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Abstract

Purpose—To facilitate the molecular characterization of naturally occurring cataracts in dogs by
providing the radiation hybrid location of 21 cataract-associated genes along with their closely
associated polymorphic markers. These can be used for segregation testing of the candidate genes
in canine cataract pedigrees.

Methods—Twenty-one genes with known mutations causing hereditary cataracts in man and/or
mouse were selected and mapped to canine chromosomes using a canine:hamster radiation hybrid
RH5000 panel. Each cataract gene ortholog was mapped in relation to over 3,000 markers including
microsatellites, ESTs, genes, and BAC clones. The resulting independently determined RH-map
locations were compared with the corresponding gene locations from the draft sequence of the canine
genome.

Results—Twenty-one cataract orthologs were mapped to canine chromosomes. The genetic
locations and nearest polymorphic markers were determined for 20 of these orthologs. In addition,
the resulting cataract gene locations, as determined experimentally by this study, were compared
with those determined by the canine genome project. All genes mapped within or near chromosomal
locations with previously established homology to the corresponding human gene locations based
on canine:human chromosomal synteny.

Conclusions—The location of selected cataract gene orthologs in the dog, along with their nearest
polymorphic markers, serves as a resource for association and linkage testing in canine pedigrees
segregating inherited cataracts. The recent development of canine genomic resources make canine
models a practical and valuable resource for the study of human hereditary cataracts. Canine models
can serve as large animal models intermediate between mouse and man for both gene discovery and
the development of novel cataract therapies.

As the leading cause of worldwide blindness and low vision, cataracts affect millions of
individuals, and billions of dollars are spent annually on cataract medical and surgical expenses
[1]. The etiology of cataracts varies; they can be hereditary, traumatic, or secondary to ocular
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inflammatory or systemic diseases, or as a sequelae to taking certain pharmaceuticals/
medications. The onset of cataract also varies. Congenital cataracts occur in over two out of
10,000 live births [2] and are the leading cause of treatable visual impairment in children
worldwide [3,4]. Approximately 1/3 of all congenital cataracts are inherited [5]. Age-related
cataracts, however, are the most common type of cataract. Approximately 26.6 million
Americans older than 40 years have cataract or have had cataract surgery, and this number is
projected to increase to 39.6 million by the year 2020 [6]. The risk factors associated with the
development of age-related cataract include ultraviolet light exposure [7], cigarette smoking
[8], alcohol consumption [9], and nutrition [10]. In addition, the role of genetics in age-related
cataract has been reviewed and suggests an interaction between genetic background and
environmental risk factors [11].

Most of our knowledge of cataractogenesis comes from genetic studies of hereditary cataracts
in man and mice. Mutations causing nonsyndromic inherited cataract have been identified in
at least 15 genes in humans [12], and at least 18 genes in the mouse (Mouse Genome
Informatics). Here, we propose the development of the dog as a complementary large animal
model for molecular studies of cataracts to facilitate gene discovery and the development of
novel and alternative cataract therapies. There are over 300 breeds of dog, and of these, 20
breeds are known to have hereditary cataracts while another 125 breeds are suspected of having
hereditary cataract [13]. It is likely that some hereditary cataracts in dogs will be caused by
mutations in genes already identified in humans or mice. However, to date no mutations causing
cataract have been identified in any canine pedigrees. Because of the recent progress in canine
genomics [14-19], and the success in identifying canine models for retinal diseases [20-22],
itis likely that similar progress will be possible with molecular studies of canine cataracts.

To begin the molecular identification of cataract phenotypes in the dog we have selected 21
genes known to cause cataracts in man and/or mouse. These include structural proteins (6),
crystallin genes (6), and transcription factors (9). We have determined the canine chromosomal
locations of each gene using a radiation hybrid (RH) 5000 rad panel [23] and compared our
experimentally derived chromosomal locations for each gene with that of the draft sequence
of the canine genome. RH-mapping and genome sequencing are complementary procedures
which identify gene locations, order, and distance, along with regions of conserved synteny
across species. Combining data from RH-maps with that from genomic sequences maximizes
the information obtained from both methodologies [24] and helps to resolve discrepancies that
might arise with the draft sequence information currently available. The identification of
cataract gene locations along with their nearest polymorphic markers provides an integrated
resource essential for segregation analysis of cataract phenotypes in canine cataract pedigrees.
This resource will aid in the development of the dog as a complementary large animal model
for the molecular study of cataracts and will help to advance our knowledge of naturally
occurring cataracts in mammalian species. This may one day contribute to the development of
new therapies to prevent, delay, or even reverse cataracts.

