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Summary

Addison’s disease, an immune-mediated disorder caused by destruction of the adrenal glands, is a
rare disorder of Western European populations. Studies indicate that the disorder is polygenic in
nature, involving specific alleles of the CTLA-4, DRB1*04 and DQ, Cyp27B1, VDR and MIC-A
and -B loci. A similar immune form of Addison’s disease occurs in several breeds of domestic dog,
with frequencies ranging from 1.5 to 9.0%. The high frequency of the disease in domestic dog breeds
likely reflects the small number of founders associated with many breeds, subsequent inbreeding,
and the frequent use of popular sires.

The Portuguese Water Dog (PWD) is a significantly affected breed. An analysis of 11 384 PWDs
surveyed between 1985 and 1996 suggests a breed-specific disease incidence of 1.5%. As with
humans, the disease is typically of late onset.

This study involves a genetic comparison of Addison’s disease in the PWD to the analogous disease
in humans. The study is facilitated by the existence of complete pedigrees and a relatively high degree
of inbreeding among PWDs. The breed originated from 31 founders, with 10 animals responsible
for 90% of the current gene pool. We describe, specifically, the identification of two disease-
associated loci, on Canis familiaris (CFA) chromosomes CFA12 and 37, which are syntenic with
the human DRB1 histocompatibility locus alleles HLA-DRB1* 04 and DRB1*0301, and to a locus
for immunosuppression syntenic with CTLA-4. Strong similarities exist therefore in the complex
genetic background of Addison’s disease in humans and in the PWD. With the completion of the
canine and human genome sequence, the purebred dog is set to become an important comparative
model for Addison’s as well as other human immune disorders.

Introduction

Genetic mapping of complex disease traits and, in particular, those associated with autoimmune
disease, remains a challenge for researchers interested in both human medicine and companion
animal health. One autoimmune disorder of particular interest is Addison’s disease (primary

adrenocortical insufficiency) that is characterized by destruction of the adrenal cortex, resulting
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in the inability to produce cortisone when stimulated with adrenocorticotrophic hormone
(ACTH). While the disease is relatively rare in the Western European human population,
studies suggest a polygenic aetiology involving many loci including alleles of CTLA-4 (Vaidya
et al., 2000; Blomhoff et al., 2004), DRB1*04 and DQ (Yu et al., 1999; Bilbao et al., 2003),
Cyp27B1 (Lopez et al., 2004), VDR (Pani et al., 2002), as well as MIC-A and -B (Gambelunghe
etal., 1999).

The domestic dog (Canis familiaris) is well established as a clinical model for Addison’s
disease, with a similar presentation, age at onset and response to clinical interventions. The
disease occurs in several breeds (Pedersen, 1999), with frequencies ranging from 1.5% to as
high as 9% for Standard Poodles and Bearded Collies (Pedersen, 1999; Oberbauer et al.,
2002). As with humans, low serum cortisol levels, following ACTH stimulation, are used to
establish a clinical diagnosis.

Because diseases like Addison’s are likely to involve many interacting loci, genetic analyses
are typically restricted to populations where the variant alleles of interest are sufficiently
concentrated, resulting in high disease frequencies. The comparatively higher frequency of
Addison’s disease in some dog breeds compared to others may reflect founder effects,
inbreeding and/or frequent use of ‘popular sires’. A comprehensive list of affected breeds
would be difficult to establish, but would primarily include Standard Poodles, Duck Tolling
Retrievers, Leon-bergers, Portuguese Water Dogs (PWD), Bearded Collies (Oberbauer et al.,
2002; Famulaetal., 2003) and West Highland White Terriers (AKC Canine Health Foundation,
personal communication). There is some suggestion that the disease is more common in
purebred domestic dog than mixed-breed dogs (Melian et al., 1999). Genetic, rather than
environmental, factors are likely to be the most important predisposing factor associated with
observed breed specificity (Pedersen, 1999). It is unclear if the same genes are responsible for
the disease in different breeds, however, as we demonstrate here, breeds with the appropriate
population structure can be use to identify quantitative trait loci (QTLs) associated with the
disease.

