
Genomewide linkage scan in a multigeneration
Caucasian pedigree identifies a novel locus for
keratoconus on chromosome 5q14.3-q21.1
Yongming G. Tang, PhD1, Yaron S. Rabinowitz, MD3, Kent D. Taylor, PhD1,2, Xiaohui Li, MD, MS1, Mingshu Hu, BS1,
Yoana Picornell, BS1, and Huiying Yang, MD, PhD1, 2

Purpose: Keratoconus is a corneal dystrophy with an incidence of 1 in 2000 and a leading cause for cornea

transplantation in Western developed countries. Both clinical observations and segregation analyses suggest a

major role for genes in its pathogenesis. It is genetically heterogenous, most commonly sporadic, but inherited

patterns with recessive or dominant modes have also been reported. We studied a four-generation autosomal-

dominant pedigree to identify disease loci for keratoconus. Methods: A two-stage genome-wide scan was applied

to 27 family members. First linkage analysis was performed with 343 microsatellite markers along the 22

autosomal chromosomes at �10 cM density. This was followed by fine mapping at �2 cM density, in regions

suggestive of linkage. Multipoint linkage analysis was performed using GeneHunter2. Results: Evidence of

suggestive linkage from the initial scan was observed at the 82 to 112 cM region of chromosome 5q14.1-q21.3

with a maximum lod score (LOD) of 3.48 (penetrance � 0.5). Fine mapping by testing an additional 11

microsatellite markers at 1 to 3 cM intervals revealed a narrower and higher peak (99–119 cM) with LOD 3.53. By

analysis of the recombination of haplotypes, the putative locus of keratoconus was further narrowed to a 6 cM

region (8.2 Mbp physical distance) between markers D5S2499 and D5S495. Conclusion: These results indicate

a promising new locus for keratoconus in this pedigree. Because of the heterogeneous nature of keratoconus, this

locus may be specific to familial autosomal-dominant keratoconus. Nevertheless, the identification of this locus

may provide new insights into the pathogenesis of keratoconus. Genet Med 2005:7(6):397–405.
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Keratoconus [MIM 148300] is a noninflammatory pro-
gressive corneal thinning disorder resulting in mixed myopia
and irregular astigmatism. The progression of keratoconus
may result in severe visual impairment and some affected in-
dividuals require cornea transplantation.1,2 The prevalence of
keratoconus is about 1 in 2000 in Caucasian populations.1 It is
a leading cause for cornea transplantation in Western devel-
oped countries.

Symptoms of keratoconus usually develop in the teens and
are likely to progress during the early twenties, whereas pro-
gression slows after age 30.1,2 Keratoconus can be diagnosed by
well-recognized clinical signs, including stromal thinning,
Vogt’s striae, Fleischer’s ring, and scissoring of the retinoscopic
reflex with a fully dilated pupil.3,4 The most sensitive and ac-

curate diagnostic method is the computer-assisted videoker-
atography generated by devices such as the Topographic Mod-
eling System (TMS-1). The TMS-1generates thousands of data
points from the center of the cornea to the periphery for visual
display. This system also automatically calculates multiple in-
dices derived from data points in the central and paracentral
cornea in one sitting. It can be used to detect keratoconus at an
early stage before clinical signs are apparent.3,4

Although the etiology of keratoconus is unknown, several
lines of evidence support an underlying genetic basis for this
disease.5– 8 This evidence includes the following: reports of
keratoconus associated with other genetic disorders, such as
Down and Marfan syndrome,9 observations of multigenera-
tion pedigrees with either a dominant or recessive inheri-
tance patterns with incomplete penetrance,1,7 and a re-
ported 6% to 23.5% positive family history among patients
with keratoconus.5,6 Furthermore, the estimated keratoco-
nus prevalence in the first-degree relatives is 3.34%, 15 to 67
times higher than in the general population.5,7,10 Lastly, in
the limited twin studies, 54% concordance rate among
monozygotic twins was observed.11,12

In the majority of keratoconus patients (in excess of 90%),
the disorder is bilateral. In many instances, the disorder may
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start of a unilateral in nature, but over time, the other eye
becomes affected.8,13 Moreover, there are multiple case reports
of recurrent keratoconus after cornea transplant.14 –16 Such bi-
laterality and recurrent keratoconus occurring in cornea grafts
also lends support to a genetic basis for this disease. However,
the nature of genetic contribution to the development of ker-
atoconus is complex. Genetic heterogeneity is suggested by the
fact that both dominant and recessive models have been ob-
served in keratoconus pedigrees5,17 and the majority of familial
cases do not fit simple Mendelian inheritance patterns.

