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Purrose. Keratoconus and cataract are common causes of vi-
sual morbidity. Both conditions show genetic predisposition.
The purpose of this study was to map the disease locus in a
large three-generation family affected by combined early-onset
autosomal dominant anterior polar cataract and clinically se-
vere keratoconus. Uniquely, in this family both disorders were
present and fully penetrant in those affected.

MEetHODS. Thirty members of the family were examined clini-
cally on two occasions, at an interval of 5 years, to establish
their phenotypes and determine the progression of the disease.
Genomic DNA was extracted from blood samples of 16 af-
fected and 14 unaffected individuals, and typed with more than
350 highly polymorphic microsatellite loci in a genome-wide
linkage screen. Markers were amplified by PCR with fluores-
cently labeled primers and sized with an automated DNA anal-
yser before calculation of lod scores. After linkage was estab-
lished, several positional candidate genes were assessed by
PCR-based DNA sequencing.

ResuLts. The locus for keratoconus with cataract was mapped
to a 6.5-Mb region of the long arm of chromosome 15, at
22.33-24.2 between CYP11A and D155211. The positional and
functional candidate genes CTSH, CRABPI1, IREB2, and RAS-
GRF1 were excluded as the cause of keratoconus with cataract
in this family.

Concrusions. This is the first report of a family with autosomal
dominant inheritance of keratoconus in association with cata-
ract. The causative gene maps to the long arm of chromosome
15 but has not yet been identified. (Unvest Ophthalmol Vis Sci.
2003;44:5063-5066) DOI:10.1167/i0vs.03-0399

Ithough progress had been made in understanding the

molecular mechanisms in many corneal dystrophies, ker-
atoconus remains largely unexplained. It is a noninflammatory,
bilateral, but asymmetrical, corneal stromal dystrophy that
causes central or paracentral thinning and ectasia, and leads to
progressively blurred vision due to distortion and myopic astig-
matism. The incidence of keratoconus is estimated to be 1 in
2000 of the population,’* with all races being affected. Onset
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of keratoconic refractive errors is usually before the age of 25
years.®> Keratoconus is the most common condition for which
corneal grafts are undertaken in early and middle age. Despite
the availability of early surgical treatment, childhood cataract
causes significant visual morbidity and accounts for 10% to 30%
of legally blind children under the age of 15 years.

Genes play a role in development of both keratoconus and
cataract, although genetic predisposition in keratoconus is
complex. Autosomal dominant inheritance is indicated in 5% of
clinically significant keratoconus; however, until recently most
cases were thought to be sporadic.*> The advent of corneal
topographical mapping and the consequent ability to detect
subclinical cases has caused revision of this statistic. Using
sophisticated methods such as topography and regression anal-
ysis, it is possible to demonstrate that asymptomatic parents
and siblings of a patient with a clinically obvious case may be
affected at a subclinical level.>” It is estimated now that 90% of
keratoconus is inherited in an autosomal dominant fashion
with reduced expression. Approximately 25% of childhood
cataract is inherited, usually as an autosomal dominant trait.®
Autosomal recessive cataract is rare, but is more common in
those communities where consanguinity is more prevalent.
X-linked cataract is exceedingly rare. Numerous cataract loci
have been mapped, and causative mutations have often been
identified in genes encoding lens crystallins,” the major soluble
proteins in the lens of vertebrate eyes and important for lens
clarity. Genetically determined cataracts are a heterogeneous
group of disorders and often occur in association with other
ophthalmic manifestations, such as microphthalmos, glau-
coma, and coloboma.

We report linkage of the first family to be described with
autosomal dominantly inherited keratoconus with early devel-
opmental cataract.

METHODS

Patients and Clinical Studies

We identified a large Northern Irish family of three generations (Fig. 1).
Thirty members of the family were examined on two occasions at an
interval of 5 years to establish the clinical phenotype and document
the onset and progression of the disease. The research adhered to the
tenets of the Declaration of Helsinki.