Prior to any disease gene mapping, population genetic studies of the disease are often used to
develop statistical models for subsequent linkage analysis. Towards this end, Famula and
colleagues (2003) undertook a complex segregation analysis of the disease in Standard Poodles,
evaluating 778 Standard Poodles of known Addisonian phenotypes. Disease was confirmed
clinically by ACTH challenge for 8.6% of dogs. Heritability was estimated to be 0.75 and the
segregation analyses suggested that the disease is influenced by at least one autosomal recessive
locus (Famula et al., 2003). The same researchers also examined the incidence of the disease
in the Bearded Collie using a large data set of 635 dogs, of which 9.4% were affected
(Oberbauer et al., 2002). However, the analysis did not provide support for a simple autosomal
dominant mode of inheritance; indeed, the analysis did not support claims for a single locus
of large effect assuming any mode of inheritance.

The PWD breed offers some specific advantages for the study of complex traits like Addison’s
disease over other breeds. The breed is relatively small, and all dogs registered today can trace
their lineage to two founding kennels, termed Algarbiorum and Alvalade. The breed club is
highly motivated to improve the health of their breed, and collaboration is facilitated through
a program of interaction between owners and scientists at the University of Utah called the
Georgie Project (www.georgieproject.com). PWD owners in the USA have provided DNA
samples and phenotypic information on over 1000 dogs. Finally, the breed has been the subject
of intense study for identification of QTLs association with morphological variation (Chase
etal., 1999, 2002, 2005a). Thus, a large amount of molecular data has already been collected
on an extensive and well-characterized population of PWDs.
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Analysis of data from 11 384 PWDs born between 1985 and 1996 suggests that the frequency
of Addison’s in the PWD is about 1.5% (K. Chase, K. Miller and K.G. Lark et al., unpublished
data). This estimate may not be representative of the breed as a whole because it derives solely
from dogs participating in the Georgie Project. Nevertheless, Addison’s disease is clearly a
significant health problem for PWDs.

In this report, we examine the genetic basis for delayed onset Addison’s disease in the PWD.
We describe, specifically, the identification of two loci, located on chromosomes CFA12 and
37, syntenic with alleles of the human major histocompatability complex (such as HLA-
DRB1*04 and HLA-DQA1 *0301) and a locus for immunosuppression (CTLA-4), respectively,
that contribute to Addison’s disease in the PWD.

Materials and methods

The present US population of approximately 20 000 American Kennel Club (AKC)-registered
PWDs is derived from 31 founders, of which 10 are responsible for more than 90% of the
current gene pool (Molinari, 1993; Chase et al., 1999). Pedigree records are complete and their
accuracy has been validated by comparing experimentally determined consanguinities based
on alleles of microsatellite DNA markers with consanguinities derived from the pedigree
records (Chase et al., 1999). Consanguinities in the current population range from 0.0 to 0.6
with a mean of 0.2 (Chase et al., 1999).

Previously, to facilitate research on skeletal structure, we adapted statistical and computational
tools to analyse the genetic and phenotypic relationships within the PWD population and have
used these to identify QTLs regulating skeletal size and shape (Chase et al., 2002, 2004;
20053, b; Carrier et al., 2005; Lark et al., 2005). This necessitated completing a genome-wide
scan on approximately 800 PWDs. The work reported here is based on the initial genome-wide
scans done for the above-mentioned morphology study. Specifically, the data reported here are
based on a total of 682 largely tetranucleotide-based microsatellite markers (simple sequence
repeats or SSRs) that were selected from publicly available resources (Breen et al., 2004). A
total of 806 AKC-registered PWDs had been previously genotyped using these markers,
including 57 Addisonians. An additional 148 dogs in the pedigree have confirmed Addison’s
disease, but their samples were unavailable for genotyping, primarily due to the death of the
dog.