The genetic heterogeneity and the phenotypic diversity of
keratoconus present challenges to the dissection of genetic fac-
tors in the development of keratoconus. Various approaches
for identification of disease susceptibility genes have been ap-
plied to keratoconus and revealed several putative loci. These
include a putative locus on chromosome 16q, identified in 20
Finnish small pedigrees by a genome-wide nonparametric
linkage analysis18; a locus on 20q12, detected by a genome-
wide identity-by-descent approach in a genetically isolated
population of Tasmania, Australia19; a locus on chromosome
15q22.23-q24.2, identified in a large Northern Irish family20

and a locus on chromosome 3p14-q13, identified in an Italian
two-generation autosomal-dominant pedigree by a genome-
wide parametric linkage analysis.21 In addition, a candidate
gene study in two Canadian families demonstrated the in-
volvement of the VSX1 homeobox gene in keratoconus.22

These studies provide further support for a genetic basis for
keratoconus and demonstrate the genetically complex nature
of keratoconus. The aim of this study was to identify keratoco-
nus loci in a four-generation Caucasian autosomal-dominant
pedigree, using a two-stage, genome-wide scan approach. Our
results demonstrate evidence for a novel locus for keratoconus
at 5q14.3-q21.1.

MATERIALS AND METHODS
Study subjects and clinical evaluation

Twenty-seven subjects were recruited from a four-genera-
tion family with dominantly inherited keratoconus (Fig. 1).
This family has previously been described in part and is cur-
rently being followed longitudinally under the protocol of the
Keratoconus Genetics Research Program at Cedars-Sinai Med-

Fig. 1. Pedigree of a four-generation Caucasian family with haplotypes of seven markers. Generation number is indicated by the bold-faced Roman numerals listed to the left of the
generation. Individual identification number of each member is indicated at the right bottom side of each member. Markers and their corresponding locations are indicated in the lower-left
corner. Italicized numbers in haplotypes (e.g., IV-1 and IV-2) were deduced alleles from the parent’s haplotype, and “�”denotes that the genotypes for those markers were not available.
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ical Center.8,23 This research protocol was reviewed and ap-
proved by the Institutional Review Board of the Cedars-Sinai
Medical Center. Informed consent was obtained from all study
subjects.

All family members underwent clinical evaluation, which
included slit lamp biomicroscopy, dilated retinoscopy, and
computer-assisted videokeratography. Each subject addition-
ally had a full ocular and systemic evaluation by a trained oph-
thalmic geneticist to rule out any known syndromes or other
reported associations with keratoconus.24,25 Patients were as-
signed as having keratoconus if they had at least two of the
following previously reported clinical signs of keratoconus:
stromal corneal thinning (centrally or paracentrally), Fleisch-
er’s ring, Vogt’s striae, scissoring, or an oil droplet sign on
dilated retinoscopy. Patients were also assigned as having “sub-
clinical” keratoconus, if they had a videokeratography pattern
designated as an asymmetric bowtie with skewed radial axes
(AB/SRAX) (Fig. 2), without the aforementioned clinical
signs.24,25