Molecular Methods

A genome-wide search for linkage was undertaken in all available
members of the family over the age of 13 years with an affected parent.
DNA was extracted from blood samples taken from these individuals
and (where possible) from both of their parents. The DNA was typed
for more than 350 microsatellite marker loci at intervals of approxi-
mately 10 cM, using a linkage mapping set (MD10; Applied Biosystems,
Inc. [ABI], Foster City, CA) and additional markers that were identified
from genomic sequences in regions of interest. PCR products for each
panel of the mapping set were pooled before analysis on an DNA
sequencer (model 3100; ABD. Alleles were then sized (Genotyper
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FIGUuRe 1. Pedigree of the kindred with keratoconus with cataract showing alleles of marker loci (from the top) of D155131, LOXL1, CYP11A,

ETFA, IREB2, BCL2A1, D155211, and D155206. The haplotype inherited from the affected parent is shown on the Jeft of each pair; vertical bars
represent the inherited portion of the ancestral mutant haplotype in each individual.

software; ABI) and scored (C-allele software; available from Shane
McKee, Department of Medical Genetics, Queen’s University, Belfast,
UK). Linkage analysis was performed using FASTLINK'® with a fully
penetrant disease model (http://softlib.cs.rice.edu; provided in the
public domain by Rice University, Houston, TX).

RESULTS

Examination of the younger individuals was informative and
indicated that onset of progressive astigmatism predated onset
of lens opacities by 1 to 2 years. Astigmatism manifested
around the age of 8 years, and although there was some
intrafamilial variation, cones were generally detectable around
the age of 9 to 12 years. Individuals who demonstrated neither
progressive astigmatism nor lens opacities by the age of 13
appeared to remain unaffected. Corrective surgery was usually
necessary in early adulthood for both keratoconus and cataract.

A cluster of panel markers on chromosome 15 showed
evidence of linkage, with a maximum 2-point lod score of 3.99
at 0 = 0.11 with D758131. Further microsatellite markers
between D155131 and D155205 were typed, in addition to
new (CA)n markers close to or within LOXL1, CYP11A, ETFA,
IREB2, and BCL2A1 (which lie between DI155131 and
D155211). There was evidence of recombination at CYPI1A,
D1585211 and D1552006, but not at ETFA, IREB2, or BCL2A1
(Table 1; Fig. 1). A haplotype for the latter group of markers
could be tracked through all affected but no unaffected mem-

bers of the family. III21 and III23 were recombinant at
CYPI11A, LOXLI1, and D155131 and more proximal markers.
1115 and III24 were recombinant at D758211, D155206, and
more distal markers. The maximum 2-point lod score of 8.13
was found at JREB2. The causative gene therefore maps within
the interval of 6.5 Mb flanked by CYPIIA and DI155211
(Fig. 2).

Four positional candidate genes for keratoconus with cata-
ract were screened. All 12 exons of the cathepsin H gene
(CTSH), four exons of the cellular retinoic acid binding protein
1 gene (CRABPI), 22 exons of the iron-responsive element
binding protein 2 gene (JREB2), and 26 exons responsible for
the two alternative transcripts of the Ras guanine nucleotide
releasing factor gene (RASGRF1) were assessed for mutations
by PCR-based sequencing with dye terminator chemistry (Big
Dye; ABD on the DNA sequencer. No causative mutation was
detected in any of these genes. Several single nucleotide poly-
morphisms were identified, but those that segregated with the
affected haplotype through our family were also found in a
panel of normal control DNA from unaffected individuals.

DIscUSSION

The disease gene region is exceedingly gene rich, containing
approximately 95 known or predicted genes, none of which is
a known cataract gene. There are, nevertheless, several inter-
esting candidate genes for keratoconus and cataract, including

TaBLE 1. Two-Point Lod Scores for Keratoconus with Cataract with Markers on Chromosome 15

Lod Score at 0

Marker 0.00 0.01 0.05 0.10 0.20 Maximum Lod
DI155131 —® 2.02 3.67 3.98 3.61 3.99at 6 =0.11
LOXLI1 6.62 6.52 6.11 5.57 4.39 6.62at 0 =0
CYPIIA —o0 3.11 4.10 4.16 3.59 4.19 at 6 = 0.08
ETFA 7.83 7.71 7.22 6.59 5.21 7.83at 6 =0
IREB2 8.13 8.00 7.50 6.85 5.41 813atH =0
BCL2A1 7.73 7.61 7.11 6.46 5.03 7.73at 6 =0
DI155211 —® 4.01 4.95 4.94 4.21 5.00 at 6 = 0.07
D155206 —® 1.74 2.83 3.03 2.73 3.03 at 6 = 0.10
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FIGURE 2. Map of the linked region of the long arm of chromosome
15 showing markers and genes of interest located between 64 and 75
Mb. Heavy vertical line: critical region of the locus for keratoconus
with cataract. Left: linkage markers used in the study; right: candidate
genes.

