGE (Lathrop

et al, 1984; Lathrop and Lalouel, 1984; Lathrop eî al, 1986) computer programs. The

MARK III linkage analysis was performed by Sylvia Philipps (Rh Laboratory, University

of Manitoba) MARK III is designed to calculate two-point lod scores on the assumption

that each nuclear family in the kindred is independent (Côté, 1975). Similar to the manual

calculations, maternal and paternal lod scores \¡r'ere generated at 0: 0.10,0.20, 0.30 and

0.40 for each nuclear family and then summed to obtain the total lod score. The lod scores

at 0:0.0, 0.01 and 0.05 were determined from published lod score tables. For each

marker, the maximum lod score at its corresponding value of 0 was determined using the

PCMAPS3 computer program (Sherman et al,1984).

Linkage analysis of the complete pedigree was performed using the LINKAGE

programs (version 5.1 and 5.2) (Lathop et al, 1984; Lathop and Lalouel, 1984; Lathrcp et

'70
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al, 1993; Schaffer el al, 1994; Schaffer et al, 1996). Two consanguineous loops in this

CSDI kindred were broken by inserting a genetically identical person into the pedigree as

described by Terwilliger and Ott (1994). MLINK was used to calculate two-point lod

scores between CSDI and each microsatellite locus at 0: 0.00, 0.05, 0.10, 0.20, 0.30 and

0.40, assuming an autosomal dominant mode of inheritance with 100% penetrance and a

disease gene frequency of lxl0-5. The microsatellite marker allele frequencies were

assumed to be equal in the absence of published allele frequencies for all the alleles

observed in our kindred. The linkage analysis was repeated using a modified pedigree

where all the unaffected individuals were removed to avoid the confounding possibility of

incomplete penetrance.

3.4.3. PCMAPS3 Analvsis

To test various orders of the microsatellite loci and to determine the most likely

position of CSDI, the PCMAPS3 computer program (Sherman et al, 1984) was used with

the two-point lod score data generated by MARK III (Côté, 1975). The best ordering of

the loci including CSDI was determined from the goodness of fit evaluated by a p-value as

close to or equal to 1.00 for the combined matemal and paternal lod score data.

3.4.4. Compilation of Genome Maps

Chromosome 5 maps of microsatellite markers and

genes, specifically at 5q22-q33.3 were obtained from the published literature and via the

following electronic information sources on the world wide web (table 5).



Table 5: Electronic information sources on the world wide web for human
Source Access

Genome Database (GDB)

Cooperative Human Linkage Center (CHLC)

Online Mendelian Inheritane in Man (OMIM)

An STS-Based Map of the Human Genome

http : //gdbwww. gdb. org

http://www.chlc.org

http ://www3 . ncbi. nlm. gov/omim/

http : i/www-genome. wi. mit. edu/

-l
|'J



4. Results

4.1. Genotyping Microsatellite Markers

In this CSDI kindred of Belgian descent, a total of 60 individuals were genotyped

using 10 selected microsatellite ma¡kers (table 3). It was necessary to optimise the PCR

conditions for each marker studied to facilitate unambiguous allele assignments. For

dinucleotide markers, IL9 and DSSI7\, optimisation failed to reduce substantially laddering

artifacts. However, phenotyping nuclear families as a unit along side an Ml3 sequencing ladder

and samples of other affected and unaffected family members enabled individuats to be scored

accurately. Repeat analyses were performed as required. Figure 7 illustrates the phenomenon of

"shadow bands" which complicated the scoring of alleles and increased the time needed to

genotype the kindred. For example, if individual I is considered in isolatior¡ it is difficult to

discern if he is homozygous or heterozygous at D55436. However, by scoring the alleles in the

context of a family unit, it is apparent that individual I is indeed heterorygous because his

children have inherited two different paternal alleles.

In comparisor¡ tetranucleotide microsatellite markers (D55816, D5S8lS and

D552508) were less sensitive to laddering artifacts which significantly increased readability of

the autoradigrams and reduced the time needed to screen the kindred. Figure 8 illustrates

genotyping with the tetranucleotide marker D5SSI6. The allele assignment for each family

member is unambiguous. The pattern of segregation is clea¡ showing individual 4 to be

heterozygous at this locus and one of her offspring, individual6, to be homorygous.

For each microsatellite locus, the alleles u/ere scored and arbitrarily assigned

consecutive numbers starting with the minimum number of repeats. Both GDB and CHLC

t5



Figure 7: Example of shadow bands when genotyping D55436 in one nuclear family of
the CSD1 kindred. The coded genotypes are indicated below.

74

44445
57577

-7
-5
4

,_M13IG A T CI

Figure 3' B¡ample of the segregation of alleles when typing with a tetranucleotide
marker D5S8I6. The sequence on the left is an M13 sequencing ladder used to determine
allele sizes. The coded genotypes are indicated below.
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3733235
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employ the same coding systerq however these designations were not used because in

genotyping this CSDl kindred microsatellite loci ILg, D55393, D55399, D55396, D55436 and

D552508 revealed alleles not listed in the databases (table a). The remaining microsatellite loci

D5S8l8, D5S8I6, D5S4I4 and D5SI78 showed alleles consistent with those listed in GDB or

CHLC.

4.2. Characterization of Non-amplûing Allele

The segregation of alleles atD5S4I4 in one branch of the kindred followed a non-

Mendelian pattern of inheritance when using published primers A and B to amplifr the locus

(figures 6 and 9). Individuals E076 and F;077 have apparently inherited one band of 200 bp

from their father, individual X045. No maternal contribution from individual D045 is evident in

the offspring. Identical results were observed when genotyping was repeated on separate DNA

samples of family members. Although a very faint band in the region of 206 bp could be

visualized in individuals D045, E076 and E077 \'yith either long exposure of autoradiograms

(36 to 72 hours) or by reducing the annealing temperature (figure 10), it could not be

definitively scored as an allele. A second set of primers (figure 6) was designed to amplify the

identical (CA)n repetitive motif at D5S4l4. The forwa¡d primer C is situated 15 bp

downstream of the original primer A Similarly, reverse primer D is located 12 bp downstream

from primer B. Genotyping with this second set of primers (C and D) demonstrated

segregation of alleles in a classical Mendelian co-dominant manner with an allele of 210 bp

clearly evident in individual D045 and her children, F;076, andB077 (figure 11).
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To daermine at which published primer site (A and/or B), the template sequence

va¡iation was present, two other PCR analyses were perFormed. The results from primer pair A

and D show clear, unambiguous segregation of maternal and paternal alleles (figure 12a).

Primer pair C and B yielded results identical to those observed with the original primer pair (A

and B) where no maternal allele was apparent lrl,F;076 andB077 (figure 12b). These rezults

indicated the sequence variation in individual D045 and inherited by F;076 andB077 must lie

within the template DNA complementary to reverse primer B.

The D5S414 locus, as defined by the forward and reverse primers, 'was sequenced in

genomic DNA from D045 and a control individualto identi$ any sequence va¡iation that could

lead to a PCR-refractory allele. In the control DNA sequence, TACG directly followed the

(CA)n repetitive motif and immediately preceded the 3'-end of reverse primer B. In individual

D045, the DNA sequence at this position had a two base pair change of TACG to CGCG

immediately preceding the 3'-end of primer B (figure 13) In this regior¡ a six base pair

repetitive region is created because the 3'-end of reverse primer B begins with CG. No other

sequence variation including, the primer annealing sites, were identified at D5S4l4 in individual

D045 and the control.