A genetic map detailing the associated marker coverage of the genome has been published
elsewhere (Carrier et al., 2005). Details regarding polymerase chain reaction conditions,
primers and microsatellite variants can be found at web sites describing the canine map
http://idefix.Univ-rennes1.fr:8080/Dogs/RH10K-SOM.html. The complete canine genome
map can be accessed at http://www.genome.ucsc.edu; http://www.ncbi.nih.gov; and
http://www.ensembl.org

We tested for associations between Addison’s disease and a marker allele using Fisher’s exact
test (Agresti, 1990). All alleles with a population frequency greater than 0.05 for 682 markers
across the genome were included in the analysis. In all, 2223 marker alleles were tested. Data
from 57 affected genotyped dogs and 749 unaffected genotyped dogs were considered.

Narrow sense heritability is estimated as one half of the slope of the regression line of
phenotypic similarity (Ritland, 1996) on to the pedigree estimation of consanguinity between
each pair of dogs (Falconer & Mackay, 1996). This is the ratio of the additive variance to the
total variance. A total of 5000 permutation tests were used to establish the significance of the
heritability estimate.
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Results and discussion

To date, 205 cases of Addison’s disease have been documented involving dogs within the
extensive PWD pedigree assembled at the University of Utah. Of the 205, 136 are female and
69 are male. Age at diagnosis was available for 124 of these dogs. Based on these data, a
minimum estimate of disease incidence is 1.5%; however, incorrect diagnoses, as well as
unreported cases, could increase that figure appreciably. Comparison of the consanguinity of
Addisonian with non-Addisonian dogs demonstrated a significant genetic component to the
PWD disease. However, the additive heritability was low (narrow sense heritability is 0.039,
P < 0.001), suggesting that environmental effects may act on allele penetrance. In addition,
the disease may be caused by interacting loci. The late onset, together with the different
incidence in males and females, is consistent with an autoimmune aetiology.

In this study, association between marker and disease state was sought across the entire canine
genome using 682 microsatellite-based markers. Data from 57 affected genotyped dogs and
749 unaffected genotyped dogs were considered. QTLs were identified on CFA12 and CFA37
(Fig. 1). Markers on CFA12 are associated significantly with an increase in the frequency of
the disease. By comparison, a marker on CFA37 was associated with a decrease in the
frequency of the disease. The parameters of these associations and all markers in the
corresponding regions are presented in Table 1 and Table 2.

With regard to CFA12, of particular interest on Table 1 are two markers, FH2202 and FH2975,
that have adjusted P = 0.00022, 0.00079, respectively, for alleles 462 and 300. These two
markers are positioned only about 2 million base pairs apart. Supportive data are also provided
by maker FH3324, which is another 3 million base pairs closer to the centromere, but has a
corrected P = 0.03 for allele 330. The lower P value suggests that the linkage signal begins to
drop off at this position. These markers are within the canine DLA region. Thus, the locus on
CFA12 is associated with increased frequency of disease, supporting our assumption that late
onset Addison’s in the PWD is an autoimmune disease. The canine counterparts of human
HLA-DRB1*04 and HLA-DQ (Yuetal., 1999;Bilbao et al., 2003) are primary candidate genes
and are currently under investigation.

For CFA37, we note a single marker, FH2532, at position 25 Mb on CFA37 that shows an
adjusted P = 0.045 for allele 338. This marker is about 10 million bases from the CTLA-4
locus, which is an excellent candidate gene. More markers need to be tested in both this region
on CFA37 and on CFA12 to select the best candidate genes for detailed study.

Table 3 lists each candidate in the linkage regions for both CFA12 and 37, as well as their
position on their respective chromosome based on the CANFam1.0 assembly (Lindblad-Toh
et al., 2005).