METHODS

Selection of cataract gene orthologs

Twenty-one gene orthologs were selected as cataract candidate genes in dogs based on their
ability to cause cataracts in man and/or mouse. These candidate genes include structural
proteins: beaded filament structural protein 2 (BFSP2), connexin 46 (CX46), connexin 50
(CX50), lens intrinsic membrane protein 2 (LIM2), major intrinsic protein of lens fiber (MIP),
and secreted protein acidic cysteine-rich (SPARC); crystallins: pB2-crystallin (CRYBB2), YA-
crystallin (CRYGA), yB-crystallin (CRYGB), yC-crystallin (CRYGC), yD-crystallin
(CRYGD), and yS-crystallin (CRYGS); transcription factors: CEH10 homeodomain-containing
homolog (CHX10), homolog of Drosophila eyes absent 1 (EYAL), forkhead Box E3
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(FOXE3), heat shock transcription factor 4 (HSF4), avian musculoaponeurotic fibrosa-rcoma
oncogene homolog (MAF), paired-box 6 transcription factor (PAX6), paired-like
homeodomain transcription factor 3 (P1TX3), homolog of Drosophila sine oculis homeobox
(SIX5), and sex-determining region-Y (SRY)-box 1 (SOX1).

Canine orthologous sequences

Human gene cDNAs obtained from the National Center for Biotechnology Information (NCBI)
database were analyzed against drafts of the canine genome to obtain orthologous sequences.
The corresponding accession numbers for the human cDNA sequences are listed in Table 1.
Human gene cDNAs for BFSP2, CX46, CX50, MIP, PAX6, and PITX3 were analyzed against
the original 1.5X (poodle) canine genome sequence through collaboration with The Institute
for Genomic Research (TIGR). Human gene cDNAs for CHX10, CRYBB2, CRYGA, CRYGB,
EYA1, FOXE3, HSF4, MAF, SIX5, SOX1, and SPARC were analyzed against the publicly
available 1.5X (poodle) canine genome using the BLAST function, and cDNAs for CRYGC,
CRYGD, CRYGS, and LIM2 were analyzed against the 7.5X (boxer) canine whole genome
shotgun sequence using the BLAT function. Primers were designed from putative intronic or
untranslated regions of canine orthologs of each cataract candidate gene using Amplify
software (Bill Engels, University of Wisconsin, Madison, WI). Primers were designed to
amplify canine-specific sequences suitable for RH mapping and are summarized in Table 1.
The average length of primers was 25 nucleotides with an average melting temperature of 56.2
°C, and the average PCR product size was 363 bp. All PCRs were performed on an MJ Research
Tetrad 2 thermocycler (Global Medical Instrumentation Inc., Ramsey, MN). To ensure canine
specificity, initial PCRs were carried out at 25 ul volume on control canine, hamster, and
canine:hamster (1:5 ratio) DNA. PCR conditions were as follows: 2 min 94 °C, followed by
30 cycles of 30 sat 94 °C, 30 s at 56 °C, 30 s at 72 °C, and a final extension of 5 min at 72 °
C. The PCR product sizes ranged from 144-463 bp. PCRs were optimized by adjusting the
annealing temperature where needed.

RH5000 panel

Canine cataract candidate genes were positioned on a canine radiation hybrid map using an
RH5000 panel consisting of 118 cell lines made by fusing 5,000 rad-irradiated canine fibroblast
cells with TK-HTK3 hamster cells [23]. Information on the RH5000 panel may be obtained
from the Canine Genetics Research Projects web site. The RH5000 panel has a retention
frequency of 22% and a resolution limit of 600 kb [17]. The PCR reactions on the RH5000
panel were performed with 15 ul volumes, using the same PCR conditions already described,
and run in duplicate or triplicate. PCR products were analyzed on 2% agarose gels containing
0.05% ethidium bromide at 50-65 volts. Gel bands were visualized using a UV
transilluminator, and images were taken of each gel. Gels were then scored for presence,
absence, or ambiguity of the band of interest in each of the 118 cell lines.