4.3. Haplotype Analysis

4.3.1. CSDI Kindred

Haplotypes were constructed for each family member in the eight nuclear families

based on all 10 microsatellite loci genotyped (figures 14 to 2l). The greater the distance

between these loci, the greater the chance of recombination. For example, the distance between



F-igure 9: A thr_ ee generation nuclear family demonstrates non-Mendelian segregation of
alleles at D5S4l4 using_primers A and B. Individuals E076 andF;077 appéaito have
inherited only a paternal allele of 200 bp from X045. No maternal contfbution from
D045 is evident.
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BM6 WI1
bp
-200

-192
-190

Figure 1Q, Reducing the q¡nsaling temperature during PCR permitted a faint second
allele at-206 bp_to be visualizsd in individuals D045, E:076 andn0ll. gimil¿¡[y, on long
exposed autoradiograms this band was occasionally observed.
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Figure l1t T"_ samjr three gureration nuclear family was genotyped with altemate
primers C and D at D5S4I4. lke segregation of allele! follows Menãeüan codominant
inheritance with a maternal allele of 210 bp clearly evident in E076 andB077.

EtrI6 Bo77

78

bp

-210

-2M

-r96
-194

(a)

Figure L2: (a) Genotyping with primer pair A and D demonstrate Mendelian codominant
segregation of alleles in the four membér nuclear family. (b) In contrast, genotyping with
prime.J pair q and D shows apparent segregation of a nbn-amphfying aüáe. Nämãternal
contribution is evident in 8076 andF;077.

(b)



A CA CA CA[JCG CG CT AT ÀTG CrG G A ACCA

79

AcAcAcAÉ-9¡cGc

Figure 13: In the control DNA sequence (upper panel), TACG directly follows the (CA)n
repetitive motif and immediately precedes the 3'-end of reverse primer B (underlined).
The D\A sequence in individual D045 shows a two base pair change of TA-+CG (,-i)
immediately preceding the 3'-end of the reverse primer B,thus creating a six base'paii
repetitive region (lower panel).
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Figure 18: Haplotype constructed
for nuclear farnily 5 with coded
alleles at each microsatellite locus.
The grey region represents the
five-locus core haplotype present
in all affected individuals. The
square parentheses designate
alleles of indeterminate parental
origin. Maternal (M) and paternal
(P) homologues are indicated. Thef'xrr shows the position of a
crossover.
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IL9 and D55436 is 10 clv[ thus, recombination was expected and observed. By analysis of the

haplotype dat4 the 10 microsatellite loci were divided into three subgroups. Group I consists

of D5S8I8 and IL9. The central five-locus core consists of D5,S816, D55393, Dss3gg,

D55396 and D5S4I4. And goup 3 consists of D55436, D1SI7S nd D552508. Of the 84

haplotypes (42 meioses), 65 haplotypes were inherited intaø and 19 haplotypes \ryere derived

from parental recombination. The parental orign of these 19 recombinant haplotypes is as

follows: t haplotype derived from a single maternal crossover between group I and the five-

locus core; 5 haplotypes (3 maternal and 2 paternal) derived from a single crossover between

the fiveJocus c,ore and group 3; 5 haplotypes (3 maternal and 2 paternal) derived from a single

crossover within goup 1; and I haplotype derived from a double paternal crossover within the

third marker group. Although the 10 microsatellite markers studied have maximum

heterozygosities ranging from 0.66 to 0.95, there were instances where the parental origin of

an allele could not be determined. Therefore, in the 7 remaining haplotypes (5 matemal and 2

paternal), the position of the crossover event within goup I or between group I and the five-

locus core could not be determined.

There was no evidence of recombination between the ma¡kers of the fivelocus core

and CSDI*D and CSDI*N, confirming that these loci a¡e tightly tinked and positioned in close

proximity to each other in the interval 5q22-q33.3. All 34 affected individuals, except for two,

inherited the haplotype, "3, 2, 2, z, 4', for this five-locus core from the affected parent. The

exception was noted in family members, D014 and his son, E036 who inherited the haplotype

u3,2,2,3, 4u at the fivelocus core. In this family, a 194 bp allele (coded 3) was segregating
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wtthCSDI atD5S4I4 ratherthana 192bp allele(coded2)whichwaspresentinallof the

other affected family members (figure 15).

From the haplotype analysis, there is evidence of recombination only within marker

groups I and 3 and between these latter two groups and the five-locus core. No recombination

was observed bet\ryeen the five markers, D5S8l6, D55393, D55399, D55396 and D5S414.

Thus the haplotype data places CSDI within the fivelocus core.

4.3.2. At-risk Individuals

Haplotypes were constructed for all 15 at-risk family members in 7 nuclear families

based on all 10 microsatellite loci genotyped. For reasons of confidentiality, the haplotype data

are not included. Of the 30 at-risk haplotypes (15 meioses),23 (9 maternal and 14 paternal)

were inherited intact and 7 haplotypes were derived from parental recombination. These

recombinant haplotypes consisted of 3 (2 maternal and I paternal) derived from a crossover

between goup one and the fivelocus core; 2 ( | maternal and I paternal) derived from a

crossover between the fivelocus core and group three; and the remaining 2 haplotypes derived

from maternal crossover events within marker goup th¡ee. Similar to the haplotype analysis in

affected and unaffected family members 25 years of age or older, there was no apparent

recombination between either CSDI*D or CSDI*N and the fivelocus core. Of the l5 at-risk

individuals gørotyped, haplotype analysis revealed that five individuals have inherited the

identical fivelocus core haplotype "3,2,2,2, 4" observed to be segregating with CSD,I*D in

ail affected family members. These individuals are predicted to have a higher risk of becoming

affected.



4.4. Linkage Analysis

In this large CSD1 kindred, there are 42 possible meioses to be scored. The maternal

and paternal two-point lod scores generated by MARK m (Côté, 1975) with each of the 10

microsatellite marker loci genotyped are zummarised in tables 6 to 15. The most informative

marker was D55414 for which 40 meioses were scored. The least informative marker was

D55396 for which only 13 meioses were scored. Among the five markers, D5S8I6, D55393,

D55399, D55396 and D5S4l4 that showed no apparent recombination with CSD|, D5S4I4

yielded the most positive lod score, 9.93 at ê:0.00 in the MARK Itr analysis. In this cluster of

markers, CSDI:D5539ó yielded a lod score of 2.71at e:0.00. As this lod score lies between -

2 and 3, linkage cannot be unequivocally excluded or declared. The th¡ee other markers,

D5S8I6, D55393 and D55399, demonstrated peak lod scores of 7.53,7.83 and 4.52 at

ê:0.00, respectively, with CSD1.

By inspection of the data for each nuclear family, recombination \ryas evident between

CSDI and D5,S8/8, ILg, D55436, D5SI78 and D552508. Three (2 affected and I unaffected)

of sixty family members genotyped showed recombination between CSDI and D5JS/8.

Recombination between CSDI and IL9 was observed among four (1 affected and 3 unaffected)

family members. Among another four individuals (2 affected and 2 unaffected) recombination

was observed between CSDI and each of D55436. D5SI78 æd D552508.

