




























the second of these SNPs, and resulted in a chimeric, single
LTR (Figure 4A).

Population mutation screening: Multiplex PCR was designed
to amplify the normal and mutated alleles of canine ADAM9

Figure 4. ADAM9 mutation in canine cone-rod dystrophy 3 (crd3) affected dogs. A schematic drawing, of part of the canine ADAM9 genomic
sequence, aligning the normal and crd3 mutant alleles suggests a possible mutation mechanism. Bordered square boxes represent exons 14–
17, lines between are introns; unbordered rectangular boxes represent long-terminal repeat sequences (LTR). Within the LTR are the
nucleotides identified as single nucleotide polymorphisms (SNPs). A suggested mechanism of unbalanced recombination is illustrated,
resulting in the deletion of part of intron 14, all of exon 15, intron 15, exon 16, and part of intron 16, as well as the formation of a single
chimeric LTR. Arrows represent the location of primers used to identify the mutation. Primer pair F29/R31 amplifies the mutant allele and
results in a 1,515 bp PCR product from genomic DNA. Primer pair F10/R10 amplifies the normal allele and results in a 602 bp PCR product
from genomic DNA. B: Gel electrophoresis of multiplex PCR reaction identifies ADAM9 alleles from normal (N), crd3-carrier (C), and crd3-
affected (A) dogs. The lower, 602 bp band is the normal allele, amplified by primer pair F10/R10 located within intron 15, which is deleted
in the affected allele. The upper 1,515 bp band is the mutant allele, amplified by primer pair F29/R31, which flanks the >23 kb sequence
deleted in the affecteds. Both bands are present in the heterozygous carrier dog. The normal and crd3 mutant canine ADAM9 transcripts, and
their corresponding predicted translation products, are aligned (C) to illustrate their differences schematically. The protein domains represented
are those predicted by Swiss-Prot for the human ADAM9 protein. Exons 15 and 16 are missing from the mutant transcript, and a premature
stop codon is introduced (arrow). The mutant protein translated from this transcript is predicted to be truncated, lacking the last 287 amino
acids of the C-terminus, part of the cysteine-rich domain, the complete epidermal growth factor (EGF)-like domain, the transmembrane domain,
and the cytoplasmic tail.
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(Table 7, Figure 4A,B). Primer pair 10F/10R, located within
intron 15, will only amplify a 602 bp-long fragment from a
normal chromosome. The affected allele is detected using
primers F29/R31, which flank the deletion. All dogs included
in the GWAS were genotyped. All 20 affected dogs were
homozygous for the mutation; five control dogs were carriers
(dogs 7, 9, 10, 12, and 13 in Appendix 1, of which 10 and 13
were obligate heterozygotes because they produced affected
dogs); and 16 controls were homozygous normal. Dog number
17 in the control group, whose genotype in the minimal LD
region was identical to that of affected dogs, was homozygous
for the mutation, confirming this dog’s affected status.

Thirty-six further purebred GIT dogs, not part of the
GWAS, were screened for the mutation. Ten of these that had
been diagnosed as affected were homozygous for the
mutation; 24 non-affected dogs were either homozygous
normal, or heterozygous; and two dogs that were clinically
non-affected when examined at young ages (1.2 and 2 years
old) were homozygous for the mutation, and presumably will
become affected at a later age. A subset of crd3-colony dogs
was genotyped as well, and showed segregation of the
ADAM9 mutation with the disease (data not shown). The
ADAM9 mutant allele was not found in 80 dogs from 16 other
different breeds (Table 1).