Radiation hybrid map construction

Radiation hybrid data collected from the 21 cataract gene orthologs was merged with previous
data from 3,270 markers [17], and analyzed using Multimap® software [25]. Two-point linkage
analysis was performed for each canine ortholog to determine its nearest markers and
chromosomal location. A subset of the linked markers was selected and used as a framework
map based on their map locations as previously provided [17]. The Multimap® multipoint
mapping algorithm was then used to place the cataract gene orthologs on canine chromosomes
in relation to the markers within the framework map.

The May 2005 7.5X canine draft sequence predicted locations of each cataract ortholog were
compared with the corresponding locations of each PCR amplicon used for RH-mapping. The
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resulting genome locations for each ortholog and corresponding sequence-tagged site (STS)
are listed in Table 2.

RESULTS & DISCUSSION

Two-point linkage analysis

Twenty-one cataract gene orthologs were positioned on canine chromosomes using an RH5000
panel of 118 cell lines. Orthologs were located on 16 of the 39 canine chromosomes with more
than one ortholog represented on three chromosomes (CFA1, 5, and 37; Table 2). The nearest
chromosomal markers were determined for each cataract gene ortholog using Multimap® two-
point linkage analysis [25]. Logarithm of odds (LOD) scores for the two closest linked markers
ranged from 8.0 (CRYGD:BAC 374 E1) to 27.7 (CRYGS:BAC_374 K23), with an average
LOD score of 18.9 (Table 2). Theta (6), a measure of the frequency of breakage between two
markers, varies from 0 (no breakage between markers) to 1 (complete breakage between
markers), and represents the distance between markers. Theta ranged from 0
(CRYGC:BAC_381_J22, SIX5:BAC_375_N13, and SIX5:FH2598) to 0.354
(CRYGD:BAC 374 _E1) with an average 6 of 0.095 for the two closest linked markers (Table
2).

Two-point linkage analysis placed the y-crystallin genes (CRYGA, CRYGB, CRYGC, and
CRYGD) on CFAZ37. There are estimated to be seven y-crystallin genes in humans; these
include CRYGA, CRYGB, CRYGC, CRYGD, and CRYGS, and two pseudogenes, CRYGE and
CRYGF. There is sequence homology between CRYGA, CRYGB, CRYGC, CRYGD, CRYGE,
and CRYGF and these genes form a cluster at HSA 2g33-35, and in mouse they form a cluster
on chromosome 1 (MMUL). In humans, CRYGS maps to 3g25-qter, and in mouse to MMU16.
Similarly, canine CRYGS was not part of the y-crystallin cluster on CFA37, but mapped to
CFA34 near BAC_374_K23 and marker REN266K05. Mutations causing cataracts have
previously been identified in murine Cryga [26,27], Crygb [26], Crygc [27], Crygd [27,28],
and Crygs [29,30] as well as human CRYGC [31], CRYGD [31], and CRYGS [32]. As a result,
there is a high likelihood that the y-crystallins will also be involved in canine cataracts.

LOD scores for the two closest linked markers to y-crystallin genes A, B, C, and D ranged
from 8.0 (CRYGD:BAC_374_E1) to 24.95 (CRYGC:BAC_381_J22) and 0 ranged from 0
(CRYGC:BAC_381_J22) to 0.354 (CRYGD:BAC_374_E1, Table 2). The two closest linked
markers to CRYGD were CRYGB from a previous study [17] (LOD=15.027, 6=0.045) and
BAC_374 E1(LOD=8.03, 6=0.354). Although in the previous study, the CRYGB marker was
“unlinked” to any other marker, the corresponding 171 bp amplicon was located on CFA37
(19,425,908-19,426,078). Also, in the previous study, markers were incorporated into a 1,500
marker map using Multimap® pairwise calculation at a threshold of LOD>8 [15]. The
CRYGB marker in that study may have linked to other markers in the data set at a lower
threshold. Decreased marker density in the vicinity of a gene’s map location can also result in
unlinked gene markers. However, marker density in the vicinity of CRYGB should have been
sufficient in the previous study since they mapped the same markers, which linked to the y-
crystallins in this study.