the four genes in which mutations were not found. Cathepsin
H is a cysteine-dependent intracellular protease that is respon-
sible for intracellular protein degradation and turnover. The
CTSH gene is widely expressed, including in the lens and other
elements of the eye. CRABPI is also highly expressed in the
eye. Its product is one of a family of six vitamin A-binding
proteins (two others of which are found only in visual tissue)
and is thought to be involved in retinoic acid-mediated differ-
entiation and proliferation processes. Patients with mutations
affecting the iron-response element (IRE) in the 5’ untranslated
region of the ferritin light chain gene experience development
of early onset cataracts. IREB2 encodes a protein that binds to
this motif.'' The RASGRFI gene product shares homology
with the guanine nucleotide exchange activator son-of-seven-
less in Drosophila melanogaster, which is involved in the
sevenless signaling pathway in developing photoreceptors. It
also shares similarity with mouse son-of-sevenless (Sos7), mu-
tations of which dominantly enhance the weak allele of Egfr
causing distinctive eye defects including lens opacity and eye
dysmorphology.'?

Three closely related members of the ADAMTS family map
within our critical region and are excellent candidates, being
expected to play important roles in tissue architecture and
degradation. These genes encode disintegrin metalloprotein-
ases with thrombospondin motifs and are involved in pro-
teolysis of the extracellular matrix. DKFZP434H204 and
ADAMTS?7 are supported by expressed sequence tag (EST) data
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on the National Center for Biotechnology Information chromo-
some 15 sequence map (build 31). Both show widespread
expression in many tissues, but are not prominent in the eye.
Screening of this group of genes is not yet complete, due to
difficulties arising from the extremely close homology in some
exonic and intronic regions.

Clues for prioritizing the candidate genes for future inves-
tigation may come from other studies. EDICT syndrome is a
recently described form of anterior dysgenesis involving endo-
thelial dystrophy, iris hypoplasia, congenital cataract, and stro-
mal thinning.'®> One patient in the reported EDICT-affected
family had anterior polar cataract. This syndrome has been
tentatively linked to a large 26-Mb region on chromosome 15 at
q22.1-q25.3 with a lod score of 2.7. This encompasses the
region we describe. With some features in common, it is
possible that keratoconus with cataract and EDICT syndrome
are allelic.

A locus for familial keratoconus has been mapped previ-
ously to chromosome 16 at q22.3-q23.1 by a genome-wide
linkage study in a group of small Finnish families,'* with a
maximum parametric multipoint lod score of 4.10. Compari-
son of the genes within the critical regions identified on chro-
mosomes 15 and 16 highlights candidate genes for our kerato-
conus and cataract locus. Each interval contains a member of
the ADAMTS family and also a gene encoding a proteasome
core subunit. ADAMTS7 and ADAMTS18 are closely related,
with both having disintegrin and metalloprotease activity. The
proteasome is a multicatalytic proteinase complex which
cleaves peptides in an ATP/ubiquitin-dependent process in a
nonlysosomal pathway. PSMA4 encodes an « subunit of the
208 core, whereas the PSMD7 product is a non-ATPase subunit
7 of the 19S regulator. The ubiquitin-proteasome pathway has
been implicated in corneal stromal cell repair.'> The mutant
gene in an inbred line of spontaneously keratoconic mice has
been linked to the major histocompatibility complex (MHC)
region,'® where related immunoproteasome genes are located.
There is evidence to suggest that immunoproteasomes may be
involved in lens differentiation,'” in addition to their role in the
processing of class I MHC peptides. There is therefore com-
pelling support for proteasome genes influencing keratoconus
and cataract.

Further work is necessary to identify the gene that causes
keratoconus and cataract in the family presented in our study.
Although keratoconus is likely to be a multifactorial disorder
with large phenotypic diversity, there is growing evidence for
the importance of genetic factors in its etiology. Despite recent
progress in resolving the genetic basis of many of the rare
inherited corneal dystrophies18 (e.g., lattice, macular, Mees-
man, Reis-Buckler, and Schnyder), our understanding of the
most common dystrophy, keratoconus, remains poor. It is to
be hoped that study of the molecular basis of the severe
keratoconus phenotype in the family in our study will shed
light on the pathogenesis of keratoconus in general and that it
will ultimately underpin the development of rational treatment
strategies.
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