Recent studies in humans have implicated the cytotoxic T lymphocyte antigen-4 (CTLA-4)
gene region as having a role in Addison’s disease in human populations (Blomhoff et al.,
2004), as well as a role in other immune-mediated diseases (Ide et al ., 2004; Zhernakova et
al., 2005). This gene is located about 10 Mb from the most closely linked CFA37 marker
(FH2532) that we found to be associated with Addison’s disease in the PWD population in the
initial genome-wide screen. Consequently, we analysed the CTLA-4 sequence directly. We
sequenced all exons and splice junctions associated with CTLA-4, together with a limited
amount of intron 1, all of short intron 2 and half of intron 3, plus ~1.5kb of 5’ promoter regions
out to 10 kb upstream and 5 kb downstream. Sequence comparison between 10 affected and
10 unaffected dogs revealed three different haplotypes in the breed. Further analysis of 48
affected and 181 unaffected dogs showed a weak non-significant association between the
disease state and the rarest haplotype. Specifically, of the three CTLA-4 haplotypes, two are
shared approximately equally between affected and unaffected dogs. The third and more rare
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haplotype is seen more frequently in unaffected dogs (one chromosome from 48 affected dogs
and 18 from the 181 unaffected animals). Markers making up haplotypes were largely from
non-coding regions or encompassed alternations that did not change the encoded amino acid.
Thus, no conclusions can be drawn about any of the SNPs and potential disease association.

The significance of the association between the CTLA-4 region and Addison’s disease (P =
0.09) is much less than the significance of the FH2532 marker (2.7 x 107°). Given these results,
we hypothesize that the CTLA-4 gene is unlikely to be the underlying cause of the CFA37 QTL
that decreases the frequency of the disease. Thus, our data implicate a second gene in this region
that may act as an immune suppressor. Possible candidate genes are listed in Table 3.

As more Addisonian PWDs are diagnosed within the Georgie Project, both the sequence and
the haplotype analyses will be expanded in an attempt to find the relevant disease variants,
particularly on CFA37, and, ultimately, to determine if the orthologous human gene is
contributing to Addison’s in humans. This work is particularly facilitated by the canine system
for several reasons (Parker & Ostrander, 2005). First, Parker et al.(2004) have established
phylogeny of domestic dog breeds using cluster analysis. These data suggest that closely related
breeds may be particularly susceptible to a disease because they share a common ancestral
mutation. This fact can be used to facilitate the identification of a disease gene, as a common
haplotype is certain to exist around the disease allele in breeds that share the same ancient
mutation. Consequently, we are in the process of collecting Addisonian dogs from related
breeds. In an unstructured cluster analysis using the program srucrure, the PWD falls into a
large cluster of breeds that includes what we have historically called the Hunting group, as it
contains all the Spaniel, Pointer and Retriever breeds (Parker & Ostrander, 2005). Breeds with
significant levels of Addison’s like the Poodle do not fall in this group, and likely have an
independent origin for the disease.

We are therefore focusing on breeds like the Retrievers. We will use the available SNP data,
generated from the 6.5x Boxer and 1.5x Poodle sequences (Kirkness et al., 2003 and Lindblad-
Toh et al., 2005) to select and genotype SNPs across the regions of linkage in affected and
unaffected dogs from multiple breeds. Because of meiotic recombination, the region of shared
haplotype among dogs with Addison’s is likely to be smaller than the haplotype observed in
any single breed. This will permit more judicious selection of candidate genes for further study.
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Figure 1.

Diagrams of canine autosomes CFA12 and CFA37 and markers associated with the quantitative
trait loci are discussed in the text. Details of their association are presented in Table 1. Syntenic
portions of the mouse (mm) and human (hg) genomes are noted, as well as the candidate gene
positions.
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Table 3
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Names and positions for candidate genes in the 20 Mb region around the quantitative trait loci listed in Table 1

Candidate genesa

Dog chromosome

Base pair position

CTLA-4
ICOS

Xreeh
SLC11A1
C2

C4A
CYP21A2
HLA-DRA
HLA-DRB3
HLA-DRB1
HLA-DRB5
HLA-DRB4
HLA-DPB1
HLA-DQA1
HLA-DQB1
HLA-DQB1
TAP2

Tapl

MLN

37
37
37
37
12
12
12
12
12
12
12
12
12
12
12
12
12
12
12

15617156
15682406
26085873
28017155
4311579
4356840
4373931
5054036
5072536
5072536
5072561
5072562
5073680
5141465
5165247
5225549
5319648
5345683
6057634

a . . . . . . .
Column 1 lists candidate genes of interest, column 2 lists the canine chromosome on which each gene is located based on the CANFam1.0 assembly.
The base pair position on each canine chromosome is listed in column 3.
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