The next closest linked marker to CRYGD (BAC 374 E1: LOD=8.03, 6=0.354) was also on
CFA37. The decrease in LOD score from 15.027 (CRYGD:CRYGB) to 8.03 supports linkage
but the increase in 6 from 0.045 (CRYGD:CRYGB) to 0.354 indicates an increase in the distance
between these two markers. All of the markers that linked to CRYGD with LOD>4 were located
on CFA37 (data not shown). In addition, the CRYGD PCR amplicon was located on CFA37
(19,425,779-19,426,157) within the predicted location for CRYGD based on reference
sequence NM006891 (19,424,588-19,426,264). Thus, based on two-point linkage analysis
results and the location of the CRYGD PCR amplicon, we place CRYGD on CFAZ37.
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aA- and aB-crystallin genes were previously mapped to CFA31 (CRYAA) and CFA5
(CRYAB) [33], and BA1- and pB1-crystallin to CFA9 (CRYBA1) [17] and CFA26 (CRYBBL1)
[17,33]. Here we placed CRYBB2 on CFA26 near CRYBB1 and REN131L06. Similarly,
CRYBB1 and CRYBB2 both map to 22q11.2-12.2 in man, and chromosome 5 in mouse
(MMUS5). MIP was mapped to CFA10 near FH2537 and ATP5B, in agreement with previously
reported data [33]. Both LIM2 and SIX5 mapped to CFA1L, and HSF4 and MAF to CFAS. All
other orthologs (excluding the y-crystallins) mapped to individual chromosomes as
summarized in Table 2.

Sequence-tagged sites

Sequence-tagged sites (STS) for each cataract ortholog were obtained by analyzing the
corresponding PCR amplicons against the May 2005 7.5X canine draft sequence. With the
exception of CRYGB, all of the resulting STS were located inside or within 1,300 bp of the
predicted gene location based on human reference sequences (Table 2). The CRYGB STS
(20,124,535-20,124,930) was not within the predicted location for canine CRYGB
(19,440,507-19,442,393) based on the human reference sequence (NM_005210). Primers used
to amplify CRYGB were designed from the 1.5X (poodle) whole genome shotgun reference
sequence AACNO010184836. This sequence was selected from 1.5X canine sequences having
homology to human CRYGB mRNA (NM_005210). When analyzed against the 7.5X (boxer)
canine genomic sequence, AACN010184836 had sequence homology to four unique sites on
CFA37 (19,417,160-19,418,711; 19,426,006-19,426,485; 19,432,821-19,455,395;
20,124,527-20,126,527). These included the human reference sequence (NM_005210)
CRYGB predicted site (19,440,507-19,442,393). However, the actual AACN010184836
sequence was located on CFA37 from 20,124,527-20,126,527, and the 396 bp portion of this
sequence which corresponded to the CRYGB amplicon only had homology to CFA37 at
20,124,535-20,124,930 (which is the CRYGB amplicon location). Therefore, even though the
CRYGB primers were designed from the AACN010184836 sequence which had homology to
human CRYGB, this sequence and the PCR amplicon derived from it were >682 kb downstream
from the expected CRYGB site.

Furthermore, there are four CRYGB predicted sites on CFA37 based on human protein
homology (19,415,025-19,433,068; 19,424,652-19,455,135; 19,440,575-19,442,393; and
20,126,034-20,128,506). Human protein sequence homology is determined by analyzing
human protein sequences against the human genome to find exonic sequences corresponding
to amino acid sequences. The amino acid sequences are then analyzed against the canine
genomic sequence using tBLASTN (protein query vs. translated database) to find predicted
canine exons. Three of the four CRYGB predicted sites based on protein homology overlap and
cover a 40 kb region (19,415,026-19,455,135). This region is 670 kb upstream of the fourth
predicted CRYGB site (20,126,033-20,128,569). The CRYGB STS amplified here was located
1,104 bp upstream to this fourth site. Because there are multiple predicted sites for CRYGB on
CFAZ37 in the dog genome, and these sites share sequence homology, it is difficult to design
primers specific for any single CRYGB predicted site. The multiple sites of CRYGB sequence
homology make the actual location of the canine CRYGB gene unclear. As a result, our
CRYGB STS should not be used to predict the exact location of canine CRYGB.

Radiation hybrid-mapping

Markers linked to cataract orthologs, as determined by two-point linkage analysis, were used
to create a framework map with previously established marker positions [17]. This framework
map was then used to determine the map locations of the cataract orthologs (Figure 1). The
orthologs were positioned between the two closest markers using the multipoint mapping
algorithm of Multimap® software. In two cases, the cataract orthologs mapped to the same
exact position as a BAC end marker in the framework map (6=0). For example, SIX5 mapped
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to CFAL at the same location as BAC_375_N13, and CRYGC mapped to CFA37 at the same
location as BAC_381_J22. Since BACs represent large (155 kb) DNA fragments [34], the
mapping of these two genes to the same location as the two BACs suggests that these genes
may be located within the BACS.