Inspection of the genotype data for the complete kindred reveals two different alleles at

D5S4I4 to be segregating with CSD| (figure 22). Anong seven of the eight nuclear families,

an allele of 192 bp is segregating with CSDI*D. An alternate allele of 194 bp is segregating

wtth CSDI *D in one branch of the kindred in affected individual D014 and inherited by his

90



Table 6: Summary of maternal and paternal lod scores between CSDI and D5SS/8

Segregation lnformation

Paternal
22:l
Z2:0

Total

Maternal
ZI:l
Z7:l
23:0
Total

-co
0.30

PCMAPS3 Estimate

Total

-1.40

0.29

-00

-æ
0.60

-1.11

-0.72

0.26

-1.40

0.08

0.59

-00

Zmæi:0.80 at ê:0.19

-0.46

-0.74

-0.44

0.22

-0.72

0.65

0.53

-1.85

-0.23

0.46

-0.19

0.13

-0.44

0.79

0.47

0.00

-0.06

0.81

-0.08

0.06

-0.19

0.73

0.32

0.58

-0.01

0.85

-0.02

0.02

-0.08

0.50

0.t7

0.79

0.00

0.60

-0.02

0. l9
0.05

0.59

0.22

0.22

\o



Segregation Information

Paternal

Zl:l
22:2

Total

Table 7: Summary of maternal and paternal lod scores between CSDI and IL9

Maternal
Zl:l
Z8:0

23:0

24.0

2NR:0R

Total

0.00

-co

-co

0.01

PCMAPS3 Estimate

Total

-l.40
-2.81

-00
2.71

0.60

0.90

0.60

Recombination Fraction (O)

-4.21

-0.72

-1.44

-1.40

2.07

0.59

0.89

0.59

4.21

-2.16

Zmarl.83 at ê=0.17

-0.44

-0 89

-0.72

1.93

0.53

0.81

0.56

2.74

-1.33

-1.47

-0.44

1.74

0.47

0.72

0.51

-0.19

-0.39

3.l1

-0.58

0.30

0.95

-0.08

-0.15

-0. l9
1.33

0.32

0.52

0.41

2.99

-0.23

0.40

1.66

-0.02

-0.04

-0.08

0.87

0.17

0.30

0.29

2.38

-0 05

1.80

-0.02

0.35

0.05

0.09

0. l6
1.55

1.33

0.63

0.58

\o
t-)



Segregation Information

Table 8: Summa

Paternal

23:0

22:0

22:0

25.0

Total

of maternal and

Maternal
24:0

Z8:0

2NR:0R

24:0

2NR:0R

Total

0.00

0.60

0.30

0.30

1.20

0.01

ternal lod scores between CSDI and DSS816

0.59

0.29

0.29

1.18

2.41

PCMAPS3 Estimate

Recombination Fraction (O)

Total

0.05 0.10 0.20

0.90

2.tl
0.60

0.90

0.60

0.53

0.26

0.26

1.09

2.36

0.89

2.07

0.59

0.89

0.59

s.t2

2.14

0.47

0.22

0.22

0.98

7.53 7.39

Zmax:7.20 at 0:0.03

0.81

1.93

0.56

0.81

0.56

5.03

0.32

0.13

0.13

0.72

1.87

0.30

0.72

t.74
0.51

0.72

0.51

4.67

0.t7
0.06

0.06

0.44

1.31

6.82

0.40

0.52

1.33

0.41

0.52

0.41

4.20

0.73

0.05

0.02

0.02

0.15

6.07

0.30

0.87

0.29

0.30

0.29

3.18

0.23

4.49

0.09

0.35

0.16

0.09

0. r6

2.05

2.78

0.85

1.09

\o
(¿J



Segregation Information

Table 9: Summ

Paternal

22:0

4NR:0R

25:0

Total

Maternal
25:0
22:0

Z8:0

24.0

2NR:0R

Total

of maternal and

0.30

1.20

1.20

0.01

2.71

PCMAPS3 Estimate

ternal lod scores between CSDI and D55393

0.29

t.19
l.l8

Total

1.20

0.30

2.11

0.90

0.60

Recombination Fraction

2.66

0.26

t.t2
1.09

1.18

0.29

2.07

0.89

0.59

5.t2

2.47

7.83 7.69

Zmar7.52 at 0=0.03

0.22

7.02

0.98

1.09

0.26

1.93

0.81

0.56

5.03

2.21

0. t3

0.82

0.72

0.98

0.22

1.74

0.72

0.51

4.65

0.30

1.67

7.12

0.06

0.58

0.44

0.72

0.13

1.33

0.52

0.41

0.40

4.t6

1.08

6.37

0.02

0.32

0. l5

0.44

0.06

0.87

0.30

0.29

3.11

0.48

4.78

0. l5
0.02

0.35

0.09

0.16

1.96

3.04

0.77

1.25

\oè



Table 10: Summary of maternal and paternal lod scores between CSDI and DSS399

Segregation Information

Paternal
23:0
22:0

2NR:0R

4NR:0R

Total

Maternal
24:0
Z4:0

Total

0.00

0.60

0.30

0.60

t.20

PCMAPS3 Estimate

0.01

TotaI

2.71

0.59

0.29

0.59

1.19

Recombination Fraction (O)
0.05 0.10 0.20

0.90 0.89

0.90 0.89

0.53

0.26

0.56

t.t2
2.66

l.8l 1.77

4.52 4.43

Zma,r4.32 at 0=0.03

2.47

0.47

0.22

0.51

1.02

0.81

0.81

2.21

0.32

0.13

0.41

0.82

1.63

4.09

0.30

0.72

0.72

0.17

0.06

0.29

0.58

1.68

t.44

3.65

0.40

0.52

0.52

0.05

0.02

0.16

0.32

1.11

l.03

2.71

0.30

0.30

0.54

0.60

r.7l

0.09

0.09

0. l9
0.73

(r



Segregation Information

Table 11: Summary of maternal and paternal lod scores between CSDI and DSS396

Paternal
2NR:0R

Total

Maternal
22:O

24:O

23:O

Z2:0

Total

0.00

0.60

PCMAPS3 Estimate

0.60

Total

0.01

0.30 0.29

0.90 0.89

0.60 0.59

0.30 0.29

0.59

0.59

Recombination Fraction (O)
0.05 0.10 0.20

z.lt 2.06

0.s6

2.71 2.65

Zmax:2.56 at ô:0.03

0.56

0.26

0.81

0.53

0.26

0.51

0 5l

0.22

0.72

0.47

0.22

L86

0.41

2.42

0.41

0.30

0.13

0.52

0.32

0.13

1.62

0.29

2.13

0.?9

0.40

0.06

0.30

0.17

0.06

l.l0

0.16

1.s1

0.16

0.60

0.02

0.09

0.05

0.02

0.89

0.18

0.34

\c)



Segregation Information

Table 12: SummarA of maternal and paternal lod scores between CSDI and DiS4l4

Paternal

23:O

2NR:0R

4NR.OR

25:0
Total

Maternal
25.0
22:0

Z8:0

23:0

2NR:0R

24:0

2NR:0R

Total

0.00

0.60

0.60

1.20

1.20

0.01

0.59

0.59

1.19

1.18

3.61

Recombination Fraction (O)
0.05 0.10 0.20

1.20

0.30

2.tl
0.60

0.60

0.90

0.60

PCMAPS3 Estimate

Total

3. s5

0.53

0.56

t.l2
1.09

1.18

0.29

2.07

0.59

0.59

0.89

0.59

3.30

0.47

0.51

1.02

0.98

6.32

1.09

0.26

1.93

0.53

0.56

0.81

0.56

9.93

Zmax:9.55 at 0=0.03

2.97

0.32

0.41

0.82

0.72

6.21

0.30

0.98

0.22

1.74

0.47

0.51

0.72

0.51

9.76

2.26

0.17

0.29

0.58

0.44

5.74

0.40

0.72

0. t3

1.33

0.32

0.41

0.52

0.41

9.04

1.48

0.05

0.16

0.32

0.l5

5.14

0.44

0.06

0.87

0.17

0.29

0.30

0.29

8.11

0.67

3.84

0.15

0.02

0.35

0.05

0.16

0.09

0.l6

6.10

2.42

3.90

0.97

1.65

\o\ì
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Table 13: Summary of maternal and paternal lod scores between CSDI and DSS436