Videokeratography methods and analysis

Videokeratography was performed on both eyes of each
study subject with the TMS-1 (Computed Anatomy, Inc, New
York, NY), software version 1.61. This software embodies an
algorithm that uses axial radius of curvature calculations to
display topographic maps. The following measures were taken
to ensure quality control and reproducibility of video images: a
minimum of four pictures of each eye were taken; the inner 22
of the 25 rings had to be fully digitized; lids had to be kept wide
open and off the cornea without assistance or eyelid compres-
sion; all pictures had to be within 0.25 D of each other as mea-
sured by simulated keratometry (Sim K) readings; and to en-
sure proper fixation and alignment, the crosshair had to be in
the center of the pupil for each examination. The best videok-
eratograph of the four was selected based on the quality of the
keratoscope mires by visual inspection. Three members of our
research team, who had no knowledge of the clinical status of

the patient, then independently inspected each selected video-
keratograph and assigned a pattern according to a videokerato-
graph scheme developed by our group26,27 (Fig. 2). This classi-
fication scheme has previously been demonstrated to be highly
reliable and reproducible even among untrained observers.28

Agreement was necessary among the three observers to assign a
videokeratograph a specific pattern. Videokeratographs were
assigned as either having an AB/SRAX pattern (thus as af-
fected) or one of the other patterns that form part of this clas-
sification scheme (designated as normal)25 (Table 1).

Genotyping

DNA was extracted from either blood samples or EBV-
transformed lymphoblastoid cell lines following a standard
protocol from Puregene Gentra Systems, Inc. (Minneapolis,
MN).

A two-stage whole genome scan approach was used to iden-
tify keratoconus loci. For the initial stage, a total of 343 micro-
satellite markers from the ABI (Foster City, CA) 10 cM linkage
panel, LMS-MD10, spanning the 22 autosomes at �10 cM
density, was genotyped for all subjects. The heterozygosity of
these markers ranged from 0.58 to 0.91, with an average of
0.79.

Markers were amplified using standard polymerase chain
reaction (PCR) protocols with AmpliTaq Gold PCR Master
Mix (ABI, Foster City, CA), appropriate fluorescent-labeled
primer pairs, and 10 to 15 ng DNA in a GeneAmp PCR System
9700, (ABI, Foster City, CA). PCRs were multiplexed when
different primer sets had common annealing temperatures and
their product sizes varied significantly or they were labeled
with different fluorescent dyes. The PCR products were sepa-
rated on a 6% polyacrylamide gel, denatured with 6M urea, in
an ABI Genetic Analyzer 377, and analyzed using the software
Genotyper v2.5 (ABI, Foster City, CA).

After the initial scan under the most conservative scenario
(D, see later), one region with suggestive linkage (LOD � 2) on
chromosome 5q14.1-q21.3 was further fine mapped with

Fig. 2. Videokeratography classification scheme used for distinguishing between normal and keratoconus videokeratographs. Patients with an AB/SRAX pattern were considered as
having subclinical keratoconus.
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markers at 1 to 2 cM intervals (Table 2). Fine mapping markers
were selected from the databases of the Marshfield Human
Genetic Maps (http://www.marshfieldclinic.org) and the Hu-
man Genome Resources of the National Center for Biotech-
nology Information (NCBI, http://www.ncbi.nlm.nih.gov).
Eleven additional markers were typed for the 5q14.1-q21.3 re-
gion (approximate 30 cM), including D5S672, D5S641,
D5S401, D5S618, D5S815, D5S2499, D5S2100, D5S484,
D5S2079, D5S495, and D5S409 with heterozygosities ranging
from 0.63 to 0.82 with an average of 0.74 (Table 2). The infor-
mation content in the region ranged from 0.66 to 0.93 with an
average of 0.88. The PCR primer pairs for these markers were
designed using the software Primer 3 (http://frodo.wi.mit.edu/
cgi-bin/primer3_www.cgi) and ordered from Qiagen (Valen-
cia, CA). The PCR products were analyzed in an ABI Genetic
Analyzer3100 (ABI, Foster City, CA).