The RH maps generated by the Multimap® multipoint mapping algorithm were generally
consistent with the results of two-point linkage analysis, and the orthologs mapped on top of,
between, or near the closest linked markers as determined by two-point linkage. An exception
was CRYGD which was placed on CFA37 based on two-point linkage results and the location
of the CRYGD STS (Table 2) but could not be accurately localized within the framework map.
The framework map used to localize the y-crystallin genes on CFA37 included the y-crystallin
gene vectors (CRYGA, CRYGB, CRYGC, CRYGD) along with framework markers whose
locations were previously determined [17]. As a result, the framework map did not include the
unlinked CRYGB marker from the previous study [17], which was the closest linked marker
to CRYGD based on two-point linkage analysis. Instead, the closest linked marker to
CRYGD in the framework map was BAC_374_E1 which linked to CRYGD with LOD=8.03,
and 6=0.354. All of the other markers in the framework map which linked to CRYGD had a
LOD score <8.03 and a 6 value >0.354. These 6 values indicated an increased frequency of
breakage (increased distance) between CRYGD and the markers on the framework map and
decreased the likelihood of accurately localizing CRYGD on the map. As a result, although we
placed CRYGD on CFA37 based on two-point linkage analysis and the location of the
CRYGD amplicon, we were unable to accurately localize this gene on the framework map using
the Multimap® multipoint mapping algorithm due to the decreasing LOD scores and increasing
0 values of the markers linked to CRYGD. The lack of markers linked to CRYGD with high
LOD scores and low 0 values may indicate low marker density in the vicinity of CRYGD. Even
though all of the y-crystallins orthologs (CRYGA, CRYGB, CRYGC, CRYGD) were located on
CFA37 and were mapped against each other, this did not resolve the problem of marker density
in the vicinity of CRYGD. To resolve this problem CRYGD should be mapped on the new
RH9000 panel [24].

vA-, yB-, and yC-crystallin genes mapped to CFA37 as expected based on results of two-point-
linkage analysis. The 5’->3’ RH-map order on CFA37 (CRYGC, CRYGB, CRYGA; Figure 1)
matched the order of the predicted gene locations within the 7.5X draft sequence (Table 2,
Column G). However, this RH-map order did not correspond with the order of the STS locations
within the 7.5X draft sequence (CRYGC, CRYGA, CRYGB; Table 2, Column F). Two-point
linkage analysis linked the CRYGB ortholog to multiple markers on CFA37. The two closest
linked markers were BAC_381_J22 (LOD=15.426, 6=0.123), and FH2708 (LOD=13.738,
0=0.157). The Multimap® multipoint mapping algorithm placed the CRYGB ortholog on
CFAZ37 between EST22D1 and BAC_374_E1, which are also between BAC_381_J22 and
FH2708. Thus, two-point linkage analysis and radiation hybrid mapping results are consistent
and place CRYGB on CFA37 in the same region, however this location does not correspond
with the CRYGB STS location.

RH maps are physical maps based on the statistical analysis of the pattern of marker retention
in a panel of RH-cell lines. As a result, the order and location of markers within RH-maps do
not always correspond exactly with the order and location of markers within genomic
sequences. Marker order and position on the canine RH5000 map [17] for example, are not
equivalent with their order and position in the 7.5X canine genomic sequence in all instances.
Thus, it is not surprising that the CRYGB marker in this study mapped to a location on the RH-
map that does not exactly correspond to the physical location of this marker within the canine
genome. Nevertheless, RH-maps are valuable in localizing markers and genes to specific
regions and providing statistically close markers for association and linkage testing.
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Furthermore, the discrepancy between the order of CRYGA, CRYGB, and CRYGC on the RH-
map and their STS in the draft sequence may also reflect the limited power for fine resolution
of the RH5000 panel, which has a resolution limit of 600 kb. The distance between CRYGA
and CRYGB STS is about 670 kb, and the distance between CRYGB and CRYGC STS is about
692 kb. These distances are close to the resolution limit for the RH5000 panel. Further, the
distance between CRYGA and CRYGC STS is only 21,558 bp and is outside the resolution limit
for the panel. Therefore, the inconsistency between the RH-map order and the STS order for
CRYGA, CRYGB, and CRYGC may be due to the resolution limit of the RH5000 panel. The
new RH9000 panel has a resolution of 200 kb [24] and can be used to resolve mapping issues
for the y-crystallin genes in the dog.