Paternal

23.0

22:0

2NR:0R

24.l
Total

Maternal
24.0
22:0

26:2
23.0

2NR:0R

23:l
INR:0R
Total

0.00

0.60

0.30

0.60

-æ

0.01

0.59

0.29

0.59

-0.81

Recombination Fraction (O)
0.05 0.10 0.20

0.90

0.30

-co
0.60

0.60

PCMAPS3 Estimate

Total

0.53

0.26

0.56

-0 19

0.66

0.89

0.29

-1.92

0.59

0.59

-1.il
0.30

-æ
0.30

0.47

0.22

0.51

0.02

1. l6

2.71

0.81

0.26

-0.63

0.53

0.56

-0.46

0.28

Zmar2.99 at ê:0.12

1.21

0.32

0. l3
0.47

0.12

-0.37

0.72

0.22

-0.t7
0.47

0.51

-0.23

0.26

0.30

0.29

0.98

o.t7
0.06

0.29

0.10

1.35

0.40

0.52

0.13

0.13

0.32

0.41

-0.06

0.20

2.51

0.05

0.02

0. l6
0.03

0.62

t.77

0.30

0.06

0.15

o.I7
0.29

-0.01

0.15

2.98

0.26

1.6s

0.09

0.02

0.06

0.05

0. t6
0.00

0.08

2.64

1.tl
1.73

0.46

0.7r

oo
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Table 14: Summary of maternal and paternal lod scores between CSDI and D5SI78

Paternal
22:O

2NR:0R

24:l
Total

Maternal
25.0

26.2
23:0

2NR:0R

23:l
Total

0.00

0.30

0.60

-co

0.01

PCMAPS3 Estimate

0.29

059
-0.81

Total

1.20

-co
0.60

0.60

-co

Recombination Fraction (O)
0.05 0.10 0.20

0.07

0.26

0.56

-0.19

1. l8
-1.92

0.59

0.59

-1.11

2.41

0.63

Zmax:2.43 at O:0.14

0.22

0.51

0.02

1.09

-0.63

0.53

0.56

-0.46

-0.67

-0.59

0.75

0.13

0.41

0.t2

0.98

-0.17

0.47

0.51

-0.23

0.30

1.09

0.67

L.72

0.06

0.29

0.10

0.72

0. l3
o.3z

0.41

-0.06

0.40

1.56

0.45

2.30

0.02

0.16

0.03

0.44

0.15

0.17

0.29

-0.01

t.52

0.21

2.18

0.15

0.06

0.05

0. l6
0.00

1.03

1.48

0.41

0.62
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Table 15: Summ

Paternal

23:O

22:O

2NR:0R

24.l
Total

of maternal and

0.00

Maternal
25.0
22:0

25:2

23:0

2NR:0R

23:l
2NR:0R

Total

0.60

0.30

0.60

-co

0.01

ternal lod scores between CSDI and DSS2508

0.59

0.29

0.59

-0 81

Recombination Fraction (O)
0.05 0.10 0.20

1.20

0.30

-co
0.60

0.60

-co
0.60

-co

PCMAPS3 Estimate

Total

0.53

0.26

0.56

-0.19

0.66

1.18

0.29

-L.LZ

0.59

0.59

-1.11

0.59

-0.08

0.47

0.22

0.51

0.02

1.16

1.09

0.26

-0.91

0.53

0.56

-0.46

0.56

1.63

Zmax:3.24 at e:0.11

0.32

0. l3
0.41

0.12

r.21

0.30

0.98

0.22

-0.42

0.47

0.51

-0.23

0.51

2.03

0.58

0.17

0.06

0.29

0.10

0.98

0.40

0.72

0.13

-0.07

0.32

0.41

-0.06

0.41

1.86

2.79

0.62

0.05

0.02

0.16

0.03

0.44 0.15

0.06 0.02

-0.02 0.01

0.t7 0.05

0.29 0.16

-0.01 0.00

0.29 0.16

t.22 0.54

3.24

0.26

2.84 1.85 0.80
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Figure 22: Tuto nuclear families genotyped at D55414. An allele of L92 bp (coded 2) is
segregating with CSDI*D in the frst nuclear family. In the second, a 194 bp allele
(coded 3) is segregating with CSDI*D in individuals D014 and E036. The coded
genotypes are indicated below.
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affected son 8036. This finding was not reflected in the MARK Itr analysis because the lod

scores were determined independently for each family unit.

Data analysis using the LINKAGE computer progr¿ìrn package (Lathrop et al, 1984;

Lathrop and Lalouel, 1984; Lathrop et al, 1986) consistently generated higher two-point lod

scores than the MARK m and PCMAPS3 analyses (table 16 and l7). The most significant

two-point lod score, 12.57 at ê=0.02, was observed with CSDI:D5S4I4.lJnder this method

ofanalysis, linkagebetween CSDI andD5S396(24.49 at0=O.OO¡meetstherequirementsto

declare linkage. Between CSDI and the tluee other loci, D5^18,f 6, D55393 and D55399, peak

lod scores of 10.66, 11.76 and 7.35 respectively were generated at ê=0.00 as well. Based on

the trend observed in the MARK III and PCMAPS3 analyses, the peak lod scores were

predicted to occur at similar recombination fractions for all the ma¡kers in the five-locus core.

The larger CSD|:D5S4I4 recombnation fraction returned by LINI(AGE was most likely

attributed to the alternate allele observed to be segregating at D5S4I4 as prwiously described.

The LINKAGE analysis was repeated on a modified dataset for which all 13

unaffected siblings were removed to evaluate the confounding possibility of incomplete

pmetrance. As expected, the lod scores generated between CSDI and each microsatellite

ma¡ker loci were lower but consistent with the initial LINKAGE analysis (tables 17 and 18).

The most significant two-point lod score, 7.74 at Ô:0.03, was observed with CSDI :D55414.

At the four other loci, D5S8I6, D55393, D55399 and D5539ó peak lod scores of 6.87,7.11,

5.15 and 3.11, respectively were generated at O:O.OO vriith CSDI.
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Table 16: Summary lod scores for CSDI and 5q microsatellite markers using LINKAGE

Dss818

IL9
Dss816

D5S393

D55399

Dss414

D55396

Dss436

DsS178

D552508

0.00

-co
_oo

10.66

r1.76

7.35

_co

4.49

-æ
-æ
-co

0.01

Recombination fraction (e)

-1.55

-2.46

10.50

I 1.59

7.21

12.50

4.41

-0.37

-0.46

2.61

0.05

0.84

1.26

983

10.87

6.65

12.25

4.10

3.11

3.06

s.3l

0.10

1 .53

2.42

8.94

9.87

5.92

I 1.30

3.70

3.99

3.99

5.80

0.20

1.6s

2.77

7.00

7.62

4.38

8.90

2.86

3.79

3.92

5.18

0.30

t.20

2.t6
4.85

5.06

2.73

6.07

1.95

2.64

2.94

3.79

0.40

0.50

1.05

2.50

2.27

l.l5
2.91

0.97

1.1 1

t.49
1.98

Zmax

1.71

2.80

10.66

tt.76
7.35

12.57

4.49

4.09

4.14

5.86

e

0. l6
0.17

0.00

000
0.00

0.02

0.00

0.13

0.14

0.11

(¿)



Table 1.7: Summary of peak lod scores at their corresponding recombination fraction generated by PCMAPS3 and

LOCUS

D5S818

IL9
D5S816

Ð5S393

D55399

Dss414

Dss396

D5S436

Dss178

D5S2s08

LINKAGE between CSDI and a series of 5q microsatellite markers

PCMAPS3 estimates

Zmax

0.80

1.83

7.20

7.52

4.32

9.55

2.56

2.99

2.43

3.24

ô

*All unaffected siblings excluded from analysis.

0. l9
0.17

0.03

0.03

0.03

0.03

0.03

0.12

0.14

0.1 I

LINKAGE estimates

Zmax

1.77

2.80

10.66

lt.76
7.35

t2.57

4.49

4.09

4.t4
5.86

0.16

0.17

0.00

0.00

0.00

0.02

0.00

0.13

0.14

0.11

*LINKAGE estimates

Zmax

1.94

3.06

6.87

7.Tl

5. l5
7.74

3.l l
2.44

2.59

3.98

e

0.10

0.08

0.00

0.00

0.00

0.03

0.00

0.12

0.14

0. l0

5
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Table 18: Summary lod scores for CSDI and 5q microsatellite markers using LIIIKAGE*

Dss8l8
IT,9

D5S816

D5S393

D55399

D5S414

D55396

D5S436

DsS178

D5S2508

0.00

-æ
-co
6.87

7.rl
5.15

-oo
3.1 1

-co
-co
-00

0.01

Recombination fraction (e)

0.63

2.40

6.79

6.99

5.05

7.60

3.05

-0.44

-0.42

2.02

0.05

*All unaffected siblings excluded from analysis.

1.74

3.51

6.40

6.51

4.61

7.60

2.82

1.86

1.91

3.68

0.10

1.94

3.61

5.83

5.84

4.05

7.01

2.51

2.40

2.51

3.98

0.20

1.65

2.99

4.51

4.35

2.87

5.40

1.89

2.t7
2.41

3.52

0.30

1.07

1.96

3.06

2.73

1.67

3.52

t.25

t.34

t.7l
2.53

0.40

0.42

0.80

1.53

t.l4
0.62

1.55

0.60

0.50

0.77

1.27

Zmax

1.94

3.06

6.87

7.ll
s.15

7.74

3.t l
2.44

2.59

3.98

e

0.10

0.08

0.00

0.00

0.00

0.03

0.00

0.t2
0.14

0.10

(^



4.5. PCMAPS3 Analvsis

The PCMAPS3 (Sherman et al, 1984) computer program was used to test the

most likely order of the microsatellite loci D5S8I8, ILg, D55436, D5SI78 and D552508

relative to CSDL Recombination between these five markers and CSDI was observed.

The best possible order of markers was determined from a Chi-square test on separate

maternal, paternal and combined lod score data, where the p-value was as close to or

equal to 1.0. The results for the combined data as well as for male and female segrgation

data analysed separately indicate the most likely order is IL9-DíSSIS-CSDI-D552505-

DíSI78-D55436 at varying levels of interference from 0.0 to 0.5 (table 19).

The markers from the fivelocus core (D55816, D55393, D55399, D55396 and

D5S4I4) were not included in the initial analysis. These markers showed no apparent

recombination with CSDI, suggesting that CSDI is positioned within the five-locus core.

Therefore, the disease locus was used in the initial analysis as a representative of the core.

The analysis was repeated using D5^9414 to represent the core because the greatest

number of meioses were scored between CSDI:D5S4I4 and D5S4I4 and other

microsatellite loci. To include the remaining core markers in the analysis would not be

meaningful because marker-marker comparisons between the core markers and those

flanking are each informative for different children. The results at varying levels of

interference from 0.0 to 0.5 for both males and females are consistent with the initial

analysis where IL9-D5S8I8-D5S4I4-D552508-D55178-D55436 is predicted to be the

most likely order. Here, D55414 is in the same sequential position as CSD.I relative to the
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Table 19: Summary of PCMAPS3 analysis at varying levels of interference for the most likely ordering of five
microsatellite markers

Proposed map orde

IL9

,,T,,
,)r,

osJsos

oJJrru

I

D55436

Combined male and female

0.00 0.351 0.50

5.48 5.82 6.17

7.19 7.42 7.75

7.78 7.97 8.26

2.40 2.43 2.47

2.71 2.72 2.75

Total Length (cM)
Chi-Square Test

Levels of interference for data analvsis

0.00

Male

25.56 26.36 27.40
16.47 16.19 15.87

0.88 0.89 0.90

t3.96 14.35 12.20

0.00 0.00 4.32

s.99 6.20 4.52

1.30 1.32 1.37

2.15 2.14 2.05

0.351 0.50 0.00

Female

23.4t 24.01 24.46
9.83 9.68 7.96
0.48 0.49 0.57

0.55

t0.21

12.51

3.05

3. 10

0.351

0.58

10.44

12.83

3.09

3.12

0.50

0.64

10.69

13.34

3.15

3.13

30. l0
2.84

0.99

30.95

2.86

0.98

-J
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flanking markers. The order of the flanking markers is identical to the initial analysis

performed to position the disease locus.

In general, increasing the level of interference for both males and females increased

the p-value for the Chi-square test. When testing potential orders of loci, exceptions were

noted when the disease locus was excluded or a representative of the core \¡/as included in

the analysis. In these instances, the p-value for the Chi-square test for separate and

combined maternal and paternal lod score data remained unchanged at varying levels of

interference.

5. Discussion

The search for a disease-causing gene and its underlying genetic abnormality can

be pursued via two approaches. The "candidate gene" approach to identifying the CSD1

gene(s) in itself did not implicate any particular gene(s), as the nature of the amyloid

deposit remains uncharacterized. Since, there are no cytogenetic rearrangements

associated with the CSD1 phenotype, a positional cloning approach was initiated by a

genome-wide scan of microsatellite markers to ch¡omosomally map CSDI. At the onset of

this study, a 10 cM interval at 5q22-5q33.3 defined the candidate interval for CSDI

(Stone et al, 1994). Our linkage analysis confirmed the mapping of CSDI to 5q in a large

multigenerational kindred. Furthermore, it confirmed the localization of CSDI to the

identical 2 cM interval defined by D55393 (proximally) and D5^S39ó (distally) as reported

by Gregory et al (1995). The series of 5q microsatellite markers screened in this kindred

could not be definitively ordered due to the limitations of the available resources and the
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number of informative meioses. Electronically available genetic and physical maps will

provide further information about the potential ordering of the microsatellite markers,

particularly in the five-locus core as well as other available markers to screen within the

candidate region. Together, these resources will help in directing the search for the gene(s)

responsible for CSD1.

5.1. Linkage Analysis

Linkage analysis was performed using th¡ee well established methods. The first

two methods, manual lod score calculations using lod score tables and MARK III

generated lod scores require a large kindred to be broken into nuclear family units before

analysis. Lod scores are then calculated separately for each nuclear family. These can be

summed to obtain separate maternal and paternal lod scores and combined to obtain an

overall total lod score. The results generated by either method are expected to be in

agreement. In our analysis, lod scores calculated manually between CSDI and

microsatellite loci are in complete agreement with those generated by the MARK III

analysis (Côté, 1975). Both of these approaches generate lod scores independently for

each nuclear family and exclude individuals linking the family units together. In this

particular kindred, there are two kinship loops defined by two brothers (C006 and C008)

marrying two sisters (Y006 and Y008) The exclusion of this familial relationship in

linkage analysis potentially results in a substantial loss of information.

The third method to perform linkage analysis utilizes the LINKAGE program

(Lathrop et al, 1984; Lathrop and Lalouel, 1984; Lathrop et al, 1986). LINI(AGE is



ll0

designed to incorporate various parameters involved in human genetic disease into the

analysis. Although the complete kindred is considered, the kinship loops must be broken

prior to the analysis by inserting a genetically identical individual into the pedigree

(Terwilliger and Ott, L994). Parameters such as the mode of inheritance, gene frequency,

allele frequency and penetrance must be stipulated in the analysis and can be varied to test

the data under different models (Khoury et al,1993).

The two-point lod scores calculated by LINI(AGE (assuming an autosomal

dominant mode of inheritance with complete penetrance, a disease gene frequency of

lx10-5 and equal microsatellite marker allele frequencies) between CSDI and 5q

microsatellite loci were consistently higher than those generated by MARK III. These

differences are attributed primarily to the manner in which each computer program utilizes

the genotype data and familial relationships, as well as the inclusion or omission of

information such as allele frequencies and penetrance. Regardless of the differences in the

lod scores obtained by either computer method of analyses, linkage between CSDI and a

series of 5q microsatellite loci confirms the mapping of CSDI to 5q22-q33.3 in our

kindred.

5.2. Haplofype Analysis

The fivelocus core (D55816, D55393, D55399, D55396 and D5S414) spans

approximately 2 cM and was inherited intact in both affected and unaffected family

members. Recombination was only evident among the markers proximal and distal to the

five-locus core. The haplotype observed in to be segregating with CSDI *D in the kindred
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described herein differs from the haplotypes presented by Stone et al (1994) and Gregory

et al (1995), suggesting the responsible mutation(s) of lattice corneal dystrophy type I in

the CSD gene(s) must have arisen independently on different chromosomal backgrounds.

All but two of 34 affected family members inherited the identical haplotype at the

five-locus core. In the two exceptional individuals, D014 and his son E036, an alternate

allele at D55414 was consistently observed to be segregating with C,SD^| *D (figures 15

and 22). The template DNA used to genotype family members was extracted from whole

blood and not from lymphoblastoid cell lines which have been shown to contribute to

somatic mutations at repetitive regions of microsatellite markers (Weber and Wong, 1993;

Banchs et al, 1994). There are two possible explanations for this finding. First, a

recombination event between CSDI:D554l4 may have occurred in previous generations

not available for study and inherited by the succeeding generations under study. Secondly,

a possible mutation event may have occurred on the CSDI*D chromosome preceding

generation IV and subsequently has been inherited by individual, D0l4 and his son, E036

(figure 4). This cannot be confirmed because both individuals C003, the affected parent of

D014 and his affected sibling, C00l are deceased. Furthermore, D014 has no other

available affected sibling(s) who could be genotyped to yield further information about the

origin of the alternate allele. The latter explanation seems more likely, as the alternate

allele does not segregate with CSDI*D in the affected son, D003 and affected

grandchildren, E001 and E002 of C001.



5.3. Genome Maps

ln surveying the published literature and the electronically accessible databases a variery

of maps are available spanning the candidate region 5q22-5q33.3 (tâble 20). Specifically, the

maps obtained through GDB were examined. All ofthe l0 microsatellite loci studied have been

localized cytogenetically on the HUGO Cytogenetic Map and Public Chromosome 5

Cytogenetic Map. Althouglr, this information does not grve any indication of the potential

ordering ofthe microsatellite markers, it confirms they are present on ch¡omosome 5.

One linkage map positioning all 10 microsatellite loci has not been established. The best

available genetic map is from Genethon which has mapped markers D5S8I6, D55393,

D55399, D55396, D5S4I4 and D5543ó. The first five markers are those specific to the five-

locus core, the region where CSDI has been localizsd. The sex-averaged length of

ch¡omosome 5 is 197.6 cNl, which corresponds to approximately 194 Mb of DNA @ib et al,

1996). From the top of the chromosome 5 linkage group, D5S816 has been mapped between

148-153 c'M. D55393 has been mapped at 150 cM. The three markers D55399, D55396 and

D5S4l4 form a cluster of unordered markers at 152 cM. The locus D5,S4.3ó is positioned 7 cM

distal to this cluster at 159 cM from the top of the chromosome 5 linkage goup (figure 23).

Both D5^9396 and D55399 have been localized on a radiation hybrid map at 425 and

430 centiRay (cR) respectively. Presently, the remaining markers genotyped in this study are

being mapped to a radiation hybrid panel by Dr. K. Morgan þersonal communicatior¡ Centre

for Human Genetics, McGill University, Montreal).

The STS-based maps of the human genome demonstrate markers D5S8l6, D55393,

D55399, D55396 and D5S4I4 to be a[ singly-linked to YACs representing the contiguous

tt2



Table 20: Summary of electronically available maps for chromosome 5 containing the 10 microsatellite loci
studied

*HUGO5 Cytogenetic Map
*Public Chromosome 5 Cytogenetic Map

Genome Maps

*CEPFVGenethon Chromosome 5 Linkage Map
xGenethon Chromosome 5 (March T996)
*Whitehead DR9 @ec 1995) Chromosome 5

tSinglyJinked Contig WC5. I 0

tDoubly-linked Contig WC-l 13 1

* fü nome D atabase (GDB ) available at http : I I gdbwww. gdb. org

tAn STS-Based Map of the Human Genome available at http://www-genome.wi.mit.edu/
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Figure 23: IdeograT of chromosome 5 illustating the proposed ordering of microsatellite
markers in the five-locus core on the Genethon chromosome 5 linkage åap.
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segment, WC5.l0. All of these markers excluding D5S4l4 are doubly-linked to contig

WC-l131. Two genomic ma¡kers are defined as "singly-linked" if they a¡e both positive on the

same YAC and "doubly-li¡ked" ifthey are positive on two diferent YACs. Due to the chimeric

nature of YACs, it is preferable to have doubly-linked loci when constructing a contig map.

Fairman et al (1995) constructed a YAC contig spanning from IL9 to EGRL The loci IL9,

D5S393, D5S399, D5S396, and D5S414 have been physically mapped to two overlapping

YACs. The YAC 745f8 containing a 1300 Kb insert tested positive for IL9, D55393 and

D55399. The second YAC, 737b9 containing a 1100 Kb insert tested positive for D55399,

D55396, D5S4I4 and EGRI. The combined distance covered by these two overlapping YACs

is estimated tobe <2.4lvfb with a proposed order of: IL9-D55393-D55399-D55396-D55414.

5.4. Ordering of Microsatellite Loci

The series of 5q microsatellite markers used in this study could not be definitively

ordered from the available resources. From the haplotype data, it was possible to

subdivide the markers into three subgroups, where the order between the centromere and

telomere is as follows: group | (1L9, D5S8I8), group 2, the fivelocus core (D55816,

D55393, D55399, D55396 and D5S4l4) and group 3 (D55436, DïSI78 and D552508).

The best possible ordering of loci obtainable from the PCMAPS3 (Sherman et al, 1984)

analysis 'was as follows: IL9-D5S8I8-CSDI-D552508-D5SI78-D5543ó. As of yet, this

order cannot be confirmed on any available physical or genetic map. The candidate

interval for CSDI is limited to the fivelocus core. Therefore, the ordering of the flanking

markers in group I and group 3 does not provide any further information. Since, there was
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no apparent recombination between the fivelocus core markers and between CSDI and

the core markers, these loci could not be ordered using PCMAP83. Genethon presents the

best linkage map of the region of interest, however the distal boundary has not been

defined because D55399, D55396 and D5S4I4 remainunordered (figure 23).

5.5. Genotyping Errors: non-amplifying alleles

A non-amplifying allele in one branch of the CSDI kindred was observed to be

segregating at D5S4I 4. We hypothesized that sequence variation within the template DNA at

the PCR priming site led to the failure of primer annealing and gave rise to a non-amplifying

allele. ln fact, molecular characterization identified a two base pair change immediately

following the (CA)n repetitive tract and adjacent to the 3'-end of reverse primer B. This

created a six base pair repetitive region of (CG) and three potential annealing sites for

primer B. Only one of these sites allows for the full lengfh primer B to anneal. Thus, under

standard PCR conditions, primer B and template annealing was very inefficient. Under less

stringent PCR conditions, this sequence variation was tolerated and permited significantly

more amplification.

The problem of non-amplification was overcome by designing an alternate reverse

primer which allowed the identical (CA)n repeat at D5S4I4 to be amplified. Mendelian co-

dominant inheritance was no\tr observed confirming the presence of a non-amplifying allele

when using primer B. When a reverse primer extended to incorporate the TA-+CG change

at the 3'-end was used to amplifu D5S4l4, the predicted allele-specific products were

generated only in those individuals carrying the two base pair change (personal
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communication, Dr. A. Kanis, Department of Pediatrics, University of lowa, Iowa City,

Iowa).

Non-amplifying alleles attributed to mutations within the primer annealing sites,

have been previously observed when microsatellite markers and linkage maps u/ere

generated. Such markers have generally been excluded from linkage maps (Weissenbach el

al, 1992; Gyapay et sl, 1994) and careful attention to primer design has been emphasized

(Weber et al,l99l; Callen et al, 1993; Phillips et al, 1993). There is little evidence for any

relationship between the sequence or position of primers flanking the repetitive tract and

the occurrence of alleles refractory to PCR amplification (Callen et al, 1993). Non-

amplifying alleles have also been reported in diagnostic testing for Huntington disease (de

Rooij el al, 1993; Cross et al, 1994), cystic fibrosis (Fujimura et al, 1990) and Duchenne

muscular dystrophy (Clark et al, l99O; Oudet et al, l99l). However, the molecular basis

for such nonamplification has not been described. Although the spontaneous mutation rate

for microsatellites is cited to be low in the range of l0-3 to 10-5 (Weissenbach, 1993a),

nonamplification of alleles due to inherited sequence variation in the template DNA must

occur more coÍrmonly than has been cited in the literature to date. Failure to recognize the

segregation of a non-amplifoing allele especially within pedigree data, can result in the

omission of or misinte¡pretation of linkage data.

5.6. Implication of Four Corneal Dystrophies Mapping to 5q

To date, linkage of CSDI to 5q22-q33.3 has been described in a total of four

kindreds (Stone et al, 7994, 2 kindreds; Gregory et al, 7995, I kindred and our Manitoba
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kindred). Although CSD2, CSD3 and Reis-Bücklers corneal dystrophy are clinically and

histologically distinct from CSD1, they have been mapped to the same interval (Eiberg et

al, 1993;1994; Stone et al, 1994; Small et al, 1996). As described in section 7.2, the

corneal dystrophies are inherited in an autosomal dominant manner and pathogenesis is

limited to the cornea. However, the composition and pattern of deposits differ among the

four dystrophies. Furthermore, CSDI, CSD2 and CSD3 are traditionally classified as

stromal dystrophies where as Reis-Bücklers is primarily a dystrophy of Bowman layer

(Arffa, 1991).

The mapping of four distinct corneal dystrophies to 5q22-q33.3 suggests the

importance of this region in corneal function. The clinical and histological differences may

represent a family of closely linked genes or arise from the expression of different

mutations in a single gene (Folberg et al, 7994; Stone et al, 1994; Gregory et al, 1995;

Small et al, 1996). The latter explanation seems more likely based on the following

observations. Histological studies of corneal specimens from patients with CSD3 show

signs of both characteristic granular-type deposits of CSD2 and fusiform amyloid deposits

of CSD1. In patients with typical CSD2, amyloid deposits have been described adjacent to

and separate from the granular deposits. Conversely, in families with typical CSDI,

histological findings of granular deposits have been noted. There is evidence

demonstrating that the granular deposits and amyloid deposits may in fact not be separated

spacially in the cornea but juxtaposed (Brownstein el al, I974; Folberg et al, 1994). From

observations, Brownstein et al (1974) speculates that a morphological sequence of events

begins with the accumulation of macromolecules gradually forming the "homogenous"
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appearing granules. Furthermore, granular deposits surrounded by amyloid suggests these

may be the early stages of the amyloid deposits, thus, demonstrative of a biochemical

relationship between CSDI and CSD2 (Brownstein et al, 1974). Although the specific

nature and location of the primary abnormality of Reis-Bücklers dystrophy is unclear, it

has been reported in association with CSDl-type deposits (Malbran et al, 1988) as well as

CSD2-type deposits (Moller, 1989). Moller (1989) suggests that Reis-Bücklers dystrophy

may not be distinctive but represent a variant in the wide clinical spectrum of granular

corneal dystrophy.

It is now apparent that at least two genes are responsible for the pathogenesis of

lattice-type corneal dystrophies. Lattice corneal dystrophy type 2 has many similarities to

lattice type 1. However, lattice corneal dystrophy type 2 has been shown to be caused by

mutations in the gelsolin gene on chromosome 9. Although granular, Avellino and Reis-

Bücklers are clinically dissimilar, they seem to be caused by mutations in the same gene

giving rise to CSDI. A similar situation exists for retinitis pigmentosa and pattern

dystrophy of the macula. Clinically, indistinguishable retinitis pigmentosa can be caused by

mutations in various genes, including rhodopsin and RDS/peripherin (summary available

from OMIM). However, mutations in RDS/peripherin gene create allelic variants capable

of causing retinitis pigmentosa or retinal disorders such as pattern dystrophy, fundus

flavimaculatus and cone-rod dystrophy (Nichols et al,1993; Weleber et al, 1993; Folberg

et al, 1994).

If these four clinically distinct dystrophies are indeed the consequence of mutations

in the same gene, this is not unusual. There are numerous examples illustrating the diverse
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clinical presentation of human disease arising from alterations within a single gene. For

example, allelic variants of fibroblast growth factor receptor 3 (FGFR3) give rise to

achondroplasia (Shiang et al, 1994), thanatophoric dysplasia type I and II (Tavormina el

al, 1995) as well as Crouzon craniosynostosis syndrome with acanthosis nigricans (Meyers

et al, 1995). Similarly allelic variants of fibroblast growth factor receptor 2 (FGFR2)

account for four clinically distinct syndromes: Crouzon (Reardon et al, 1994), Jackson-

Weiss (Jabs e/ al, 1994), Apert (Wilkie et al, 1995) and Pfeiffer (Laleunie et al, 1995).

Another example of allelic diversity involves the locus encoding the peripheral myelin

protein 22 (PlvlPzz), where a duplication of the gene is the basis for Charcot-Marie-Tooth

type la (CMTIA) (Lupski et al, 7991;Patel et al, 1992). Other allelic variants of PMP22

are responsible for Dejerine-Sottas syndrome, which is clinically similar to, but more

severe than, CMT1A (Roa et al,1993), whereas a deletion of the Pl{lPzz gene has been

identified in hereditary neuropathy with liability to pressure palsies (HNPP) (Chance et al,

ree3).

The phenotypic variation observed in other human amyloidoses due to different

mutations within a single gene or due to the effect of other genes on the expression of a

single mutation, may in part explain the diversity of phenotypes in CSDI, CSD2, CSD3

and Reis-Bücklers corneal dystrophy. For example, the most common type of hereditary

amyloidosis reported is a methione to valine substitution at position 30 in the transthyretin

protein. This particular mutation is associated with variable age of onset with a spectrum

of clinical disease among different ethnic populations, thus, implying the involvement of

other modulating factors (Benson, 1995). Th¡ee prion diseases, familial Creutzfeldt-Jakob
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disease (CJD) (Hsiao et al, 1991) Gerstmann-Sträussler-Scheinker syndrome (GSS)

(Hsiao et al, 1992) and fatal familial insomnia (Medori et al, 1992) are all caused by

dominantly inherited mutations of the prion protein gene (PRNP) encoded in the genome

(Prusiner, 1991). Specifically, an aspartic acid to asparagine substitution at position 178 of

the PRNP, results in fatal familial insomnia when the amino acid at position 729 is

methionine and CJD when the amino acid at position 129 is valine (Goldfarb et al, 1992).

Mutations in the amyloid precursor protein gene (APP) have been found to be associated

with both hereditary cerebral hemorrhage and Alzheimer disease (Benson, 1995). In

patients with Alzheimer disease, Tagliavini et al (1991) noted that both amyloid and non-

amyloid deposits of APP were present. This type of co-existence is analogous to lattice-

type deposits and granular type deposits found in Avellino corneal dystrophy (Stone et al,

1994). None of the 14 human gene products known to be involved in amyloid deposition

map to chromosome 5, thus confirming that the previously characterized human

amyloidoses are not allelic with the corneal dystrophies described herein.

5.7. Future Directions

Linkage analysis represents the preliminary steps of a positional cloning approach

towards identifying the CSDl gene. This task has been successfully completed by this and

previous studies (Stone et al, 1994; Gregory et al, 1995). It is apparent from our linkage

study there no apparent recombination betweenCSDI and the markers of the five-locus

core. On this basis, screening other microsatellite markers from the candidate region will

unlikely reveal any k.y recombinants, however, they will confirm the haplotype



122

segregating wtth CSDI*D and CSDI*N to be inherited intact. Furthermore, the presence

of other microsatellite markers in addition to those screened will aid in confirming the

presence of the loci in YACs of interest and raise the level of confidence to assemble

overlapping YACs linked by more than two microsatellite markers. Similarly, the presence

or absence of the most tightly linked microsatellite marker loci can be determined to

isolate the chromosomal fragment containing the candidate interval in a radiation hybrid

panel.

The CSDI gene has been localizedto a2 cM candidate interval on the Genethon

linkage map and physically by two overlapping YACs. Presently, the 5q microsatellite

markers screened in our CSDI kindred and others are being ordered on a radiation hybrid

map by Dr. K. Morgan (personal communication, Centre for Human Genetics, McGll

University, Montreal). With these resources, further refinement of the candidate interval

will be possible. From here, it will be necessary to utilize various methods to identiff

encoded gene sequences, determine their significance and screen them for mutations

associated with CSDI as well as demonstrate an autosomal dominant pattern of

inheritance. In the final steps of identifying the disease-causing gene, numerous encoded

gene sequences are isolated from the candidate region and each must be systematically

studied until the correct one is found. Throughout this process, the literatu¡e and the

electronically accessible databases will continually be surveyed to identify any potential

candidate genes which may help to accelerate the search for the CSDI gene(s). In

addition, further linkage studies in kindreds with CSD2, CSD3 and Reis-Bücklers corneal

dystrophy will help to determine, if they too map to the same 2 cM interval defined for
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CSDI. The findings from such studies will elucidate if a family of closely linked genes is

responsible for the four autosomal dominant corneal dystrophies or if in fact they are

allelic disorders with different mutations in a single gene giving rise to the phenotypic

variation.

The purposes for identifying the gene(s) responsible for CSDI as well as the other

corneal dystrophies are two-fold. First, cloning and identifying disease-causing mutations

permits presymptomatic diagnosis in at-risk families. Information of this type is important

to provide accurate genetic counseling as well as help to alleviate concerns regarding adult

onset diseases, such as CSDI, and to consider carefully lifestyle decisions and career

planning. Such information also presents new dilemmas for physicians and at-risk family

members regarding the appropriate age to offer preclinical testing and the potential impact

the knowledge of test results on those who opt to be tested.

Prior to cloning the actual gene, results from haplotype analysis of tightly linked

markers within a family can predict those among at-risk individuals who are likely to

become affected. In the CSDI kindred under study, at-risk families have been contacted

regarding the availability of presymptomatic testing. Five of the fifteen at-risk individuals

available for genotyping were found to have inherited the haplotype segrgating with

CSDI *D. These results will only be available upon request by family members.

Second, cloning the gene will help towards understanding the pathogenesis of

amyloid and non-amyloid type corneal dystrophies. The biochemical and functional

knowledge about the gene product and its role in localized amyloidosis will provide insight

into the relationship between CSDI, CSD2, CSD3 and Reis-Bucklers as well as other
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diseases characterized by localized and systemic amyloidosis. In the short term, it will help

to develop non-invasive treatment strategies which can arrest the progression of disease

and break-down the accumulated deposits. This type of treatment is particularly important

because corneal dystrophies have been well documented to reoccur in corneal grafts. In

the long term, the cornea and pathogenesis of amyloid deposition serve as a potential

model system for developing therapies for systemic amyloidosis where amyloid deposits

cannot be easilv monitored.

6. Summary

1 . A large multigenerational kindred, one of four studied since 1994, formed the basis of this

linkage study which confirmed the mapping of CSDI to 5q22-5q33.3. The candidate

region harbouring the CSDI gene was estimated to be approximately 2 cM in length

between D55393 proximally and D55399,D55396,D55414 distally. The fivelocus core

(D55816, D55393, D55399, D55396 and DSSaI{ haplotype segregated wtth CSDI*D n

32 of 34 affected family members genotyped.

In screening a panel of 5q microsatellite markers, a non-amplifting allele was observed to

be segregating at D5S4l4. Molecular charactenzation revealed a template sequence

variation outside, yet in close proximity to the primer annealing site. The problem of non-

amplifying alleles was easily solved by designing a new primer pair to amphfy the region of

interest. The occurrence of non-amplifying alleles is an important consideration when

screening microsatellite markers as non-amplifying alleles can significantly affect genot)?e

data and the outcome of linkage analyses.
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