Statistical analysis

Our pedigree contains two families, connected by a mating
between two affected individuals (III-4 and III-5, see Fig. 1).
According to the knowledge of all participants in this study, the
two families are not descendants from a common ancestry.
The offspring of these two subjects may inherit the disease gene
from either affected parent, and the genes from both parents
may or may not be located in the same region. There is no prior
knowledge or optimal strategy of how to use such a complex
pedigree effectively. Thus, we conducted data analysis in sev-
eral pedigree scenarios by dividing bilateral families at different
individuals. These were as follows: (A) no division, which is an
unbiased approach; (B) dividing the pedigree at III-5 so that
children of III-4 and III-5 were grouped with maternal side;
(C) dividing the pedigree at III-4 so that children of III-4 and
III-5 were grouped with paternal side; and (D) drop all chil-

Table 1
Clinical signs and videokeratography (VK) pattern assignment

Identification Age at the last exam Clinical signs VK pattern Affectation status

II:4 92 None AB/SRAX Affected

II:5 73 Yes AB/SRAX Affected

II:6 70 None Normal Unaffected

III:2 66 Yes AB/SRAX Affected

III:4 67 Yes AB/SRAX Affected

III:5 69 Yes AB/SRAX Affected

III:6 70 None Normal Unaffected

III:7 70 Yes AB/SRAX Affected

III:8 60 None Normal Unaffected

III:9 64 Yes AB/SRAX Affected

III:10 43 None Normal Unaffected

III:11 37 None Normal Unaffected

III:12 48 None Normal Unaffected

III:13 51 None Normal Unaffected

III:14 42 None AB/SRAX Affected

IV:1 35 None Normal Unaffected

IV:2 49 Yes AB/SRAX Affected

IV:3 42 None Normal Unaffected

IV:4 35 Yes AB/SRAX Affected

IV:5 46 Yes AB/SRAX Affected

IV:6 43 Yes AB/SRAX Affected

IV:7 41 None Normal Unaffected

IV:8 45 None Normal Unaffected

IV:9 44 None Normal Unaffected

IV:10 21 Yes AB/SRAX Affected

IV:11 16 None Normal Unaffected

IV:12 27 Yes AB/SRAX Affected
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dren of III-4 and III-5, which was the most conservative ap-
proach, but resulted in a great loss of significant information
(Table 3).

Model-based multipoint linkage analysis was performed us-
ing the Markov Chain Monte Carlo (MCMC) method as im-
plemented in SimWalk2 v2.8329 (for scenario A and C) and the
Lander-Green method as implemented in GeneHunter
v2.030(for scenario B and D). An autosomal-dominant model
was assumed with a disease frequency � 1/2000 and various
penetrance and phenocopy parameters. Under the conserva-
tive pedigree scenario (D), the region with LOD score � 2 was
followed with fine mapping. The size of the region to be fine

mapped was determined by covering the entire region with
boundaries at LOD � 1.

The maximum LOD score was obtained by performing mul-
tipoint linkage analyses under four family structure scenarios
and different parameters for penetrance (0.5 � 0.9) and phe-
nocopy (0.01, 0.05). The largest LOD score was observed under
scenario B, penetrance � 0.5, and phenocopy � 0.01. In order
to evaluate the statistical significance of this maximum LOD
score, we calculated the empirical P values by simulating 500
replicates under the assumption of no linkage using SIMU-
LATE.31 We simulated 500 replicates under scenario A (no
division) for 15 markers in the linkage region with frequencies
and map distance identical to the original data as shown in
Table 2. Each of these replicates was divided into scenario B, C,
and D as defined above. The highest LOD score for each repli-
cate (Max-LOD) was obtained from linkage analyses per-
formed for each replicate under all scenarios and combinations
of parameters (phenocopy 0.01, 0.05, and penetrance 0.5– 0.9).
The empirical P values were computed by dividing the number
of replicates that exceeded a particular Max-LOD threshold by
the total number of replicates (500).

To determine the keratoconus risk haplotype, haplotypes in
the linked region for all family members were constructed by
using GeneHunter v2.0.30 The shared region of the haplotypes
among all affected individuals may imply the location of a ker-
atoconus locus. This analysis further narrowed a putative re-
gion linked with keratoconus.