The canine chromosomal locations of the 21 cataract orthologs were consistent with human
and canine established chromosomal synteny [35-37]. All of the cataract orthologs were
mapped to canine chromosomal locations which were syntenic with the corresponding human
gene locations, except for four orthologs (SPARC, HSF4, CX46, and PITX3) that mapped to
locations directly adjacent to the corresponding syntenic region of the human gene location.
Although CRYGD was not localized on the RH-map, the results of the two-point linkage
analysis did place this gene on CFA37 in a region with homology to HSA2g33-35 where the
gene is located in humans.

To facilitate the molecular characterization of naturally occurring cataracts in the dog we have
provided the RH location of 20 cataract-associated genes along with their associated
polymorphic markers (Figure 1). Primers for selected polymorphic markers near cataract-
associated genes can be obtained from the RH5000 website and serve as a resource for
association and linkage testing in canine pedigrees segregating inherited cataracts. Although
CRYGD is not represented in Figure 1, two-point linkage analysis did link CRYGD to
BAC_374_E1 which localizes it on CFA37 to some degree. Also, the CRYGD STS location
(19,425,779-19,426,157) can be used to identify proximal markers in the canine genome
sequence. Though the RH5000 panel was used to map cataract-associated genes in this study,
these results have not been incorporated into the RH5000 map. Nevertheless, the RH5000 map
can be used to locate the markers referred to in this study (Table 2 and Figure 1). In addition,
while the RH5000 and RH9000 maps will not be merged, a subset of 545 BACs has been
mapped on both RH-panels and is part of both maps allowing navigation between the RH5000
and RH9000 maps.

Animal models provide a tremendous tool in the study of cataract, and molecular studies in
mice have been instrumental in advancing our knowledge of the mechanisms of cataract
formation. The dog has recently emerged as a promising model organism for gene discovery
and genomic studies, and is a complementary species to the mouse for molecular genetic
studies. There are over 300 known breeds of dogs, and most function as genetic isolates due
to restricted mating. As a result, there is a decrease in genetic diversity within breeds and an
increase in diversity between breeds such that genetic diseases within one breed tend to be
caused by the same mutations (founder effect). This facilitates the mapping of disease loci. In
addition, developments in canine genomic resources that include integrated RH maps [14—
17,24], the availability of the canine genomic sequence [18,19], and comparative chromosome
maps of the human and dog genomes which identify homologous segments and conserved
synteny between canine and human karyotypes [35-37] make it practical to develop and use
canine models.

Although mutations causing human cataracts have been identified in 15 genes there are many
other genes with mutations yet to be identified. The study of naturally occurring cataracts in
the dog could reveal novel genes or mutations not yet identified in either man or the mouse.
The dog represents a valuable yet largely untapped resource to study the molecular genetics
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of cataracts. This study takes some initial steps toward developing the tools needed to begin
studies on the canine cataract model. We have identified the chromosomal locations of 20
canine orthologs of cataract-associated genes and their nearest polymorphic markers (Figure
1) that can be used for association and linkage testing in cataract pedigrees. This resource,
along with the recent advances in canine genomics, will help facilitate the development of such
models for the study of naturally occurring inherited cataracts. Once developed, canine cataract
models should help to identify new cataract genes and disease-causing mutations, assist in the
development of new therapies, and provide an intermediate large animal model between mouse
and human for preclinical trials of new therapies.
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Figure 1.

Radiation hybrid maps locating 20 cataract genes to canine chromosomes. In each Canis
familiaris (CFA) chromosome representation, unboxed markers on left represent framework
markers [17]. Markers with an asterisk are polymorphic. Boxed markers are location of canine
orthologs of cataract associated genes. Numbers on right are distances in centiRays from the
top framework marker.

Mol Vis. Author manuscript; available in PMC 2006 July 16.



Page 12

Hunter et al.