The association between the six most significant SNPs
identified from the GWAS was further analyzed by comparing
the genotype for each SNP with that at the ADAM9 mutant
locus, and calculating the correlation coefficients. Two SNPs
(rs22468640 and rs22463503, located 798 Kb and 472 Kb
upstream from the mutation, respectively) were in complete
linkage disequilibrium with the mutation, with r=1, while the
other four had correlation coefficients between 0.929 and
0.976 (data not shown).
ADAM9 mutation: in silico protein analysis: The 2,781 bp
canine ADAM9 mRNA (accession number HM590630,
Appendix 2) is predicted to encode an 819-amino acid protein,
and comparison to the human ADAM9 protein database
(Swiss-Prot) suggests that this protein includes a signal
peptide (amino acids 1–28, translated from exon 1); a pro-
domain (amino acids 29–211, exon 2–exon 7); a
metalloprotease domain (amino acids 212–404, exon 7-exon
12); a disintegrin domain (amino acids 414–501, exon 12-

exon 14); a cysteine-rich domain (amino acids 505–634, exon
14-exon 17); an EGF-like domain (amino acids 644–698,
exon 17-exon 19); and a transmembrane domain (amino acids
698–718, exon 19). Amino acids 29–697 are extracellular,
698–718 are transmembrane, and 719–819 represent the
cytoplasmic tail (Figure 4C; Appendix 2).

Amplification of the ADAM9 coding region from crd3-
affected retina identified a 2,491 bp-long, transcript that
included all exons except 15 and 16, which are deleted from
genomic DNA (Appendix 2). The mutation causes a frame
shift, and results in a premature stop codon at base number 6
of exon 17. The mutant protein translated from this transcript
is predicted to be truncated and to lack the last 287 amino acids
of the C-terminus. That would remove part of the cysteine-
rich domain, the complete EGF-like domain, the
transmembrane domain, and the cytoplasmic tail (Figure 4C;
Appendix 2).
RNA expression profile: Full-length RNA expression was
evaluated by northern blot assay to determine the ADAM9
mRNA transcript size and absolute level of expression in crd3-
affected retinas, compared to normal ones. Northern blot
analysis showed one transcript of about 4.0 Kb, highly
expressed in non-affected retinas, and in lower levels in the
brain and spleen (Figure 5). In the affected retinas, a smaller-
size band was observed, which corresponded to the mutated
allele, and the level of expression seemed slightly reduced,
compared to normal.

DISCUSSION
Recent advances in canine genomics have increasingly
highlighted and exploited the wealth of hereditary traits that
the domesticated dog provides. Such traits range from
morphology and behavior, through a panoply of genetic
diseases and disease susceptibilities, and extend to broader
aspects of population and genomic evolution [15–19]. One
specific and highly productive focus within this broader field
has been into the numerous hereditary retinal diseases that
segregate in specific canine populations. Numerous genes
causally associated with these retinal diseases have been
identified [20,21] providing novel insights into the structural
and functional mechanisms involved in normal and diseased
retinas [22], and a suite of canine models for preclinical

TABLE 7. GENOMIC PCR PRIMERS. PRIMER PAIRS, SEQUENCES, LOCATION AND OBSERVED PRODUCT SIZES IN NORMAL, CRD3-CARRIER, AND CRD3-AFFECTED DNA, USED IN

MULTIPLEX ANALYSIS. NO=NOT OBSERVED.

Primer
pair

Forward
primer
name

Forward primer
sequence

Forward
primer
location

Reverse
primer
name

Reverse primer
sequence

Reverse
primer
location

Observed
size from

normal dog
(bp)

Observed
size from

crd3-
carrier

dog (bp)

Observed
size from

crd3-
affected
dog (bp)

1 F10 tctaaaatggaggaagtgtg
aactaca

Intron 15 R10 ttcttggcttgggctaactct Intron 15 602 602 NO

2 F29 ctggagcaatggggctgga
ta

Intron 14 R31 tcaaaggagcaatcggaaa
agtct

Intron 16 NO (>24 Kb) 1515 1515
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evaluation of potential therapies for comparable human
diseases [23–26].

Canine population structure comprises multiple discrete,
essentially closed populations; the specific breeds of dog lend
themselves to genetic studies in much the same way as do the
isolated human populations that geneticists have appreciated
for many years [27–30]. Genome-wide association studies
(GWAS) of Mendelian and complex traits in isolated human
populations typically use platforms yielding genotypes for
more than 500,000 informative SNPs [31–33]. GWAS
efficiency is facilitated by the large LD blocks in these human
isolate populations. In particular, young isolates with
relatively few founders show particularly extensive LD with
few gaps [31].

The division of the canine population structure into
multiply isolated subsets, each of fairly recent origin and
characterized by significant inbreeding and a restricted
number of founders, permits a GWAS to be undertaken with
a relatively lower number of cases and controls, and a much
less dense set of SNP loci [6,7,32–35] than has typically been
needed in human populations. In the present study, a GWAS
identified the locus responsible for cone-rod dystrophy in the
Glen of Imaal Terriers (crd3), using a carefully selected set of
20 affected and 22 non-affected dogs. Evaluation of a
homozygosity approach suggested that just genotyping a large
group of affected dogs could be adopted in autosomal
recessive diseases, where the tradeoff for using fewer samples
comes in the form of a few false positive regions of
homozygosity. Nonetheless, this could be useful where the
availability of cases and controls is severely restricted.

Positional candidate gene analysis identified a 23,221 bp
deletion within the canine ADAM9 gene, leading to a loss of

exons 15 and 16, a premature stop codon, and a predicted
protein truncated at its c-terminus. This establishes crd3 as a
true ortholog of human CORD9, in which four distinct
ADAM9 mutations have been found [9]. The latter mutations
are either nonsense mutations or frame-shift mutations
leading to nonsense change, all within the pro-domain or the
metalloprotease domain. The canine mutation resembles the
human in that it causes a frame-shift and a nonsense change,
which would lead to a truncated protein.

Initially, the Adam9−/− mouse was reported as having no
evident major abnormalities during development or adult life
[36], but subsequent reevaluation identified
electroretinographic abnormalities, suggesting a progressive
degeneration affecting both rods and cones [9].
Histologically, the retinas of these mice showed an abnormal
gap between the photoreceptor outer segment distal tips and
the RPE apical membrane, which electron microscopy
revealed to be a failure of the RPE apical processes to invest
the OS; instead, they formed a flattened distorted mat between
the OS and the RPE [9].

The light microscopic and ultrastructural morphological
abnormalities of crd3-affected canine retinas reported herein
are clearly consistent with those observed by Parry et al. in
the Adam9−/− mouse [9]. As in the mouse, the canine
ADAM9 mutant retina exhibits disarray, disorganization, and
progressive degeneration of the photoreceptors. Unique to
these two orthologous diseases, and presumptively therefore
involved in human CORD9, is the failure of RPE apical
microvilli to invest the photoreceptors. This strongly suggests
that this structural abnormality reflects the absence of a critical
function served by ADAM9.

Figure 5. ADAM9 RNA expression
profile in normal and crd3-affected
retinas. Northern blot, RNA expression
of ADAM9 in frontal lobe, brain of 15.7
weeks-old normal dog (Lane 1); brain of
7.7 weeks-old normal dog (Lane 2);
retina of 10.4-weeks old normal dog
(Lane 3); retina of 8.6-weeks old normal
dog (Lane 4); spleen of 22.1-weeks-old
normal dog (Lane 5); retina of 12-weeks
old normal dog (Lane 6); and retina of
13.4-weeks-old crd3-affected dog
(Lane 7). A single band is observed at
approximately 4.0 Kb. ADAM9 is highly
expressed in retinas not affected with
crd3 (lanes 3, 4, and 6), and at lower
levels in brain and spleen (lanes 1, 2, and
5). In crd3-affected retina (lane 7), the
mutant allele is observed as a slightly
smaller band, and its level of expression
appears slightly reduced compared to
the normal.
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ADAM proteases form a still-growing family of
transmembrane proteins. The human genome contains 25
ADAM genes, of which four appear to be pseudo-genes
(ADAM1, ADAM3, ADAM5, and ADAM6) and nine are
expressed in the retina (ADAM9, ADAM10, ADAM11,
ADAM12, ADAM15, ADAM17, ADAM19, ADAM23, and
ADAM33; UniGene). In contrast, the mouse and rat have 37
and 34 ADAM genes, respectively, many of which are
specifically expressed in testis. In the canine genome, 30
ADAM genes are predicted (Genome), with the five additional
genes, compared to human, apparently corresponding to
mouse genes specifically expressed in testis. Most of the genes
in this family lack a functional protease domain, and appear
to code primarily for adhesion proteins. ADAM9 is one of a
few that have both adhesion and proteolysis functions [37–
39]. Most ADAMs feature a significant overlap of substrate
specificities, which may explain why inactivation of
individual ADAMs only rarely causes major phenotypes.
With that said, careful evaluation is needed, as the phenotype
alteration is sometimes overlooked [36].

Comparison of the predicted canine, human, and mouse
ADAM9 proteins shows that the human and canine sequences
are more similar to each other than are human and mouse
sequences (92.6% and 78.4%, respectively). The differences
reside predominantly in the cytoplasmic tail, where only
14.7% of the mouse amino acids are identical to the human,
compared to a 93.1% identity for dog amino acids.
Furthermore, the mouse cytoplasmic tail has 26 additional
residues that are absent from both the human and canine
proteins.

Identification of this ADAM9 mutation in crd3 provides
a potentially important canine model for CORD9. The
opportunity to undertake synergistic studies among
orthologous murine and canine models and human patients
has been very useful both for advancing knowledge of the
disease mechanism in numerous disorders and for developing
potential therapies. CORD9-affected human patients suffer
childhood-onset visual acuity impairment, progressing over
decades to major loss of central and then peripheral visual
function [14]. Thus, disease severity clearly establishes a basis
for considering genetic therapy. In the canine model, the retina
is not fully developed until 8 weeks of age, the cone and rods
are largely intact as late as 12 weeks postnatally, and the ERG
shows normal responses up to one year of age. Thus, there is
not only a prima facie case for therapeutic intervention based
on disease severity, but also a significantly long-term window
of opportunity.
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Appendix 1. Genotype calls from 20 crd3-affected cases and 22 control dogs,
in a 6.1 Mb interval on canine chromosome 16.

The interval includes all SNPs yielding an association
signal exceeding the Bonferroni corrected threshold for
genome wide significance. Columns=dogs, rows=SNP loci.
For each locus, homozygosity for the most frequent allele
observed in cases is color-coded in pink for all dogs (i.e., cases
and controls); green indicates homozygosity for the minor

allele observed in cases; yellow indicates heterozygosity; and
white (–)=no call. The crd3-absolute LD interval is boxed.
Control dog 17 proved to be affected with an atypical form of
crd3 (see text). To access the data, click or select the words
“Appendix 1.” This will initiate the download of a compressed
(pdf) archive that contains the file.

Appendix 2. Canine ADAM9 mRNA and predicted protein.

A. Canine ADAM9, normal allele. A1. ADAM9 mRNA
sequence from normal dogs. Upper case indicates coding
sequence, boxed are the first methionine and the stop codon.
In bold are exons 15 and 16 that are missing in the affected
dog. A2. Canine ADAM9, predicted protein from a normal
dog. The protein is 819 amino- acids long. Features in the
protein are as follow: Red sequence: signal peptide- 1–28 aa
(translated from exon 1); Grey sequence: 29–211 aa
(translated from exon 2- exon 7); Orange sequence:
Metalloprotease domain: 212–404 aa (translated from exon 7-
exon 12); Blue sequence: Disintegrin domain: 414–501 aa
(translated from exon 12-exon 14); Pink sequence: Cystein
rich domain: 505–634 aa (translated from exon 14-exon 17);
Brown sequence: EGF-like domain: 644–698 aa (translated

from exon 17-exon 19); Green sequence: Transmembrane
domain: 698–718 aa (translated from exon 19). Amino acids
29–697: extracellular, amino acids 698–718: transmembrane;
amino acids 719–819: cytoplasmic. B. Canine ADAM9, crd3
mutant allele. B1. Sequence of crd3 mutant canine ADAM9
mRNA. Boxed are the first methionine and the premature stop
codon. ◊ indicates the location of exons 15 and 16 missing in
the affecteds. Underlined is the stop codon in a normal dog.
B2. Canine ADAM9 predicted mutant protein product.
Colored are the domains. The last two amino acids are not
present in the normal protein. The predicted protein is 532
amino- acid long. To access the data, click or select the words
“Appendix 2.” This will initiate the download of a compressed
(pdf) archive that contains the file.
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