RESULTS
Phenotype

Diagnostic information on all study subjects is summarized
in Table 1. Fourteen individuals of the 27 studied family mem-
bers were diagnosed with keratoconus by either clinical signs
or subclinical videokeratographic pattern. Examples of the
keratoconus subclinical diagnosis are II-4 and III-14, where
both indicate a clear keratoconus VK pattern (AB/SRAX) (see
Fig. 3), but did not have sufficient clinical signs of keratoconus.
This four-generation pedigree is consistent with an autosomal-
dominant inheritance pattern with reduced penetrance.

Initial genome scan and fine mapping

With an autosomal-dominant model, penetrance � 0.8,
phenocopy � 0.01, we performed a multipoint linkage analysis
using GeneHunter v.2.0 under the conservative scenario D.
The region achieved the suggestive linkage (LOD � 2) is on
chromosome 5q14.1-q21.3 with LOD � 2.10 (Fig. 4). After fine
mapping of this region (�30 cM) with markers at 1 to 2 cM
density, the LOD score of the region on chromosome 5q14.1-
q21.3 was increased to 2.18 under scenario D.

Maximum LOD score

Table 3 summarizes LOD scores under each of the four sce-
narios for both initial scan and fine mapping linkage analyses
at chromosome 5q14.1-q21.3. Under both unbiased (A) and
most conservative (D) scenarios, the evidence for suggestive

Table 2
Microsatellite markers typed on chromosome 5q14.1-q21.3 during initial

and fine mappings

Markers cM Heterozygosity
Information Content

under Scenario B

D5S424 81.95 0.77 0.66

D5S672 86.26 0.63 0.83

D5S641 92.38 0.76 0.83

D5S428 95.4 0.77 0.90

D5S401 97.82 0.63 0.91

D5S618 99.42 0.8 0.91

D5S815 101.02a 0.8 0.92

D5S2499 102.62a 0.65 0.89

D5S2100 101.02a 0.63 0.86

D5S644 104.76 0.85 0.92

D5S484 105.29 0.77 0.92

D5S2079 108.07b 0.63 0.90

D5S495 108.07b 0.82 0.93

D5S409 109.63 0.69 0.92

D5S433 111.97 0.85 0.89

a,bFor markers at the same or close linkage distance, their relative order was
determined by physical distance.

Table 3
Maximum LOD scores on chromosome 5 under four different pedigree

scenarios using autosomal dominant model with penetrance � 0.8,
phenocopy � 0.01 for both initial, and fine mappings

Pedigree
scenario Family division position

Chromosome 5
initial scan

LOD (Position)
fine mapping

A None 2.19 (103 cM) 2.28 (103 cM)

B At III-5, IV-3 � IV-6 were
grouped to maternal
family

3.23 (103 cM) 3.29 (103 cM)

C At III-4, IV-3 � IV-6 were
grouped to paternal
family

0.81 (103 cM) 0.88 (103 cM)

D Drop all offspring of III-4
and III-5 (IV-3 � IV-6)

2.10 (103 cM) 2.18 (103 cM)

Novel locus for keratoconus on 5q14.3-q21.1
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linkage (LOD � 2) was obtained. Furthermore, under scenario
C, where the pedigree was divided at III-4 so that affected chil-
dren were grouped with the paternal family, LOD score during
fine mapping was 0.88, whereas under scenario B, where the
pedigree was divided at III-5 so that affected children were
grouped with the maternal family, a maximum LOD score of
3.29 was obtained. Such results indicate that the affected chil-
dren, IV-4, IV-5, and IV-6, are more likely to inherit the disease
gene from their maternal ancestor rather than their paternal
ancestor.

Using pedigree scenario B, we performed multipoint linkage
analysis with several penetrances (0.5 to 0.9) and phenocopy
parameters (0.01 and 0.05) for both initial scan and fine map-
ping markers on chromosome 5. Table 4 shows the maximum
LOD scores and positions on chromosome 5 under different

parameters by the GeneHunter program. Significant linkage
was observed on chromosome 5q14.1-q21.3 with a maximum
LOD score of 3.48 near marker D5S644 (82–112 cM) at pen-
etrance � 0.5 and phenocopy � 0.01. After fine mapping the
LOD score increased to 3.53 near marker D5S484 (Fig. 5B and
Table 4). This peak was located between markers D5S401 and
D5S2027, around 20 cM region. Fine mapping narrowed the
range of the disease locus from 30 to 20 cM at 5q14.3-q21.3.
The empirical P value for MAX-LOD � 2 is 0.006 (3/500). The
empirical P value for MAX-LOD � 3 is � 0.002 because no
MAX-LOD exceed 3.

Haplotype analysis

Haplotypes of each member were constructed for 11 mark-
ers in the linkage region (D5S401–D5S433), but 7 markers

Fig. 3. Videokeratographs of two patients with AB/SRAX patterns in this pedigree with no clinical signs of keratoconus who were designated as affected, i.e., subclinical keratoconus. Bar
on the left illustrates the amount of corneal power on topography designated in diopters (D).

Fig. 4. Linkage results (LOD score) for 22 autosomal chromosomes under conservative pedigree scenario (D). The 22 autosomes are indicated on the horizontal axis. LOD scores of each
marker are plotted on the vertical axis along the 22 autosomes.
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were adequate to illustrate the recombination events in the
region as shown in Figure 1. In each of the two families, one
haplotype cosegregated with keratoconus as illustrated in Fig-
ure 1 by the black or gray shading. That is, all affected individ-

uals carry at least one disease haplotype. Some of the affected
children from two affected parents III-4 and III-5 have both
disease haplotypes. Recombination events were observed in
individuals III-2, III-5, III-7, and III-9 and defined the critical

Table 4
Multipoint LOD scores on chromosome 5 from both initial and fine mapping scans under pedigree scenario B and an autosomal dominant model with different

penetrance and phenocopy parameters

Penetrance

LOD score

Phenocopy � 0.01 Phenocopy � 0.05

Stage 1
(Position)a

Stage 2
(Position)b

Stage 1
(Position)a

Stage 2
(Position)b

0.9 2.83 (105 cM) 2.82 (103 cM) 2.07 (107 cM) 2.02 (103 cM)

0.8 3.23 (103 cM) 3.29 (103 cM) 2.58 (103 cM) 2.64 (105 cM)

0.7 3.41 (103 cM) 3.46 (103 cM) 2.80 (103 cM) 2.86 (105 cM)

0.6 3.47 (103 cM) 3.52 (103 cM) 2.85 (103 cM) 2.91 (105 cM)

0.5 3.48 (103 cM) 3.53 (103 cM) 2.80 (103 cM) 2.84 (105 cM)

aGenome-scan.
bFine mapping.
Performed with GeneHunter2 program.

Fig. 5. Linkage results of chromosome 5 (penetrance � 0.5, phenocopy � 0.01) under pedigree scenario B. Each short line on the horizontal axis represents a marker corresponding to
their locations. A, Initial scan, at �10 cM density. B, Fine mapping at 1 to 2 cM density in the region between D5S424 and D5S433. Name and position of each marker can be referenced the
marker order on Table 2. LOD scores of each marker are plotted on the vertical axis.
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keratoconus gene location as between markers D5S2499 and
D5S495 (Fig. 6). These results indicate a novel locus for kera-
toconus in 5q14.3-q21.1, an approximate 8.2-Mbp region be-
tween markers D5S2499 and D5S495 for this pedigree.

DISCUSSION

In a four-generation bilineal keratoconus pedigree with an
autosomal-dominant inheritance pattern, we identified a pu-
tative locus for keratoconus on chromosome 5q14.3-q21.1 be-
tween markers D5S2499 and D5S495. All affected individuals
from each family share a common haplotype within each fam-
ily (Fig. 1). The complexity of linkage analysis in this pedigree
is its bi-lineage, so the power to identify linkage is reduced
because the children of the two affected parents can inherit a
disease gene from either parent. Under the most conservative
scenario of dropping all children from the two affected parents,
we observed a suggestive linkage on 5q14.3-q21.1 (LOD �
2.18), whereas the largest LOD score was observed under sce-
nario B when dividing the pedigree at III-5 and the children
were grouped with maternal family and penetrance was set as
0.5 (LOD � 3.53) (Table 3). To evaluate empirically the prob-
ability for observing this LOD score, we conducted simulation
by optimizing over family structures and parameters (pen-
etrance and phenocopy) and observed that the probability
of identifying a MAX-LOD � 2 is 0.006, for a LOD � 3, it is
� 0.002. Thus, the chromosome 5q14.3-q21.1 region is highly
likely to contain a locus for keratoconus in this autosomal-
dominant pedigree.

In our pedigree, we did not observe evidence for suggestive
linkage (LOD � 2) for previously reported loci, including
chromosome 16q22.3–23,18 20q12,19 3p14,21 and 20p1122 for
keratoconus, and 15q22 for familial keratoconus with cata-

racts.20 Moreover, we could exclude two loci in this pedigree
(LOD � �2), 3p14 and 16q22.3–23.

This four generation family with keratoconus demonstrates
an autosomal mode of inheritance with variable expression
and some interesting phenotypic features, similar to other au-
tosomal dominant pedigrees. Clinically, all patients had “nip-
ple type” or central cones of the cornea in various degrees of
severity. For example, the disease was so severe in IV-4, IV-5,
and IV-6 that they required corneal transplants in their early
thirties. In contrast, for patients II-4 (Age 92) and III-14 (Age
42) their disease was so mild there were no clinical signs of the
disease and nipple type cones were detected by videokeratog-
raphy only. Both patients (II-4, III-14) had an AB/SRAX pat-
tern that has been demonstrated in several studies to be an
excellent and highly accurate videokeratograph recognition
pattern for keratoconus.7,26,28

The significant linkage evidence (LOD � 3.53) and the fact
that all affected individuals in this pedigree inherited the iden-
tical haplotype within each of the two families argue that there
is likely to be a novel locus on 5q14.3-q21.1, which may be
specific to this pedigree or a subset of familial dominant kera-
toconus. Considering all previously reported and this current
linkage evidence in aggregate, it is clear that we are dealing with
a genetically heterogeneous disorder although some of these
loci may be the result of the type 1 error.

Although every affected individual in this pedigree carries at
least one disease haplotype, there are some members (III-10,
III-12, IV-3, IV-7, and IV-9), who carry the presumed disease
haplotype but were not diagnosed with keratoconus (Fig. 1,
Table 1). Such findings may be explained by reduced pen-
etrance or indicate the need of more sensitive clinical tools in
identifying subclinical abnormalities. The observation that the
evidence for linkage reached the peak when penetrance was set
at 0.5 indicates that the penetrance for this putative locus is
modest.

Because keratoconus is a genetically heterogeneous disease,
studying a single large family or an isolated population may
reduce genetic heterogeneity and is more likely to be successful
in revealing linkage as demonstrated here and in other re-
ports.19,21 Any genes identified in large families or isolated
populations may provide new insights into the pathogenesis of
keratoconus in general. Within the 8.2-Mbp 5q14.3-q21.1 re-
gion linked in the current family there are approximately 50
known or predicted genes, which are currently being evalu-
ated, including calpastatin (CAST), type 1 tumor necrosis re-
ceptor shedding aminopeptidase regulator (ARTS-1), and pro-
protein convertase subtilisin/kexin type 1 (PCSK1).

Genome-wide scan linkage analysis revealed a promising
new locus for keratoconus in this multigeneration dominant
keratoconus pedigree. Because of the heterogeneous nature of
keratoconus, this locus may be specific to familial autosomal-
dominant keratoconus. Nevertheless, the identification of this
locus may provide new insights into the pathogenesis of kera-
toconus in general.

Fig. 6. Keratoconus susceptibility locus on chromosome 5. Ideogram of chromosome
5 and its schematic bandings are presented. Indicated region, with markers and their
respective physical locations, represent the identified keratoconus susceptibility locus.
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