“uMoYs aJe saouanbas aouaisyal [gON Bulpuodsaliod pue azis 19npoid YOd anresadws) Bunjaw Jawiid seedlpul Wi, pajage| uwnjod ay L

TvS 099191VVILOVOVILLIVIOVID _
66¢ G'€S O110910VI01VIVOLIVVOVVYILD 4 986500 NN TXO0S
8'sS 09VOLOVVVIOLIVLIIDLLDD o _
T.¢ 0'6S 09VVILIL129VIDIIIVI o G/85.T NN SXIS
0'€9 DIVIIVIVIOLLVIIVIODID o _
70€ §'.S OVLVOLODDVIVYOLIDILID o 620500 AN €X1id
€09 O1VO1OVOLIVIDOVILIOVL :H _
00¢ 9’61 OVVVIVIOVILLIDLIVIVIO9 A 709700 N 9XVvd
9'/§ J19V9O101VI91IOVIILLIDI d _
ore 6'95 OVIVLLOOVIIIVIOVIVVLLD A 09€500 AN 4VIN
6'8S J9VVOLLIDD1I1999VII9 o _
€9y L'18 OVLIVIOIVLILIODVOLIODLLIVYD A 8€ST00 AN v4SH
§'SS DOVIDLIDIDDIOVILIIDLIID Y _
e 9'8G 910VO9OOVIDLIOVILOVVIOD o 98T¢10 NN €3X04
L'0S 91VOVIOLIVVIOVVVIOVIVIID o _
98¢ '€s OVOLVILOVVVII2910V1D A 090¢.T AN TVA3
0'vS 0091910111VO19100VVVLD ™ _
06€ 1¢s 999OVOVIIVIOVVLLIOVVLOD 4 768287 AN 0TXHO
s10joe} uonduosuel |
YAV 910V1100VIOVIILVIIVIVO o _
06€ LSS D1VVOLOVOVYIIILYILIOVI o TvS.T0 AN SOAHD
¥'LS 91391 1V1J3JVIIVIVIOOVID o _
T8¢ 129 091V99139109929VIVI o 168900 N asAdd
£'€9 9VJIL13209VIOVIIIVIO H _
€Le €S OJVVOLI1IVIOVIIIVVLILD A 686020 AN J9AHD
€'.S J10V10109109120210910 ™ _
1014 019 99919VII1LVI991LID109 o 072500 AN g99A4HD
185 9209VILIVILIDVIOILOVD _
6v€ (A 9111103001 VVOOVVOOVLID 4 LT97T0 NN VOAHO
695 OVLIODIVVIODLOLVYVIOLD o _
9G¢ 6'95 OVOILIDIDLLIDVIOVOVOD o 96¥000 AN 299AdD
sauab ulfeIshin
S¢S OVVLIDLI1IVOLILIVVLDI99 o _
eve 298 09V9OL1DI399191VILVOLD A 8TT€00 AN odvdS
S'€9 09VVI9ILLIDIVIOLIID ™ _
80¢ 019 912VI9OVOIVLOVOIVIODD A 90270 AN dIN
0'€s JL119V1DIVVIILL19VIID _
€5¢ 6'9S 0910JV10919VVIVVIID 4 1590€0 NN CNIT
6'7S JOVLOJLO119VVOILILVOD o _
98¢ 8,5 OVI9OVLO9IVIOVIOVVLVIOO A 192500 AN 05X2
9'/S 99OVIOVIVILOVIOLVIVIOVI _
g9e 6'7S 0001911 1VV1I91VVOVOVID A 756720 AN 9¥XD
8'sS OVIIL1091VIJ119VIVLIIID o _
(1474 L0S OVOL1D0119VIVOl10100 4 TZSE00 NN ¢dsdd
sauab uisroid [einyonas
(dq) azis 10npoad (Do) WL saouanbas Jawiid Jaquuinu UoIssadde yuegua EVELS)

NIH-PA Author Manuscript

Ta|qeL
NIH-PA Author Manuscript

|aued Q0OSHY Ue Buisn SaWOSoWoAy2 aulued uo sBojoyio 19.e1ed ade|d 0] pasn saauanbas Jawlid ¥Od

NIH-PA Author Manuscript

Mol Vis. Author manuscript; available in PMC 2006 July 16.



Page 13

Hunter et al.

*3ouanbas JyeJp ay) UIyIM suolledo] 6ojoylio aulued Buipuodsaliod ayl yim pasedwod aiam YydIym ‘suonedo] (S1S) saus pahbel-aouanbas ureiqo

0} 9ouanbas Yelp aulued XG'/ dyp 1surebe pazAjeue alam suodijdure ¥Od ‘SUOITLI0| asay) WISU0D 0] “(8durlSIp) anjeA g pue ‘8109s O Bulpuodsaliod ayy yum Buole ‘[ T] siasdew 1sasojd omy pue
UOI3BI0] SWOSOWO.IYD 3y} Ay1auapl 03 pasn sem sisAjeue abexui| Juiod-omy @dewninin ‘[aued gooSHY ue Buisn Buiddew-prigAy uorreipel 10j pasn aiam sauab 1oereled Tz wouy (T ajgel) siawnd ¥Od

Mol Vis. Author manuscript; available in PMC 2006 July 16.

S¥0°0 v.LLve TO 9.¢€ Ovd

67679829-GT919829 12159829-0€879829 2200 T1L'92 z9e1s3 zzv40 TXOS
0 6512 _ 865¢H4

€90T€L2¢1-59989¢/L¢CTT LYy¢1€L2TT-6/80€LCTT 0 65°1¢ €IN g€ Oovd Tv40 SXIS
S80°0 909'8T TV.1100

T6T2LLLT-T92TILLT 261€9LLT-187E9LLT £€80°0 LET'6T THELS3 82v40 £XLld
8v1'0 ST'LT ¢8€HA

0v9£698E-TY0T.98E 8008898£-6692898€ 8rT’0 AN TIM 8TV40 9Xvd
220 126 ETTEHA

87769.6V.—¥EV0L6V. 660.LL6V.—1¥9.9.6V. v¢0 LTS'6 0SvEHA Sv40 4VIN
T0 L26'TT €0C¢CTNIY

81980258-98T70258 08450258-02€50258 2500 LTTET NIHTOZHLHY Gv40 y4SH
1500 908'22 988€H4

5286291266291 926v629T-L857629T 9v0'0 T12°€C 888EHA STV40 £3xod
8ET0 £L7'8T 88T 620

G8¢VEEC—CCL9LTEL 60S.LLTEC9CTLLTEC 6TT0 TO'6T 9TVIVZS1S 62vd40 TVA3
1500 GEL'TC €3/¢1S3

920TTS0S-€6926705 9S€TTS0S-6960TS0S 5200 66.'€2 »Q0T.LS3 8v40 OTXHO
2200 €87°/C GOM99ZNIY

18999T22-69559T2Z 0€299T2Z-£¥859T2C 1200 80112 €2_v/€_0ove vEV40 SOAYD
¥SE0 €0'8 13 v/ Ove

¥9¢9¢v61-88SYCV61 LSTICY6T—6LLGCV6T S¥0°0 120'ST d9AH0 LEVHD dsAdd
9200 89Y°€Z _1dgzis3

v82EEY6T—YOSTEYET 970ZE¥6T-9.9TEV6T 0 5672 Zer18e Ove LEVHD 29AHD
IST0 8EL'ET _ 80/¢Hd

£6€26T-L0S0VY6T 0€6Y2T02-GE5rZTO0T €210 9zr'ST zer 188 Ove 1EV4D g99AHO
2600 Z87°02 0ZINSOTNIY

£9ESG6T-88EESY6T 056£S76T—709EST6T 2600 Z87°02 EETIHY LEVHD VOAHO
7900 1Tve 9071TETNIY

8988£€22-€82T€€2T 87/GEE22-G6E5EETT £70°0 672'SC _199A4D 92v40 Z99AYD
€600 168°CT T¢3 v.€ Ovd

¥22/8809-0L0€2809 §8208809-G766.809 8700 60T 8TOYHA ¥v40 2dvds
ZET0 82r'1e g5d1V

Z£2689€-258789€ 657898/ 82V89E 600 6£0'SZ L£S2HA 0TV40 dIN
9900 Zv9'LT TINQONIY

0626.¥80-08.2.780T LESELYB0T-88TELYBOT €00 102°8T I V40 NI
8500 vES'6T 87ad

60250ST9-€2686T9 ¥88905T9-66v90ST9 9500 Ly'0z 0TOZTHO4D 1Tv40 05X0
192°0 119'6 €2V 2l ove

££6.8602-7£998602 1¥168602-T6/88602 9/2°0 889'6 9081153 SZv40 X0
69T°0 12811 £0A0TZNIY

L260SvEE-62088EEE 6808ZEE-EL9/TVEE 980°0 8rr'ee 0299STNIY £2v40 zds4g

uoiredo] Bojoyao auiued uonedI0| SIS ao S19ydew 19s0|D auwosowoayD EIEL)
awousb aulued ay) ojuo paddew sausb 19ese1RI BUO-AJUBM |
¢ 3lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript



