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This thesis presents genetic studies aiming at enlarging our knowledge regarding the genetic
factors underlying two immune-mediated diseases, hypothyroidism and autoimmune Addison’s
disease (AAD), in dogs and humans, respectively.
Genetic and environmental factors are indicated to contribute to canine hypothyroidism,
which can be considered a model for human Hashimoto’s thyroiditis (HT). In Paper I we
performed the first genome-wide association (GWA) study of this disease in three high-risk
dog breeds (Gordon Setter, Hovawart and Rhodesian Ridgeback). Using an integrated GWA
and meta-analysis strategy, we identified a novel hypothyroidism risk haplotype located on
chromosome 12 being shared by the three breeds. The identified haplotype, harboring three
genes previously not associated with hypothyroidism, is independent of the dog leukocyte
antigen region and significantly enriched across the affected dogs. In Paper II we performed
a GWA study in another high-risk breed (Giant Schnauzer) and detected an associated locus
located on chromosome 11 and conferring protection to hypothyroidism. After whole genome
resequencing of a subset of samples with key haplotypes, we fine mapped the region of
association that was subsequently screened for the presence of structural variants. We detected
a putative copy number variant overlapping with the upstream region of the IFNA7 gene, which
is located in a region of high genomic complexity. Remarkably, perturbed activities of type I
Interferons have been extensively associated with HT and general autoimmunity.
In Paper III we performed the first large-scale genetic study of human AAD, a rare
autoimmune disorder characterized by dysfunction and ultimately destruction of the adrenal
cortex. We resequenced 1853 immune-related genes comprising of their coding sequences,
untranslated regions, as well as conserved intronic and intergenic regions in extensively
characterized AAD patients and control samples, all collected in Sweden. We identified BACH2
gene as a novel risk locus associated with AAD, and we showed its independent association
with isolated AAD. In addition, we confirmed the previously established AAD association with
the human leukocyte antigen complex.
The results of these studies will hopefully help increasing the understanding of such diseases
in dogs and humans, eventually promoting their well-being.
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“Non quia difficilia sunt non audemus, sed quia non audemus difficilia sunt”
“It is not because things are difficult that we do not dare, it is because we do
not dare that things are difficult”
Lucius Annaeus Seneca
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Introduction

For a very long time geneticists have tried to answer the question regarding
how the genetic makeup of an individual, the genotype, links to specific
characteristics shown by that individual, the phenotype. In a simplistic situation, when a single gene controls the phenotype, the trait displayed by the
individual is generally explained by the genetic variation of a single locus.
Conversely, a considerable challenge has been the identification of the wide
spectrum of genetic determinants underlying complex traits, and especially
human complex diseases. In this class of diseases, a multifactorial genetic
etiology contributes to the individual susceptibility. Unraveling and understanding the genetic architecture underlying the disease risk would mean
moving forward towards improved disease diagnostics, treatment and prevention, thus eventually realizing the so called personalized medicine concept.
Although there have been significant efforts to decipher the complex disease genetics puzzle, there are still missing pieces that need to be added to
the framework. In this context, the domestic dog has provided great help in
trying to achieve this objective. Dogs spontaneously develop a wide spectrum of diseases shared with humans and it is likely that the same biological
pathways and mechanisms are involved in disease susceptibility in both species. Moreover, the domestic dog has a genomic structure highly amenable
to the discovery of genetic disease risk loci, thus facilitating the identification and the placement of novel pieces in the puzzle. Nevertheless, the genetic knowledge gained by studying the domestic dog might also contribute to
the wellbeing of this species through the implementation of specific diagnostic tools and suitable breeding strategies.
Among the several diseases affecting dogs and humans, immunemediated disorders still represent an intricate class of pathologies. They develop in genetically susceptible individuals and involve a complex interaction between the immune system and environmental factors. Autoimmune
diseases represent a class of pathologies in which the immune system
mounts a response against self-molecules, eventually causing the impairment
of the target tissue or organ. Autoimmune diseases affect approximately 8%
of the western-world population; similarly, several dog breeds are characterized by a high prevalence of these common disorders. Significant advances
in molecular techniques and sequencing technologies have in recent years
provided an innovative impulse to study immune-mediated and autoimmune
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diseases and to identify novel susceptibility loci underlying their development [1-8]. Genome-wide association and immune-specific fine mapping
studies, as well as large-scale meta-analyses, have identified a great number
of disease-associated single nucleotide polymorphisms in humans. Nextgeneration sequencing has revolutionized the search of disease-associated
variants allowing scientists to resequence whole genomes or selected portions of them at an extremely high speed and with constantly reduced costs.
Furthermore, this cutting-edge methodology allows the detection of rare and
population-specific variation, which is likely to have an important contribution in disease etiology in humans. Similarly, even though a number of disease-susceptibility loci have been identified in dogs using well-established
genome-wide association approaches, canine geneticists are progressively
shifting to next generation sequencing in order to complement, and eventually replace, current mapping methodologies. Despite the great advancements
in next generation sequencing technologies and applications in the majority
of both canine and human immune-mediated diseases, a significant proportion of the disease-predisposing genetic risk has not been unraveled yet.
Moreover, an additional challenge will be to understand the function of the
identified genetic factors, to reveal how they participate in the underlying
disease biology.
Starting from the above-mentioned aspects, this thesis presents the genetic studies that allowed us to identify novel candidate loci associated with two
immune-mediated diseases in dogs and humans, represented by canine hypothyroidism and human Addison’s disease, respectively. By employing genome-wide association and next generation sequencing methodologies, we
sought to enlarge our modest knowledge regarding the genetic determinants
underlying these diseases. Filling the knowledge gaps regarding the genetics
of hypothyroidism using the dog as a model is of major interest due to the
prevalence and the impact of this disease in both dogs and humans. Similarly, the discovery of novel genes increasing the susceptibility to human Addison’s disease can represent a step forward towards the realization of personalized medicine.

Genetic variation and heritable traits
Apart from a few exceptions, every cell of the body contains deoxyribonucleic acid (DNA), which bears the information necessary for the organism
development, growth, functions and reproduction. Genetic variation derives
from changes (i.e. mutations) in the string of nucleotides that constitutes the
DNA. Mutations, or genetic variants, can involve single or multiple nucleotides and they can spontaneously arise at different genome locations. The
simplest and most frequent variants are single nucleotide substitutions,
known as single nucleotide polymorphisms (SNPs). There are more than 100
12

million validated SNPs cataloged in dbSNP 150, and approximately 3.5 million SNPs are harbored in an individual genome [9]. According to their location in the genome, SNPs can be classified as intergenic and genic, which is
typically further split into coding (synonymous, missense, nonsense), and
non-coding (intronic and untranslated regions).
Differently from SNPs, structural variation derives from changes involving more than one nucleotide. Overall, these genetic variants range from
short insertions/deletions (indels) to large chromosomal rearrangements [10,
11]. Structural variants represent an important source of genetic variability
and have the ability to reshape the gene/genomic landscape, thus significantly contributing to the phenotypic variation.
Genetic variants can be either neutral, when having no effect on the reproductive success of the individual, or functional. Once a variant appears,
its fate is dictated by genetic drift and selection. Functional genetic variation
is the substrate upon which selection acts, and selection in turn represents
evolution’s engine. On one hand, this variation represents the necessary
source of diversity that is fundamental to increase the reproductive success
of individuals, especially in response to environmental modifications; on the
other hand, it represents the source of detrimental changes that have a negative impact on the phenotype and thus on the fitness of the individual. Simplistically, beneficial variants raise their frequency and eventually reach
fixation through positive selection, whereas detrimental variants reduce their
frequency and are eventually removed through purifying selection, thus resulting in a decrease of genetic variation in both cases. Alternatively, different alleles at a locus are maintained through balancing selection, therefore
resulting in increased levels of heterozygosity. In general, the specific variants effect depends on environmental conditions, and a certain effect might
derive from the collective contribution of all the variants occurring in a genetic locus. Genetic variants can occur in somatic cells, and in this case only
their clones will carry such genetic differences. However, if genetic variants
arise in germ-line cells, they might be transferred to the next generation, and
the linked traits will be heritable.
At this point, an important question is whether the phenotypic variation
we observe is entirely due to genetic factors or whether environmental factors contribute to it. In simple terms, this refers to the extent of the resemblance between parents and offspring [12]. Heritability is formally defined as
the ratio between genotypic and phenotypic variance in a population, and it
describes the contribution of genetic factors to the phenotypic variation. The
phenotypic variance can be partitioned into unobserved genotypic and environmental factors, and in this case the above-mentioned ratio defines the
broad sense heritability (H2). Moreover, the genotypic variance can be partitioned into the additive, dominant and epistatic genetic effects, thus defining
the narrow sense heritability (h2) if only the additive genetic effect is considered in the ratio [13]. A high heritability reflects that an individual pheno13

type can very well predict the genotype in a population with certain trait
prevalence. Consequently, the probability to detect a gene with large effect
increases with higher heritability, although this estimation does not inform
about the trait genetic architecture [13].

Complex diseases in humans
Among the plethora of heritable traits, disease phenotypes have represented
a compelling target for genetic research due to their substantial impact on
individuals’ life and global health. Mendelian diseases are the simplest class
of genetic diseases and are usually caused by highly penetrant and pathogenic deleterious mutations in a single gene (i.e. monogenic diseases), and most
often the mutation is located in an exon. In general, these detrimental mutations compromise reproductive success and are selectively purged by purifying selection, even though a mutation-selection balance usually permits their
maintenance at low frequencies in a population [14-16]. Monogenic disorders tend to segregate in families according to the traditional Mendelian
inheritance patterns, but phenotypic heterogeneity and incomplete or agedependent penetrance might complicate the analysis of disease pedigrees
[17]. These mechanisms might blur the distinction between monogenic and
complex diseases [18, 19].
Complex diseases are generally common clinical conditions determined
by multiple genetic loci, as well as environmental factors. These disorders
typically aggregate in families, but their segregation is not consistent with
classical Mendelian inheritance, thus confirming the hypothesis of a polygenic etiology. A wealth of common SNPs (minor allele frequency MAF >
1%) has been associated to complex diseases; apart from a few examples of
variants having a large impact [20], most of them have a modest effect on
disease susceptibility and overlap regions with a potential regulatory function. From an evolutionary point of view, variants with small effect are subjected to a less pervasive purifying selection and could be maintained in the
population at moderate frequencies. Moreover, it has been shown that genomic regions overlapping these variants are in some cases enriched in signals of positive selection. This could suggest a role of regulatory variants in
the adaptation to dynamic environmental pressures throughout human history and evolution [21, 22]. In complex diseases, the associated common SNPs
with modest effect contribute only a very small fraction to the total disease
heritability. Moreover, a large proportion of the disease genetic variance still
needs to be explained, even though noteworthy efforts have been recently
made in this direction. A significant number of variants, yet to be determined, are likely to contribute to the overall disease genetic variance, raising
the so-called “missing heritability” issue [23]. The “missing heritability”
concept and the resulting assumption on the genetic architecture of complex
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diseases can be described either by the dated common disease – common
variant (CDCV) hypothesis or by the more recent common disease – rare
variant (CDRV) model. In addition, different complex diseases (for instance
psychiatric and immune-mediated complex diseases) might be characterized
by slightly different genetic architectures. However, it is likely that both
common and rare variants contribute to complex diseases. Subsequently, a
large number of common variants with small effect complemented by rare
variants with larger effect could be involved in the disease genetic etiology
together with interacting epistatic and epigenetic effects [24-26].

The dog, man’s best friend in the study of complex
diseases
The domestic dog is considered man's best friend for its way of being a
unique companion animal. It is an invaluable friend not only in our daily life,
but also in the long-term challenge of gaining knowledge about human disease. The domestic dog has been proven to be an effective animal model to
tackle the considerable challenge of understanding the genetics underlying
complex diseases that are difficult to unravel in humans [27-29].
Dogs have undergone a strong and persistent artificial selection throughout their history. This has led to the enrichment of particular alleles in the
population, thus resulting in an incredibly large phenotypic diversity and in
the subsequent creation of the hundreds of different breeds existing today
[30-33], which represent homogenous isolated populations with decreased
genetic heterogeneity [34]. Many modern dog breeds have derived from a
recent bottleneck, during which a few valuable individuals (popular sires)
were selected as founders of the different breeds. Modern dog breeds show
an enrichment of the founder genetic character that has been continuously
selected in the population [35, 36]. Breed creation has occurred within the
past few hundred years, thus not allowing recombination to break the selected genomic loci. Recombination is a paramount event occurring during meiosis, which underlies sexual reproduction and the transmission of genetic
information over generations. Recombination breaks down haplotypes, in
other words stretches of DNA containing loci that are inherited together,
thus resulting in the decay of linkage disequilibrium (LD). The continuing
strong selection has kept allele frequencies skewed at multiple loci and has
maintained LD significantly high within each dog breed [30, 31].
Before the creation of breeds, the dog underwent a primary bottleneck
during its domestication from grey wolf, which has been estimated to have
occurred about 5,000-30,000 years before present [31, 37]. It has been hypothesized that domestication may have resulted from artificial selection of
wolf pups based on traits important for hunting or guarding. Alternatively,
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wolves may have undergone domestication themselves when they started to
scavenge close to human settlements during the transition from a nomadic to
a stationary lifestyle in the context of agricultural revolution [37, 38]. During
the period of modern breed creation, the pre-breed domesticated dog population was characterized by low LD due to the long time-span since early domestication that had allowed the generation of short haplotypes. The two
bottlenecks throughout dog demographic history have substantially shaped
the canine genome structure, which maintains the signatures of these two
events: extensive LD within breeds resulting in long haplotypes, low LD
level across different breeds resulting in short haplotypes. Compared to humans, the dog is characterized by a genomic landscape remarkably structured and highly amenable to the discovery of causal genetic loci. Humans
show much lower LD than individual modern purebred dog breeds due to
higher genetic admixture and prevalence of natural selection, which is responsible for the slow increase in frequency of alleles conveying greater
fitness in specific environments [39, 40]. Artificial selection, which may not
imply any advantage in terms of reproductive success, has been strengthened
in modern dogs and resulted in a quick and extensive selection of genomic
loci and increased levels of homozygosity precluding the detection of recombination events [30, 31]. The strong artificial selection underpinning of
the breeding programs has additionally caused the overrepresentation of
certain diseases in different breeds. This reflects either enrichment of deleterious alleles during the recent breed creation bottleneck, association of detrimental variants that hitchhiked with the loci underlying the selection phenotypic target, or existence of pleiotropic effects of the selected variants that
control both a selected morphologic phenotype and a potential disease phenotype [30, 41, 42].
Dogs naturally develop the similar diseases as humans do, which make
them excellent spontaneous animal models for investigating several human
pathologies. They share a wide range of autoimmune, endocrine and cardiovascular diseases, cancers and nervous system related diseases [34, 42]. Furthermore, disease clinical progression and symptoms are often highly comparable between the two species. In some western countries, dogs also have
really accurate and extensive family and clinical records, which make the
characterization of the sample cohort extremely precise and reliable. Moreover, pet dogs nowadays share the same environment as humans do; this is
useful when considering the influence of environmental factors on complex
disease etiology. Exerting the potential of the domestic dog in disentangling
the genetics of complex diseases means not only primarily promoting the
health of this species, but also providing new and alternative discovery perspectives with regard to human disease genetics.
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Mapping complex diseases: principles and challenges
Examples of disease mapping in the early times
Linkage mapping was generally based on simple sequence length polymorphisms and it has been remarkably successful for identifying genes associated to Mendelian diseases both in humans [43, 44], despite the issue of accessing genetic material from large multigenerational families, and in dogs,
in which very large pedigrees are instead available and directly exploitable
[45, 46]. However, in human complex disease genetic research this approach
did not prove particularly fruitful mainly due to a major complicating factor
such as the polygenic nature of these disorders, as well as the difficulties in
detecting small effect sizes of common genetic variants and the issues in
defining precise phenotypes [47-49]. Similarly, the study of complex diseases in dogs has a limited effectiveness using such methodology. Differently
from linkage analysis, candidate gene studies focus on a particular gene or
region that is selected based on a priori knowledge about its function and its
putative role in the complex disease etiology. Genetic variation in the selected gene or region is subsequently evaluated for association with the disease.
This approach has drawn criticism due to several factors (choice of candidate
loci, statistical power, confounders) that might influence the study outcomes
and therefore prevent replication [50]. Despite the difficulties, these methodologies were able to reliably identify a few common variants associated with
complex diseases, but these findings were restricted to loci with large effect
[51-55].

Genome-wide association studies
Genome-wide association (GWA) mapping has provided an innovative and
effective strategy for the study of complex disease genetics, due to the possibility to screen the whole genome based on common genetic variation in
large sample sets. The basic idea of this approach is to take advantage of the
LD existing between a disease locus and one or more genetic markers that
are therefore informative of the whole haplotypes on which they are located.
This enables one to find a marker-disease association and to pinpoint a genomic locus carrying the mutation that contributes to the susceptibility to the
disease. For this purpose, the most commonly used genetic markers are
SNPs. SNPs are codominant and generally biallelic markers. The HapMap
project in humans and the different genome sequencing projects in different
species, including the domestic dog, have provided a large spectrum of these
molecular markers with known chromosomal location that can be effectively
used in GWA analyses. SNPs provide a higher coverage throughout the genome and their genotyping could also be automated, offering the possibility
of developing high-throughput technical platforms, which dramatically in17

creases the productive capacity. Joint efforts between public, as well as private institutions and companies, have led to the development of SNPs chips
used in genomic research [31, 41, 56-58]. In a classical case control design,
GWA analysis seeks to identify differences in allele frequencies between
cases showing the disease and controls not showing it. Using unrelated individuals and a set of common SNPs reasonably spread across the genome
depending on its LD degree, a SNP is considered associated with the disease
if the frequency of an allele is statistically significantly higher/lower in one
of the phenotypic group compared to the other [47, 59].
In order to avoid false positive results, the statistical significance threshold rejecting the null hypothesis (α = 0.05) has to appropriately take the
number of independent tests into account. If not properly handled, a major
confounding factor that may also affect GWA analysis is stratification. On
one hand population stratification derives from the presence of distinct populations or genetic ancestries within the same cohort. On the other hand, additional sources of stratification might be represented by any qualitative attribute that strongly correlate with the case and control phenotypes. In this scenario, a positive association could be due to a difference in allele frequencies
capturing the correlation with the confounders, rather than reflecting a difference truly associated with the disease [60]. An additional confounder is
the possible presence of cryptic relatedness, which may be relevant in those
animal models, especially the domestic dog, characterized by the extensive
use of popular sires [61]. Cryptic relatedness, as stratification, structures the
samples set and it should therefore be properly accounted for. A statistical
parameter called inflation factor (λ) assesses if a GWA study shows stratification and measures its degree in the analyzed samples [62].
In order to face these issues and avoid inflation, different strategies have
been described [60]. These include mixed model based methods, which are
generic and adaptable approaches in order to correct for the occurrence of
structured data in GWA analyses [63-65]. A mixed linear model is a statistical extension of a simple linear model, which is defined by the formula:
𝑦 = 𝑋𝑏 + 𝑒
where y is the individual phenotype, X is a matrix including the genotypes at
each SNP (fixed effect) tested for association with the phenotype, b is the
unknown variable (regression coefficient) representing a vector that defines
the strength of association between the SNP and the phenotype and e represents the residuals (difference between the real and the predicted phenotype
value). The extended version of a simple linear model (i.e. mixed model) can
include factors that are random variables and might influence the phenotype
(random effects). A mixed model is described as:
𝑦 = 𝑋𝑏 + 𝑍𝑢 + 𝑒
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where the new parameters Z and u represent a matrix for the random effect
(for instance the genomic kinship matrix) and a vector containing the random effects, respectively [66].
Furthermore, the success of a GWA study depends on the number of the
segregating markers used in the analysis. Since GWA analysis is dependent
on at least one segregating SNP tagging the causative haplotype, the amount
of SNPs required to scan the genome depends on the level of LD in the study
population. For instance, a higher number of markers (millions of markers)
are required to screen the human genome that is characterized by a low LD
degree, whereas a lower number of markers (thousands of markers) are sufficient to scan genomes with higher LD level (i.e. dog breeds). Besides a
reliable phenotype, the correct cohort sample size is critical for a successful
GWA study, in terms of power for detecting large or small effects of specific
variants associated with the disease [30, 31, 62]. In humans, the modest effect sizes of the variants associated to certain complex diseases have made
extremely large sample sets (~10,000-40,000 or more cases and controls)
[67] necessary in order to unveil such small genetic contributions [23]. In
this context, the domestic dog could be of great help. The reduced genetic
heterogeneity and the high prevalence of specific diseases in different dog
breeds suggest an overall presence of a few loci of greater effects underlying
each disease [30, 31, 34], and subsequently the need of a lower number of
individuals compared to human studies. In an extreme situation, extensive
homozygous regions could be fixed in most dogs within a breed as a consequence of significantly strong artificial selection on a desirable phenotype
predisposing for a disease. In this scenario, a strategy based on homozygosity mapping may be applied in order to identify the disease-associated locus
[68, 69].

Meta-analysis
The implementation and application of meta-analysis has been especially
compelling in human genetics, in which only a small proportion of the heritable component for complex diseases has been identified due to the small
effect sizes of the GWA studies associated variants [23, 70]. GWA studies
meta-analysis is able to boost the detection of association signals by increasing the sample size. This is obtained by pooling the results from each GWA
study, thus statistically synthesizing the genetic information coming from
multiple standalone analyses. In addition to several preliminary planning,
organizational and operational criteria, the analytical approach to be used in
the meta-analysis should be chosen with attention [71, 72]. According to a
current and widely used approach, different studies are given different
weight according to their precision, which depends on their standard error
[70]. Meta-analysis could be conducted by applying a fixed effect model (it
is assumed that a common genetic effect lies beneath every single GWA
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study) or a random effect model (it is assumed that the single GWA studies
are assessing different effects). In meta-analysis, an important confounding
factor is represented by statistical heterogeneity, which defines the diversity
of the different studies in terms of experimental designs, protocols, analyses
and outcome. Theoretically, a fixed effect model should be used in absence
of heterogeneity, whereas a random effect model in presence of diversity
[70-72]. The estimation of heterogeneity is hard to evaluate in presence of a
few single studies and its estimation could possibly be invalid for all the
studies combined together and for all the variants’ effects. The fixed effect
model is nowadays a popular approach for meta-analysis due to its notable
discovery power [70, 72].

Next Generation Sequencing
Next generation sequencing (NGS), alternatively called massively parallel
sequencing, is the cutting-edge biotechnology that has represented a revolution in the genomic field. It has allowed scientists to decode the nucleotides
included in a genome at an extremely high speed and with significantly reduced costs and increased efficiency compared to Sanger sequencing, which
had dominated the field for a long time. If we compare the overall cost of the
Human Genome Project about 15 years ago (~US$3 billion) to the cost currently needed to resequence an entire genome (US$1,500-5,000), we can
immediately understand the impact that this technology has had and is having on genetic research [73-76]. On top of that, it has been really recently
claimed that resequencing a whole human genome will cost US$100 in the
upcoming years.
With NGS, thousands to millions of sequencing reactions are performed
in a massively parallel fashion, thus enabling extraordinary process scalability. With this technology, genomic DNA is sheared into smaller fragments
that undergo ligation to specific adapters, creating sequencing libraries. In
principle, the libraries are then incorporated in the sequencing instrumental
core and randomly and digitally deciphered while subjected to sequencing
[77, 78]. The generated sequence reads are subsequently aligned to a reference genome in order to identify similarity or variable sites. Most importantly, while enabling a robust genome-wide single nucleotide variant calling,
NGS allows a comprehensive assessment of low frequency and rare genetic
variants, which are likely to have an important genetic contribution in complex disease etiology. Rare variant association could be evaluated by aggregating rare variants in genes or different biological units. Subsequently, these defined biological intervals could be used as the units of association. Aggregate analyses could be performed by employing burden test (assumption
of uniform variant effects) or variance-component test (assumption of different variant effects).
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One of the most widely used and economically accessible NGS platforms
is the Illumina sequencing technology that generally produces short pairedend reads (100-200 bp) [76, 77]. In spite of being high-throughput and
providing accurate base level information, short reads sequencing technology might struggle to identify and resolve the wide range of structural variants and repetitive regions spread in the genome. New technologies have
recently been developed with the goal of increasing sequencing read lengths
(> 10 Kb) [3, 79]. Longer reads are expected to significantly facilitate de
novo assemblies, to greatly contribute to the attempt to fill the gaps in the
current reference genomes, to robustly identify structural rearrangements and
to help with the detection of variation in repetitive genomic regions. These
platforms will surely represent a great prospect in the future of genomic research, especially because it has been hypothesized that structural variation
might account for a fraction of the genetic variance underlying complex
diseases.
The potential of NGS is enormous, “with one's imagination being the
primary limitation to its use” [80]. However, more and more high-standard
computational infrastructures and bioinformatic capabilities are currently
necessary to promptly decode the huge amounts of data that is continuously
produced. On top of that, this enduring and overwhelming load of data requires huge storage capacities, which probably nowadays represents the real
NGS bottleneck.

Targeted resequencing
Through targeted resequencing, selected genomic regions are captured and
enriched from a DNA sample prior sequencing [81]. These genomic regions
could be comprised of the whole exome, a subset of genes and loci involved
in specific diseases or pathways, or a chromosome of interest [82]. A typical
strategy to capture and enrich selected genomic regions is represented by insolution sequence capture technology [83]. The individual sequencing libraries are hybridized to specific biotinylated probes in order to capture the target fragments. After hybridization to the target regions, the probes are separated from the un-hybridized fragments through the interaction with modified magnetic beads covered with streptavidin [81, 83, 84]. With respect to
resequencing of whole genomes, targeted resequencing provides an increased coverage (how many times a nucleotide is sequenced) for single
genome position and allows processing more samples at a much lower cost.

From association to function
Human GWA studies have yielded a myriad of common variants strongly
associated with complex diseases. However, it is likely that these variants
are in LD with the disease causal variant, rather than having a biological
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function themselves [26]. Fine mapping seeks to narrow down the GWA
analysis associated regions and the number of candidates by detecting and
genotyping a set of denser variants, as well as subsequently performing prioritization according to the variants functional potential. In the domestic
dog, the genome structure of this species (high LD within breeds, low LD
across breeds) motivates an alternative approach. After the detection of a
wide LD interval associated in one breed, fine mapping could be performed
by employing another breed that is affected by the same disease and carries
the same identical by descent (IBD) causative variant(s) contributing to the
disease. Nevertheless, the resulting shorter candidate region is subsequently
screened for variants functional prioritization.
In order to fine map a region of association, a wider and much denser
spectrum of variants present in the associated LD interval needs to be genotyped or imputed with high confidence. Imputation predicts genotypes not
assayed in a target group of individuals by using reference panels, often represented by large-scale resequencing datasets, that capture as much haplotypic genetic variation as possible [85]. In humans, imputation of variants by
using population-specific reference panels has resulted in high quality and
accurate results, especially for rare variants genotype prediction. Similarly to
the large-scale resequencing projects that have been taken up and eventually
provided a wealth of information about human genetic variation [86-88], an
international consortium aiming at resequencing 10,000 dog genomes has
been recently initiated (http://www.dog10kgenomes.org/).
In humans, an alternative fine mapping approach is to employ custom
genotyping arrays collaboratively designed by international consortia. These
arrays are based on data generated from robust GWA and candidate gene
studies, as well as resequencing initiatives, and they include a selection of
common and rare variants implicated in specific complex diseases [89-91].
For instance, the Immunochip contains ~200,000 variants that serve to perform deep replication of major immune-mediated diseases and fine mapping
of loci robustly associated with these disorders in GWA studies [89, 90].
The majority of human GWA studies associated variants are located in introns and in genomic regions with a strong regulatory potential, such as
promoters, enhancers and silencers, thus corroborating the notion that noncoding regions might have important biological functions [92-94]. This also
emphasizes that gene regulation is likely to be a major player underlying the
etiology of complex diseases. For instance, gene regulation is often tissuespecific and might operate at any time point during an individual’s life.
Moreover, gene regulation might vary between diverse cell types uniquely
reacting to different environmental stimuli. Evaluating the overlap with conserved elements and the enrichment of GWA studies associated variants in
diverse functional annotated classes (DNase I hypersensitivity sites, histone
marks, transcription factor binding sites) might provide insights about their
biological role. ENCODE, NIH Roadmap Epigenomics and Fantom5 are
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projects aiming at supporting functional annotations of regulatory variants
[92, 93, 95]. An additional complementary resource is the GTeX project that
aims at investigating the tissue specific mechanisms of gene regulation. This
project seeks to identify expression quantitative trait loci (eQTLs), which are
genomic regions containing variants that influence the expression level of
one or more genes [96]. Furthermore, variants could be annotated with respect to non-coding RNAs (miRNAs and lincRNAs) location. Non-coding
RNAs represent a class of transcripts that are not translated into proteins but
have a regulatory role, thus potentially affecting gene function.

Immune-mediated diseases and autoimmune diseases
Among the several diseases spontaneously affecting dogs and humans, immune-mediated disorders represent a class of pathologies still difficult to
completely decipher. Immune-mediated diseases derive from functional perturbations of the immune system that can either mount a disproportionate
response (inflammatory diseases) or lose the ability to recognize “self” cells
and tissues thus reacting against them (autoimmune diseases). Nevertheless,
these diseases in some cases do not form defined clusters, but rather represent a continuum with variable overlapping genetic determinants and clinical
manifestations [97]. Autoimmune disorders can be further classified based
on where the target (antigen) of the aberrant immune response is expressed.
Systemic autoimmune diseases typically result from the formation of circulating immune complexes constituted by nuclear proteins and specific autoantibodies. Organ-specific autoimmune diseases, in contrast, derive from
autoantibodies or autoreactive T-lymphocytes responding to antigens expressed only in particular tissues [98].
During an immune response against a pathogen, antigen-presenting cells
(APCs) present antigens in a major histocompatibility complex (MHC)restricted manner to naïve helper T-lymphocytes, which subsequently get
activated and result in their clonal expansion and differentiation into effector
T-cells. Effector helper T-cells produce specific cytokines and express surface molecules, which in turn prompt macrophages to erase the antigens and
B-cells to produce antibodies. After pathogenic antigen presentation by
APCs, naïve cytotoxic T-lymphocytes become effectors and kill the cells
expressing the target antigens. In autoimmune diseases, the immune response targets self-antigens. An intricate multifactorial framework contributes to the breakdown of self-tolerance and to the occurrence of autoreactive
T- and B-lymphocytes. Central tolerance, which is the mechanism responsible for the ability to discriminate between self and non-self, is induced in the
thymus and bone marrow by the high affinity interaction between immature
lymphocytes and self-antigens. Conversely, peripheral tolerance occurs in
lymph nodes and causes unresponsiveness to self-antigens expressed in the
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periphery and attenuated response to environmental molecules. Several
genes, including AIRE, CTLA-4 and PD-1, as well as different cellular
mechanisms regulate the acquisition of self-tolerance. Autoimmunity might
derive from a failure of any mechanism controlling central or peripheral
tolerance [98].
In humans, autoimmune diseases represent a major medical burden and
globally affect approximately 1 in 25 individuals [99]. Strikingly, a clear sex
bias exists for these diseases, with females having higher susceptibility than
males [100]. Many hypotheses have been proposed to explain sexual dimorphism in autoimmunity, including fetal microchimerism, sex hormones and
their role in self-tolerance, as well as X chromosome inactivation and its
gene dose effect [101-103]. However, the mechanism for this female bias is
still poorly understood. Autoimmune diseases cluster in families and show
high concordance in twin studies, overall suggesting the presence of a major
underlying genetic component. Most autoimmune diseases are polygenic
disorders that develop in susceptible individuals that inherit multiple risk
genetic variants; however, they are characterized by an intricate crosstalking between the immune system and the environment. A simple hypothesis is that susceptibility genetic polymorphisms result in faulty regulation of
the immune response mechanisms and environmental factors initiate or
augment the activation of lymphocytes reacting against self-antigens. Many
environmental factors have been proposed as autoimmunity triggers, including microbial infection, occupational exposure to certain harmful molecules,
vitamin D and tobacco smoke [104-106]. Several risk loci are shared between autoimmune diseases, suggesting pathogenic mechanisms affecting
general immune regulation and self-tolerance. The common genetic susceptibility is also consistent with the co-occurrence of different autoimmune
diseases in the same individuals and families. However, disease-specific
genetic associations suggest the presence of unique biological mechanisms
underlying the full spectrum of autoimmune diseases [5, 99, 107-109].
The variation at the MHC significantly contributes to disease-specific genetic susceptibility [98]. The human leukocyte antigen (HLA) complex is a
particularly gene-dense region characterized by high genetic variation and
long-range LD. HLA genes were the first to show association with autoimmunity and for most autoimmune diseases still represent the loci explaining
the greatest fraction of the disease genetic variance [5, 110]. Several autoimmune diseases are typically associated with HLA class II alleles. HLA
class II proteins are expressed in specialized APCs and participate in the
selection and activation of helper T-cells, which in turn regulate the immune
response against protein antigens, thus suggesting a primary role in selftolerance mechanisms and regulation. In contrast, many seronegative inflammatory diseases are usually associated with HLA class I alleles, which
are often disease-specific. HLA class I proteins are expressed in almost all
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nucleated cell-types and participate in the activation of cytotoxic T-cells
[98].
According to our current knowledge about most complex diseases, a large
fraction of the genetic variance underlying autoimmune disease susceptibility needs to be explained. Despite the establishment of large samples cohorts
and great improvements in sequencing technologies, genome annotations
and analytical tools, it is currently unclear at which extent common and rare
variation, including structural changes, might contribute in solving the
“missing heritability” dilemma. Dogs might be of great help in this situation
[69, 111-113]. Disease genetic studies in dogs could identify loci potentially
causative or being involved in the same pathogenic pathways as the human
counterpart of the disease, thus providing novel insights and improved understanding of the genetics of human autoimmunity. Nevertheless, this
knowledge might also promote dogs’ health through the development of
novel diagnostic tools and targeted breeding strategies.

Hypothyroidism, a disease shared by humans and their best
friends
Human hypothyroidism
Hypothyroidism is one of the most common endocrine diseases affecting
humans. In this disorder the thyroid gland fails to produce sufficient amounts
of thyroid hormones (Thyroxine or T4 and Triiodothyronine or T3) [114].
Low concentration of thyroid hormones causes an increase of thyroidstimulating hormone (TSH) levels through a negative feedback mechanism.
TSH induces the thyroid follicular cells to synthesize thyroglobulin (Tg),
which reacts with iodine in the glandular colloid space to produce T4 and
T3. T4 and T3 are released into the blood after proteolysis. Apart from the
small and active fraction of hormone not bound to transport proteins (free
T4), a large amount of T4 is then converted into the active molecule T3
within the target cells. Thyroid hormones primarily control the regulation of
metabolism. Hypothyroidism symptoms are generally non-specific, including tiredness, weight gain and poor ability to tolerate cold, reflecting the key
function of thyroid hormones in tweaking the metabolism of the body.
Moreover, symptoms can vary from being completely absent in asymptomatic individuals to be extremely severe and cause a generalized multisystemic
failure in the worst cases. This can make hypothyroidism to be an elusive
disease, difficult to diagnose at first instance [115, 116]. However, after diagnosis, hypothyroidism treatment is specifically addressed (replacement
treatment with synthetic thyroxine) and able to ensure a good life-quality.
Different levels of classifications exist for this disease, depending on its specific time of onset, the anatomical location of the endocrine pathology and
its severity. Hypothyroidism could be congenital, if it is already present at
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birth, or acquired if it develops after birth under the influence of both genetic
and/or environmental factors. Endocrinologists also refer to primary hypothyroidism if the thyroid gland itself is the affected organ and to central hypothyroidism if the hypothalamic-pituitary-thyroid axis is defective and
leads to a suboptimal tuning of the hormones regulating the thyroid function.
Lastly, depending on how severe the disease manifestations are, this disease
could be classified as overt or subclinical hypothyroidism [116].
The synthesis of functional thyroid hormone is dependent on iodine. In
geographic areas with insufficient natural and supplementary iodine, its
scarcity is the major cause for the development of congenital, but also acquired, hypothyroidism [117]. However, in the developed countries where
iodine supplementation or its intrinsic presence in the environment is sufficient, congenital hypothyroidism is a rare and sporadic disorder. Cases of
congenital hypothyroidism have also been associated with mutations in
genes encoding proteins and transcription factors participating in the thyroid
function and regulation [116, 118].
In western countries, epidemiological surveys have estimated the prevalence of hypothyroidism to be around 2-5% in the general population; autoimmune hypothyroidism, defined as Hashimoto’s thyroiditis (HT), accounts
for the great majority of these cases [116]. HT generally occurs more often
in women than in men, who have around seven-fold lower risk. Furthermore,
HT incidence increases during middle age. Categories of individuals with an
increased risk of developing HT are post-partum women and individuals
with a familiar history of HT or other autoimmune disorders (e.g. type 1
diabetes, autoimmune Addison’s disease, vitiligo, coeliac disease and
Sjögren’s syndrome) [109, 116, 119, 120]. Together with HT, Graves’ disease (GD) is included in the organ specific autoimmune disorder broadly
defined autoimmune thyroid disease (AITD) [121]. Briefly, GD is characterized by an increased production of thyroid hormone due to the presence of
autoantibodies against thyroid-stimulating hormone receptor (TSHR), resulting in thyroid hormone overexpression. The overproduction of thyroid hormone leads to clinical symptoms including goitre, increased metabolism rate,
weight loss and exophthalmos. Therapies with anti-thyroid drugs, as well as
destruction of the thyroid gland by using radioiodine or thyroidectomy, are
common treatments for GD. Therefore, originally hyperthyroid individuals
may also be dependent on lifelong supplementation with thyroid hormones.
In HT, autoantibodies primarily against thyroid peroxidase (TPO), but also against Tg, could be found in almost all the cases. However, a small fraction of patients could be characterized by complete absence of autoantibodies, which could represent an end-stage of the disease. Moreover, autoantibodies to thyroid antigens might be detected before the actual onset of HT
and be present in clinically healthy individuals. This is probably due to individual overall biological variability, as well as to the extreme complex nature of the disease, but no consensus exists regarding the possible reasons for
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such physiological exceptions [116, 122]. HT develops when the selftolerance to specific thyroid proteins is broken. In this context, autoantibodies against the thyroid molecules are produced and thyroid is infiltrated by
lymphocytes and other immune-cells, thus leading to the gland destruction
[116, 123]. Although many hypotheses have been proposed, the cause for the
self-tolerance loss is still unknown [119, 123]. HT diagnosis firstly relies on
the evaluation of a number of clinical signs, which include a wide range of
dermatological, metabolic and behavioural modifications, in addition to a
basic anamnesis and familiar history assessment. The clinical examination is
always supported by biochemical tests, in which characteristic serological
parameters reflecting the thyroid function are measured. Laboratory analysis
targets include TSH, free T4, autoantibodies against TPO and Tg, and in
some cases T3 that may help in the alternative diagnosis of non-thyroidal
illness [116, 124].
Disease family history and disease concordance in twin studies indicate a
substantial genetic susceptibility underlying HT [125-128], with the latter
providing at the same time evidences of an important role of the environment in triggering the disease development. Specific environmental risk
factors for HT include iodine and selenium intake, as well as Interferon alpha treatment [123]. Genetic studies have shown that certain polymorphisms
in thyroid-specific genes either confer susceptibility to AITD or uniquely
predispose to one of the AITD clinical manifestations (i.e. HT and GD). One
of the genes associated to AITD is TG, which encodes the protein thyroglobulin [129]. Another thyroid-specific gene, TSHR, has been uniquely
associated to GD [130]. Conversely, other polymorphisms located in thyroid
non-specific genes increase the risk of general autoimmunity, being associated with AITD and other autoimmune diseases. Among this category, candidate gene approaches were able to identify associations with HLA class II
(HLA-DR3, HLA-DR4 and HLA-DR5) [131-134], CTLA4 [135] and
PTPN22 [55, 136], which all participate in the immunological synapse.
CTLA4 (cytotoxic T-lymphocyte antigen 4) plays a role in inhibiting T-cell
activation, whereas PTPN22 (protein tyrosine phosphatase, non-receptor
type 22) is involved in T-cell signal transduction. Other genes in this category are IL2RA (interleukin-2 receptor alpha) [137], FOXP3 (forkhead box P3)
[138] and CD40 [139]. GWA studies have confirmed known AITD susceptibility loci, as well as identified novel major associations, including, FCRL3
(Fc receptor-like protein 3) [140, 141] and HLA class I [141]. The Immunochip has given an additional boost to the search for additional AITD susceptibility loci and has led to the detection of BACH2 (BTB Domain And
CNC Homolog 2), MMEL1 (Membrane Metalloendopeptidase Like 1),
TRIB2 (Tribbles Pseudokinase 2), LPP (LIM Domain Containing Preferred
Translocation Partner In Lipoma), PRICKLE1 (Prickle Planar Cell Polarity
Protein 1) and ITGAM (Integrin Subunit Alpha M) [142]. A more recent
GWA study meta-analysis reported MAGI3 (Membrane Associated Guanyl27

ate Kinase, WW And PDZ Domain Containing 3) as being associated with
AITD [143]. Nevertheless, according to the NHGRI-EBI catalog of published GWA studies, VAV3 (Vav Guanine Nucleotide Exchange Factor 3) is
the only gene statistically significantly and uniquely associated with HT
[144].
Canine hypothyroidism
In dogs, hypothyroidism is a very common disorder, which in almost all the
cases manifests itself as primary hypothyroidism (i.e. the thyroidal gland
being directly affected) [145, 146]. Mutations leading to a rare congenital
hypothyroidism have also been described in Toy Fox and Tenterfield Terriers [147, 148], but this disease form is extremely sporadic and uncommon.
Hypothyroidism is in the great majority of the cases represented by canine
lymphocytic thyroiditis, also known as autoimmune hypothyroidism [149151]. Autoimmune hypothyroidism is described as the immune-mediated
destruction of the thyroid gland after the invasion of B- and T-lymphocytes,
which eventually leads to the loss of thyroid function and overt clinical
signs. Thyroglobulin autoantibodies (TgAAs) are present as major determinants of autoimmunity [149-152]. Canine hypothyroidism might also be
caused by thyroid idiopathic atrophy, which is characterized by a degenerative nature rather than an autoimmune event. Nevertheless, it was hypothesized that this atrophic form could represent the end stage of autoimmune
hypothyroidism [146]. Hypothyroidism is a widely-spread disorder in dogs,
with several breeds having an increased risk of developing it. According to
different health surveys and epidemiological studies, several medium-large
size purebred dog breeds have been suggested as highly predisposed to develop hypothyroidism. These include the Beagle, Boxer, Doberman Pinscher, English Setter, Giant Schnauzer, Gordon Setter, Hovawart, Old English Sheepdog and the Rhodesian Ridgeback [152-157]. The disease also
notably occurs within families, overall suggesting the presence of hereditary
components [158]. The genetics underlying canine hypothyroidism has not
been studied extensively, and only a few heritability estimates have been
reported. These include values equal to 0.2 – 0.3 in the Beagle [153, 159]
and approximately 0.5 in a Finnish population of Hovawart [160]. Canine
hypothyroidism represents a promising model for human HT because of
shared clinical manifestations [152], biochemical modifications and disease
progression characteristics [146]. It is worth mentioning that hyperthyroidism is rare in dogs, thus suggesting the presence of unique genetic determinants for hypothyroid disease in this species.
The dog leukocyte antigen (DLA) class II gene cluster was the first locus
found to be associated with canine hypothyroidism [161, 162]. However,
similarly to the scenario seen in humans, variability at the DLA class II
genes does not account for all the susceptibility of the disease in all the
breeds. This suggests a complex nature of the disease, with several genetic
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factors involved. Furthermore, each DLA variant moderately contributes to
the overall risk of developing the disease [146]. In contrast to human hypothyroidism, which has been genetically characterized with the discovery of
additional loci associated with the disease susceptibility, very little is known
regarding the genetics behind development of canine hypothyroidism. Consistently with human HT description, yet unknown environmental triggers
have also been included in the canine disease description. Canine hypothyroidism represents an insidiously progressive disease, with diagnosis not
always immediate. However, when correctly diagnosed, canine hypothyroidism is promptly treated with a replacement therapy based on synthetic thyroxin. In dogs, the diagnosis of hypothyroidism is based on similar phenotypic and serological parameters as those in humans. Characteristic behavioural (lethargy, depression), dermatological (hair loss, dry skin, poor fur
quality) and metabolic changes (weight gain, weakness, cold intolerance) are
evaluated together with the measurement of peculiar functional thyroidspecific circulating molecules, such as TSH, free T4 and TgAA [146].
Additional insights into canine hypothyroidism genetics and etiology are
highly desirable, even though the disorder is easily treated with artificial
thyroid hormone replacement therapy. One of the reasons is the possibility to
develop a genetic test to be used in breeding practices, especially before the
dogs’ breeding debut. Testing dogs at high risk of developing canine hypothyroidism prior to their use in breeding would allow breeders to select those
dogs with lower disease genetic susceptibility even before the manifestation
of any clinical signs, eventually resulting in the elimination of the risk allele(s) from the general population. Moreover, novel loci that increase the
susceptibility of canine hypothyroidism could also potentially be shared with
humans and could explain a fraction of the missing heritability that characterizes the human counterpart of this disease.

Autoimmune Addison’s disease
Human autoimmune Addison’s disease (AAD) is a rare and potentially lifethreatening endocrine disorder deriving from the autoimmune destruction of
adrenal cortex cells, which is the major cause of primary adrenal insufficiency [163]. However, other causes that can lead to primary adrenal failure include tuberculosis, human immunodeficiency virus (HIV), haemorrhage and
metastatic malignancies. In AAD patients, the cortical cells of the adrenal
glands fail to produce their characteristic hormones derived from cholesterol:
cortisol that regulates stress management and immune response, aldosterone
that regulates blood pressure and the excretion of specific mineral ions in the
kidneys, as well as the androgenic hormones androstenedione and dehydroepiandrosterone [164]. If AAD is not treated with cortisol replacement, it may
result in the so-called Addisonian crisis, which is a condition of severe adrenal insufficiency that could be eventually lethal [165].
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The prevalence of AAD in Caucasians is approximately 100 per million,
with differences among distinct geographic areas. Moreover, AAD incidence
has been increasing during the last decades [166-172]. Women have a higher
risk of developing AAD, which generally appears at middle age in most of
the cases [167, 173]. AAD symptoms are mainly non-specific, including
fatigue, abdominal pain, hypotension and nausea. However, characteristic
hyperpigmentation, salt craving and loss of libido in women represent symptoms described in most of the patients [174]. In AAD patients, the autoimmunity hallmark is represented by the presence of the autoantibodies against
21-hydroxylase (21-OH), which are detected in 86% of the cases [165, 167,
174]. AAD generally progresses through different stages: in the earliest stage
patients are characterized by the presence of the specific autoantibody,
showing neither adrenal-specific dysfunction nor clinical signs. In the following sub-clinical stage clinical manifestations are still absent but the adrenal function is progressively affected, thus causing decreased adrenocortical hormone production and subsequent increased level of circulating adrenocorticotropin [175]. In clinical AAD, the disease symptoms appear when
the adrenal function is almost completely compromised. AAD diagnosis
generally relies on the presence of autoantibodies against 21-OH [176].
An extremely complex phenotype characterizes AAD. This disease could
manifest itself either as isolated AAD, or as a part of an autoimmune polyendocrine syndrome (APS) [177]. APS-1 is a rare disorder, with varying
prevalence in different populations. APS-1 is a Mendelian disease with an
autosomal-recessive mode of inheritance, resulting from mutations in the
AIRE (Autoimmune Regulator) gene. APS-1 clinical picture mainly includes
adrenal insufficiency, chronic mucocutaneous candidiasis and hypoparathyroidism. Autoantibodies are also detected in APS-1, but they are mainly
against a mitochondrial cytochrome P450 enzyme that acts on cholesterol
[174]. Approximately half of AAD patients simultaneously develop AITD
and/or type 1 diabetes, which is described as APS-2 [178]. Besides AAD,
APS-2 patients might develop other autoimmune disorders such as pernicious anaemia, vitiligo and primary hypogonadism. Isolated AAD and AAD
in the APS-2 context may be considered as the same entity. They have a
complex genetic nature, in which different genes and combination of susceptibility variants, in addition to environmental factors, are likely to play a role
in disease development [175, 179].
AAD shows high concordance rates in twin studies and aggregation in
families, thus suggesting a strong genetic contribution underlying its development [180-185]. Moreover, the different autoimmune diseases clustering
in individuals affected by AAD and in their relatives suggest the presence of
shared susceptibility loci for these disorders. Apart from the well-established
associations with the HLA complex, the loci that have been further associated with complex AAD underlie autoimmune diseases comorbid with AAD,
thus confirming the potential presence of a shared etiology. These loci in30

clude, CTLA4, PTPN22, FCRL3, CIITA (Class II Major Histocompatibility
Complex Transactivator), NLRP1 (NLR Family Pyrin Domain Containing
1), VDR (Vitamin D receptor), CYP27B1 (Cytochrome P450 Family 27 Subfamily B Member 1) (102half), STAT3 (Signal Transducer And Activator Of
Transcription 3) and GATA4 (GATA Binding Protein 4) [179, 186]. However, these associations explain only a modest proportion of the genetic contribution to AAD. The detection of these susceptibility loci has relied on a candidate gene approach in small sample cohorts, thus not allowing an independent, highly powered and completely unbiased genomic scan of the entire
genome. It is therefore desirable to take up such studies using larger cohorts
of AAD patients, which might be difficult for such a rare disease, unless
long-term projects are financially supported.
Dogs spontaneously develop AAD, which has the same clinical manifestations as the human counterpart of the disease. Dog breeds with high AAD
prevalence include the Bearded Collie, Nova Scotia Duck-tolling Retriever,
Portuguese Water Dog and the Standard Poodle [187]. The high disease susceptibility in these breeds and the characteristic aggregation in families
strongly support a genetic aetiology for canine AAD. Pedigree studies have
estimated disease heritability equal to 0.49 in Portuguese Water Dog, 0.76 in
Standard Poodle and 0.98 in Nova Scotia Duck-tolling Retriever [188-190].
DLA and CTLA4 have also been associated with canine AAD, suggesting an
immunogenetic aetiology shared with humans [191, 192]. However, no specific autoantibodies against adrenal gland molecules (for example against
21-OH) have been identified [193], thus suggesting a heterogeneous nature
of canine AAD, with some breeds having the autoimmune form of the disease and others being characterized by developmental defect of steroidogenesis. Recently, Friedenberg and colleagues [194] failed to detect a single,
major locus associated with canine AAD after performing a well-powered
GWA analysis (61 cases and 72 controls) in the Standard Poodle, thus confirming the hypothesis of canine AAD being highly heterogeneous. Nevertheless, the fixation of the AAD causative loci in the Standard Poodle could
alternatively explain the negative outcome of such GWA analysis. Overall,
this might suggest that genetic studies of human AAD could be useful for
research in dogs, but not vice versa.
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Aim of the thesis

The overall goal of this thesis was to expand our knowledge regarding the
genetic background of immune-mediated diseases. The research presented
here aims at unraveling novel and confirming known genetic loci underlying
two immunological diseases by using a disease animal model, the domestic
dog, as well as humans.
In particular, specific goals were the following:
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•

To investigate canine hypothyroidism as a model for human Hashimoto’s thyroiditis in high-risk dog breeds in order to identify new
and confirm known genetic factors underlying the disease (Paper I
and Paper II).

•

To identify novel and confirm established genes associated with the
development of autoimmune Addison’s disease in humans (Paper
III).

Present investigations

Papers I and II: Canine hypothyroidism as a model for
human Hashimoto’s thyroiditis: disease mapping in
high-risk dog breeds
Background
Disease phenotype, prevalence and diagnostic considerations
Canine hypothyroidism is a complex clinical condition and represents one of
the most common endocrinopathies in the domestic dog. If we exclude rare
cases of congenital hypothyroidism characterized by dwarfism and/or goiter,
as well as other sporadic thyroid disorders such as central hypothyroidism,
primary hypothyroidism accounts for the great majority of cases of this disease in the domestic dog. The most common cause of primary hypothyroidism is lymphocytic thyroiditis, which is characterized by the progressive
autoimmune destruction of the thyroid gland. Thyroid idiopathic atrophy has
been recognized as an alternative cause of primary hypothyroidism, even
though it might reflect the final stage of autoimmune hypothyroidism. Several dog breeds have an increased susceptibility to hypothyroidism compared
to the general dog population in which the disease prevalence has been estimated to be lower than 1% [195]. For example, epidemiological studies have
shown a significantly higher prevalence of hypothyroidism in the Swedish
Hovawart (13%) and Giant Schnauzer (16%) cohorts, as well as in the Beagle (16%) and in the Gordon Setter (3%) [153, 195-197]. Other breeds, such
as the Rhodesian Ridgeback, have also been described with significantly
increased prevalence of hypothyroidism specific autoantibodies [149]. Furthermore, hypothyroidism typically aggregates in pedigrees, overall suggesting a major role of genetic determinants in disease etiology.
Similarly to dogs, the majority of the primary hypothyroidism cases in
humans derive from autoimmune hypothyroidism, also known as HT [198].
HLA has been associated with autoimmune hypothyroidism in humans, and
correspondingly DLA has been associated with increased susceptibility to
hypothyroidism in high-risk dog breeds. Moreover, canine and human hypothyroidism show striking similarities, including disease etiology, clinical
symptoms and disease progression, thus corroborating the effectiveness of
the domestic dog as a spontaneous animal model [146, 151].
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In general, the onset of canine hypothyroidism appears at middle age, although in high-susceptibility breeds the highest risk is at a younger age [199].
The clinical symptoms of canine hypothyroidism are usually non-specific
and often involve a wide range of indefinite abnormalities, thus complicating
disease diagnosis. Serological measurements of thyroid-specific molecules
are routinely employed in veterinary clinics for the diagnosis of hypothyroidism. However, there are other factors that might affect the concentration
of these molecules, thus complicating the diagnosis. In dogs, the diagnostic
test assessing TSH has high specificity but low sensitivity [200]. High concentrations of TSH can confirm the diagnosis of hypothyroidism, but normal
levels of TSH cannot exclude the disease [200, 201]. However, it has been
shown that TSH concentrations are more likely to remain within reference
range in non-thyroidal illnesses [202, 203]. A fraction of hypothyroid dogs
might have the concentration of T4 within reference range because of the
presence of autoantibodies against T4; furthermore, T4 concentrations might
decrease as a result of aging, as well as certain non-thyroidal diseases and
drugs. Conversely, free T4 levels are less affected by extra-thyroidal perturbing factors [146, 202, 204, 205]. The serological test for TgAA is characterized by low sensitivity but in general good specificity. This test usually confirms the diagnosis of autoimmune hypothyroidism, although these autoantibodies might be present even before clinical disease manifestations and absent during the disease end-stage [146, 149, 206].
For all these reasons, the diagnosis of hypothyroidism might be a true
challenge, thus requiring, when possible, a comprehensive diagnostic panel
comprising of thyroid specific serological measurements and expert evaluation of clinical signs.
Study design
Canine hypothyroidism has not been extensively dissected from a genetic
point of view. Genetics clearly plays an important role in the hypothyroidism
etiology as demonstrated by the extent of disease aggregation in pedigrees
and breed-specific disease susceptibility. However, very few genetic studies
have been carried out. For instance, potential factors hampering genetic studies in dogs might be sample collection and presence of considerable cryptic
relatedness, as well as phenotyping when the disease shows extreme clinical
complexity. What we currently know about the genetics of canine hypothyroidism results from a few candidate gene studies that have detected associations with DLA in a number of dog breeds [155, 161, 162, 197, 207]. However, genetic variation at this locus explains neither the entire underlying risk
in specific dog breeds nor the genetic susceptibility shared among breeds.
Furthermore, candidate gene studies show intrinsic limitations that might
affect the analytical outcomes.
Evidently, there is a need for unbiased studies based on genome-wide
scans in order to gain insights about the genetics of canine hypothyroidism.
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When the sequencing of the dog genome was completed and the foundations
of the current canine genomic research were being built, it was hypothesized
that a GWA study of 100 cases and 100 controls would be sufficient to reliably map an allele conferring a fivefold risk to develop a complex disease
[31]. However, researchers have successfully mapped osteosarcoma, systemic lupus erythematosus (SLE)-related disease, cardiomyopathy and atopic
dermatitis using fewer than 200 dogs [27, 113, 208, 209].
NGS technology allows the detection of all polymorphisms present in
coding and non-coding regions, thus representing a great analytical support
to the current well-established, cost-effective and time-efficient GWA mapping approach. NGS indeed facilitates fine mapping and permits the eventual
discovery of potential causative mutations, which is the ultimate goal of
genomic screenings.

Paper I: A shared susceptibility locus for canine hypothyroidism
identified through a multi-breed genome-wide association
analysis
Study samples and phenotyping
Blood and serum samples were collected from three dog breeds with high
susceptibility to develop canine hypothyroidism. These three breeds were the
Gordon Setter (GS), Hovawart (HV) and the Rhodesian Ridgeback (RR). GS
samples (n=165) were collected in Norway, HV samples (n=74) were obtained from different European countries, whereas RR samples (n=92) were
all collected in the United States of America. All dogs were categorized into
cases or controls according to clinical diagnoses evaluated by expert veterinarians. Further, the clinical disease phenotype had to be supported by thyroid specific serological measurements, such as increased levels of TSH (>
40 mU/L) and reduced levels of free T4 (< 7 pmol/L), whereas controls had
to be older than seven years. Cases with other potentially impairing conditions, as well as controls with other immunological diseases, were excluded
after a review of clinical data and/or questionnaires completed by the dog
owners. Data were harmonized according to shared diagnostic criteria, since
the samples presented distinct analytical spectra and were based on specific
reference ranges according to national laboratory standards.
Analysis and results
We genotyped all case and control samples using ~170,000 SNP markers
(Illumina 170K HD BeadChip) and, after data quality control (QC), we performed an association analysis in each dog breed separately. In every GWA
analysis, we employed a mixed model approach that is able to correct for
both population structure and cryptic relatedness. Considering that HV samples had different geographic origins, we wanted to assess whether this
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would have resulted in the presence of any structure in the population. For
HV, we therefore created a vector reflecting the most probable number of
clustering sub-populations and we used this vector in the mixed model. In
order to test the statistical significance of the breed-specific association
analyses, we set different significance levels: empirical genome-wide significance after 1,000 permutations and empirical 95% confidence intervals of
the markers distribution. The multi-breed GWA analysis detected a common
peak of association on Canis familiaris autosome (CFA) 12 (Paper I, Figure
2a-2c). We found a statistically significant association in GS and HV,
whereas a suggestive association in RR (Paper I, Figures 1d-1f and 2a-2c).
The top associated SNP effect had the same direction and approximately the
same magnitude in all the breeds: the odds ratios (ORs) were ranging from
3.4 in RR to 5 in HV (Paper I, Table 1). Population stratification was not
present in any of the breeds as demonstrated by the λ values of the associations (GS=1.019; HV=0.995; RR=0.996) and also by the multidimensional
scaling plots where the case and control samples clustered homogenously
(Paper I, Figure 1). In each breed, we used LD to locate the regions of association based on squared coefficients of correlation values (r2) ≥ 0.7 between
each breed specific GWA top SNP and SNPs in CFA12. This resulted in the
definition of a ~2.5 Mb region of association shared by the three breeds and
corresponding to the associated region in HV (Paper I, Figure 3). We then
decided to perform a fixed effect meta-analysis assuming the presence of a
shared genetic effect being the same in the different breeds. The metaanalysis identified a top associated SNP (p=2.1x10-11) located within the
shared associated locus (Paper I, Figure 2d). After phasing the genotypes of
the overlapping associated region, risk haplotypes in cases (two) and nonrisk haplotypes in controls (nine) were defined in each breed separately according to the meta-analysis top SNP genotype. By identifying the recombination breakpoints of the risk haplotypes, we defined the minimal risk haplotype, and the corresponding non-risk haplotype, shared across breeds. This
shared risk haplotype spans ~167 Kb and harbors three genes (Paper I, Figure 5). The minimal shared haplotype is tagged by two SNPs that were tested
for association with the disease phenotype as both haplotypes and genotypes.
We detected a significant enrichment of the risk haplotype, as well as the
two SNPs risk genotypes, in cases versus controls, both in each breed separately and across breeds (Paper I, Table 2).
Discussion
In this study, we presented the first GWA study of canine hypothyroidism.
In the past, mapping efforts focused on associating this disease to genetic
variation detected in genes linked to the human disease counterpart (i.e. candidate gene studies). With this unbiased study we sought to identify novel
genetic risk factors increasing disease susceptibility in three high-risk
breeds. Moreover, we tested the possibility of a genetic locus being shared
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between different dog breeds. For the first time a risk haplotype contributing
to a complex disease was detected across different dog breeds and subsequently confirmed as shared via meta-analysis. Our analysis was grounded in
the two-stage mapping strategy suggested by Karlsson and colleagues [210],
in which a causative locus could be firstly mapped in one breed and subsequently fine mapped in a second breed sharing the same phenotype and IBD
causative variant(s). However, we complemented this approach with metaanalysis, which is an alternative mapping methodology widely employed in
human genetics. The integrated multi-breed GWA and meta-analysis strategy allowed the discovery of a shared ~167 Kb risk haplotype on CFA12; this
haplotype was enriched across the affected dogs and emerged to be independent of the nearby DLA locus. This suggested that either this risk haplotype might represent an additional susceptibility locus for hypothyroidism,
or that previous candidate gene study associations with DLA in high-risk
breeds might have resulted from high LD with this risk haplotype in the used
breeds.
The identified haplotype harbors three genes (LHFPL5, SRPK1 and
SLC26A8) that have not previously been associated with hypothyroidism.
These findings could lead the way to the description of entirely novel pathways and mechanisms playing a role in hypothyroidism etiology. LHFPL5 is
a gene encoding for lipoma HMGIC fusion partner-like 5. Mutations in this
gene cause deafness in humans [211, 212], and in mice [213]. SRPK1 encodes a serine/arginine protein kinase specific for the serine/arginine-rich
domain family of splicing factors, and it has been shown as being an important factor in tumorigenesis [214], viral infection [215, 216] and apoptosis [217]. SLC26A8 (solute carrier family 26 member 8) is a member of the
SLC26 gene family of anion transporters. Variants in one member of this
gene family, specifically in SLC26A4, have been shown to cause Pendred
syndrome, a genetic disorder characterized by goiter and sometimes also
hypothyroidism [218]. Nevertheless, it is possible that putative variants within the haplotype regulate the function of genes located outside this locus,
since non-coding functional elements are found within the identified region.
The divergence between the size of the breed-specific associated loci, as
well as the shared risk haplotype, and the theoretical length of the haplotypes
within and across dog breeds, suggested the presence of potential selection
targets in the identified risk haplotype. However, there were no domestication selection sweep signals in the risk haplotype when comparing the
wolves and the dogs included in the study conducted by Axelsson and colleagues [37]. On top of that, the wolf population employed by Axelsson and
colleagues [37] lacked the identified hypothyroidism risk alleles. Conversely, these susceptibility alleles have been identified in low-risk dog breeds.
This overall suggested the origin of the identified hypothyroidism risk factor
after domestication and prior to breed creation.
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In conclusion, we demonstrated the remarkable potential of the integrated
multi-breed GWA and meta-analysis methodology for the detection of genetic loci underlying complex diseases in dogs. These findings might eventually
be implemented and translated in veterinary and human clinical practices in
order to promote not only dogs’ health, but also our wellbeing.

Paper II: The type I Interferon gene cluster is associated with
canine hypothyroidism
Study samples and phenotyping
Blood and serum samples were collected from 115 Giant Schnauzer dogs
after acquiring owners’ written consent. Sampling was organized and carried
out in collaboration with licensed veterinarians throughout Sweden. A comprehensive diagnostic panel of thyroid specific serological measurements
was obtained for all study samples. More specifically, we determined serum
concentrations of TSH, free T4 and TgAA. All dogs were categorized into
cases or controls according to predetermined diagnostic criteria and reference ranges (Table 1) in conformity with earlier studies conducted by our
group [162, 196]. Furthermore, cases and controls with additional immunerelated conditions were excluded based on a follow-up evaluation of clinical
data and/or questionnaires answered by dog owners.
Table 1. Diagnostic criteria used to classify case and control dogs (TgAA= thyroglobulin autoantibody, TSH=thyroid-stimulating hormone, T4=thyroxine,
POS=positive, NEG=negative)
Phenotype

Diagnostic criteria

Case
Control

TgAA POS and/or TSH ≥ 40 mU/L
TgAA NEG, TSH ≤ 25 mU/L, free T4 ≥ 5pmol/L, age ≥ 7 years

Analysis and Results
Following genotyping with the Illumina 170K HD BeadChip array, we performed a GWA analysis in 71 cases and 36 controls resulting from the data
QC and filtering steps. We used a mixed model to adjust for potential confounders and two statistical significance levels (empirical genome-wide significance after 1,000 permutations and 95% empirical confidence intervals
of the SNPs distribution) to evaluate the reliability of the association. We
identified a locus suggestive for association on CFA11 conferring protection
against canine hypothyroidism (OR=0.15) (Paper II, Figure 2). The candidate locus was defined as spanning ~8.9 Mb based on pairwise LD estimates
(r2 ≥ 0.8) of the top SNP to the rest of the markers on CFA11 (Paper II, Figure 3). We then performed Illumina pair-end short reads whole-genome
38

resequencing (WGS) for individuals (n=23) representing the key haplotypes
as detected by the GWA analysis. One control dog homozygous for the protective allele and two cases homozygous for the opposite non-protective
allele were sequenced at high coverage (HC), resulting in 46X genome average coverage. Additionally, 10 controls heterozygous for the protective allele
and 10 cases homozygous for the opposite non-protective allele were sequenced at low coverage (LC), resulting in 6.8X genome average coverage
(Paper II, Table S1). After alignment and variant calling, we selected single
nucleotide variants segregating in the HC samples and located in the region
of association. Out of these ~13,000 selected variants, 740 were prioritized
according to their functional potential (effect on the translated amino acid
sequence, overlap with conserved elements and specific predicted transcripts
and promoters) (Paper II, Table S2). The prioritized breed-specific variants
were re-genotyped in the GWA sample set (n=96) using Sequenom technology in order to fine map the region of association. We also imputed the genotyped variants in the missing samples (n=11). We then performed a new
association analysis using a comprehensive dataset composed of all samples
(n=107) and all genotyped and imputed variants. We identified a statistically
significant association to the same CFA11 protective locus, which was narrowed down to ~4.18 Mb (Paper II, Figures 5 and 6a). By screening the fine
mapped region of association for the presence of structural variants in the
sequenced individuals, we detected a putative copy number variant (CNV)
consistently segregating with the identified protective locus (Paper II, Table
S6). The putative CNV was detected by the CNVnator software in the HC
samples (Paper II, Table 4) and was confirmed in the LC case and control
groups by comparing their average normalized coverage in 1 Kb windows
(Paper II, Figure 6c-d). The predicted putative CNV overlaps the upstream
region of the Interferon alpha7 (IFNA7) gene (Paper II, Figure 6e).
Discussion
In this study, we detected a wide region of association on CFA11 conferring
protection against canine hypothyroidism. The long associated locus could
either derive from selection of another desirable variant that has hitchhiked
the putative protective mutation, or from a recent mutational event in the
Giant Schnauzer breed. The non-protective allele at the GWA analysis top
SNP is fixed in the wolf population employed by Axelsson and colleagues
[37], thus representing the potential ancestral allele. In connection to the
results of Paper I meta-analysis, we also evaluated the CFA12 risk locus
tagging SNP genotypes in the Giant Schnauzer cohort. In Giant Schnauzer,
this tagging variant segregates and the risk allele shows higher frequency in
controls than cases, suggesting either absence of the causative risk variant in
this breed or the occurrence of recombination events between this risk tagging variant and the actual causative allele in the Giant Schnauzer dogs.
Moreover, we hypothesize that the protective locus on CFA11 identified in
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this study does not hide the effect of the risk variant identified in Paper I,
suggesting the absence of this susceptibility locus in the Giant Schnauzer.
Overall, these findings corroborated the hypothesis of a complex etiology
underlying canine hypothyroidism.
In general, the high LD levels present within individual dog breeds simplify the initial mapping of a causative genetic region due to the limited analytical requirements in terms of number of individuals and markers; however, this complicates the eventual identification of the causative mutation(s).
Our study demonstrated the benefit gained by the detection and the genotyping of additional segregating breed specific variants when the objective is to
fine map long regions of association. This is valid when an additional dog
breed sharing the same IBD candidate locus is not available, and particularly
beneficial when disease mapping is performed in breeds not included in the
design of the Illumina 170K HD BeadChip array, which represents the current gold standard for canine GWA studies.
The predicted putative CNV segregating with the protective locus in the
resequenced samples is located in the upstream region of the IFNA7 gene,
thus potentially altering its expression. The IFNA gene family belongs to the
type I IFN genes, which encode proteins with functions involved in protecting the body from viral infections and in regulating the activity of effector
immune cells. Increased serum type I IFNs activity has been detected in
patients with AITD [219]. Moreover, type I IFNs, particularly IFNA, have
also recently emerged as key molecules in the etiology of a systemic autoimmune disease called systemic lupus erythematosus (SLE) [220-223]. A
number of studies have shown a high incidence of hypothyroidism after IFNA-treatment in patients with hepatitis C virus infection [224]. Similarly,
pre-existing AITD has been shown to exacerbate in response to IFNA treatment [225]. Remarkably, type I IFNs have been extensively associated to
human autoimmune hypothyroidism and general autoimmunity.
However, due to the high genomic complexity of the associated region
identified in our study, further sequencing and annotation efforts are required
to validate the putative CNV and its function in the context of type I IFN
activity and autoimmunity. Although significant efforts have been made in
order to improve the dog reference genome (Canfam3.1) assembly and annotation [226], our study pointed out several issues characterizing Canfam3.1
in our region of interest. Some genomic regions, including our associated
locus, appear to be still problematic and difficult to extricate; we thus highlight these regions as potential targets for future work to be carried out by
the canine genomics community.
In conclusion, with this study we expanded the knowledge about the genetic basis of canine hypothyroidism and we posed a striking link with the
human counterpart of the disease, thus confirming the effectiveness of the
domestic dog as disease animal model.
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Paper III: Disentangling the genetic complexity of
human autoimmune Addison’s disease: identification of
BACH2 as a novel susceptibility gene through targeted
resequencing
Background and study design
With the advent of NGS, the study of human complex diseases has entered a
stage in which it has been possible to screen the genome with an unprecedented high resolution. The Human Genome Project and the early large-scale
resequencing efforts have led to the establishment of GWA studies, which
permit the assessment of how common variation is associated with disease
phenotypes. However, this approach is theoretically only able to guide us
towards the detection of associated genetic loci rather than causative mutations. The recognition that common variants have relatively small effects on
disease genetic susceptibility and are unable to entirely explain the disease
genetic variance has accelerated the transition towards applications based on
direct NGS practices. WGS allows geneticists to efficiently detect the whole
spectrum of genetic variation at the single base-pair resolution.
When NGS applications were starting to be employed in disease genetics
studies, WGS was still economically inaccessible for a large fraction of the
laboratories across the world. At this stage, whole-exome sequencing (WES)
represented a cost-effective alternative to WGS. In WES, all coding exons
are targeted, thus allowing the detection of functional variants that have a big
impact on the translated protein amino acid sequence. WES produces approximately one hundred times less data than WGS does at the same coverage, thus reducing the burden for data storage, management and analysis.
Moreover, it could be strategic to sequence more samples with WES, thus
gaining statistical power, rather than to sequence the complete genome of
few samples. However, the big limitation of WES is intrinsic to its design.
Apart from a few very recent developments of extended arrays, a typical
WES design neglects all the classes of regulatory elements and non-coding
genes. However, genetic variation at these loci has been strongly associated
with the aetiology of complex diseases.
Even before the first reported WES application [227, 228], our group developed a sequence capture array to be used in genetic studies of immunemediated diseases. The array was designed targeting 1853 genes involved in
immune function, inflammation and autoimmunity. The list of genes included in the array was compiled based on candidate loci identified in GWA
studies of immune-mediated diseases, as well as based on their known functional role in immune responses. Additional genes were selected based on a
systematic evaluation of molecular pathways involved in immune function.
The array also included genes causing monogenic adrenal disease. The array
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targeted a few hundred genes preliminarily identified by our group in early
canine disease genetics studies, thus emphasizing the possibility of promptly
translating the knowledge that we gain in studies using the domestic dog into
human research. The genomic coordinates of all alternative transcripts were
retrieved from NCBI36/hg18 human genome assembly. For each transcript,
the target encompassed the following regions of interest: 5’ and 3’ UTRs,
coding exons, potential promoter regions identified as 2 Kb upstream and
downstream the transcription start site, as well as splice sites identified as 20
bp of intronic sequences flanking the exons. Moreover, the target included a
selection of potentially regulatory elements located within 100 Kb upstream
and downstream, as well as overlapping the genes. These elements were
defined according to 29 mammals’ conservation score, using SiPhy LODscore higher than 7 as a proxy [229].
The targeted resequencing array we developed was somewhat pioneering
because its design integrates the advantages offered by both WES and WGS.
Moreover, differently from the genotyping of associated variants (i.e. Immunochip), it allows the detection of variants located in potentially novel disease candidate genes and theoretically covering the whole spectrum of allele
frequencies.
In any genetic study aiming at mapping a certain complex disease, the
likelihood of successfully pinpointing a disease susceptibility locus considerably increases with the degree of phenotypic homogeneity among the patients. Although it might result in reduced sample sizes, correct phenotype
definitions can enhance the power of detecting susceptibility loci due to a
decreased dilution of the associated genetic effects. Autoimmune Addison’s
disease (AAD) diagnosis can be confirmed with a serological marker that
represents the autoimmune hallmark in AAD patients, namely 21-OH autoantibodies. 21-OH autoantibodies are present in the great majority of AAD
patients, and can be detected with a specificity of approximately 95%, thus
making AAD patients an extremely homogenous disease group. The Swedish Addison Registry (SAR) is one of the world’s largest AAD biobanks,
currently comprising of more than 700 samples [166]. SAR includes a
wealth of detailed clinical information and comprehensive serological data
that greatly facilitate the disease phenotyping. All the AAD patients included
in our study were obtained from SAR and were conforming to the diagnostic
criteria for primary adrenal insufficiency. We strictly refined AAD phenotype definition of the study case group by excluding patients where other
causes of adrenal failure were suspected, inclusive of diagnosed and undiagnosed APS-1, as well as patients with fragmentary clinical data. Moreover,
we excluded patients lacking 21-OH autoantibodies, as well as patients lacking consecutive positive results from two independent tests for 21-OH.
Besides the degree of family clustering, a very recent twin concordance
study reported a significantly high heritability value for AAD (> 0.80), further suggesting a strong genetic component contributing to the development
42

of this disease. However, the genetic factors underlying AAD are largely
unknown. The rarity of AAD has limited the search for susceptibility genetic
loci. The few loci that have been linked to AAD derive from candidate gene
studies and explain only a small fraction of the disease genetic variance.
Hence, together with the targeted resequencing array we developed, SAR
represents an invaluable and unique resource for undertaking large-scale and
independent AAD genomic screenings.

Analysis and Results
In this study, we performed targeted NGS using Illumina short paired-end
reads in extensively characterized AAD patient (700) and control samples
(1501), all collected in Sweden. AAD patients were retrieved from SAR and
their disease phenotypes accurately refined, whereas control samples were
obtained from direct sampling of healthy individuals (n=653) or from blood
donors (n=848) not suffering from AAD. In order to attain a final SNPs dataset of high quality, we applied stringent individual and variant QC methods
to the data that resulted from GATK (Genome Analysis Toolkit) best practices and initial filters based on overall genotype quality. With the individual
QC step we removed samples with unsatisfactory mean target coverage, as
well as samples predicted to be either non-European or highly related (Paper
III, Figures S1 and S2). Additionally, we discarded samples with discordance between reported and inferred sex, as well as samples based on several
sequencing quality parameters that deviated five standard deviations from
the mean of the whole cohort (Paper III, Figures S3-S5). We then removed
samples according to their fraction of missing data. Conversely, with the
variant QC we removed variants based on their proportion of missing data
across the samples, as well as between case and control samples (Paper III,
Figure S6). The final dataset included 479 cases and 1394 controls, as well
as ~100,000 common SNPs (MAF > 1%) and ~300,000 rare SNPs (MAF ≤
1%). The mean variant call rate (96%) and the mean individual call rate
(95%) indicated a dataset of high quality. We performed an association analysis of common SNPs by using a logistic regression corrected for the multidimensional scaling coordinates that reflected population substructure separating samples collected in northern versus central/southern Sweden (Paper
III, Figure S7). The residual inflation was subsequently corrected using genomic control that accounts for cryptic relatedness (Paper III, Figure S12).
After Bonferroni correction, we identified a statistically significant association to the BACH2 gene (p=1.66x10-15; OR=2.01; MAF 0.46/0.29 in cases/controls), which represents a novel AAD risk locus (Paper III, Figure 1).
Moreover, we found two signals of association in the HLA region (Paper III,
Figure 1 and Table 1). Although BACH2 has been previously associated with
organ-specific autoimmune diseases co-morbid with AAD [142, 143, 230233], in this study we showed that this gene is independently associated with
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isolated AAD (Paper III, Figure S14). The associated ~215 Kb haplotype
block in the BACH2 locus includes variants in high LD with the leading top
associated SNP and covers the 5’ non-coding exons and introns of this gene
(Paper III, Figure 2). Further, we functionally annotated the BACH2 associated variants based on epigenetic data in order to facilitate the dissection of
single variants’ effects, which otherwise would be difficult because of the
presence of LD (Paper III, Table S6). Additionally, we confirmed the previously established associations with HLA [167, 234-236] by employing in
silico HLA typing; with this approach, HLA alleles are inferred from de
novo assembly of sequencing reads to predefined haplotypic references (Paper III, Table 2). Finally, we performed rare variant association analysis by
aggregating variants in spaces corresponding to Ensembl GRCh37 human
reference genome genes boundaries. Using a variant component test, no
genes were statistically significantly associated after evaluating either the
whole set of rare variants or only high and moderate-impact rare variants
(Paper III, Figure S16).

Discussion
In this study, we presented the first large-scale study of the genetic background of AAD. We sought to identify novel genes associated to the development of AAD by branching off from standard analytical procedures that
have characterized genetic research in AAD. We expanded the investigation
scope, both in terms of genomic screening targets and sampling resources.
To reach this goal, we developed a sequencing array targeting a comprehensive selection of potential causative genes involved in immune function, as
well as their surrounding non-coding regions. Additionally, we exploited the
exceptional value of SAR, which is one of the largest collections of AAD
samples accessible for investigation. On top of that, the exhaustive phenotypic characterization of these samples represented the underpinning of this
study.
We identified BACH2 as a novel risk locus in AAD. We were also able to
show that the strong association signal in BACH2 did not depend on either
autoimmune comorbidity or presence of autoantibodies against TPO [143].
BACH2 is a transcription repressor that regulates B-cells immune function,
mainly the immunoglobulin heavy chain transcription, as well as the classswitching event. Although initially linked to B-cell function, BACH2 has
also been described to be a master regulator of T-cell function by modulating
the balance between cytotoxic T-cells versus helper and regulatory T-cells
[237-239]. Moreover, BACH2 has been associated with other autoimmune
diseases, including type 1 diabetes and AITD. For these reasons, BACH2
emerges as a strong candidate gene in organ-specific autoimmunity. Although our findings do not directly imply any causal relationship with AAD,
the BACH2 associated 5’ regulatory region comprising of functionally anno44

tated candidate variants provides a guide for further investigations and functional studies.
In this study, we further confirmed a well-established contribution of
HLA to AAD susceptibility. Certain haplotypes known to increase AAD risk
in other populations were found to be associated in our AAD Swedish cohort
as well. Even though we selected only AAD patients showing 21-OH autoantibodies, we detected a large variability at the HLA locus, thus suggesting
that homogeneity at this locus is not necessary to induce immune reactivity
against 21-OH in the context of AAD.
Apart from HLA, we did not detect statistically significant associations to
other known AAD susceptibility loci. This could derive from the inclusion
of a too strict significance threshold in our study to avoid false-positive associations, the previous potential detection of population-specific alleles that
might fail to be replicated in our Swedish population, as well as the potential
spurious association resulted from candidate gene studies that cannot incorporate population substructure information from genetic data. Similarly, we
did not reveal any additional candidate loci from rare variant association
analysis. It is likely that the current sample size of this study limited the
power of detecting rare variant contributions to AAD etiology.
In conclusion, the knowledge gained in this study adheres to the notion of
regulatory variants potentially being major contributors to complex diseases,
and may eventually represent a step forward towards the promotion and the
development of preventive disease treatment for AAD.
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Concluding remarks and future perspectives

In recent years, biomedical research has made giant strides in exploring and
understanding the genetic underpinnings of complex diseases. Although a
wealth of variants has been associated with a wide range of diseases, one of
the most difficult tasks now is to identify disease causative mutations and
gain insight into their mechanistic role in pathology development. Moreover,
an equally considerable challenge is to identify the genetic fraction contributing to disease development that is still invisible to our eyes. The work presented in this thesis made an effort towards this direction. We attempted to
unravel novel genetic factors underlying complex diseases with a clear immunological etiology both in dogs and humans.
In Papers I and II we described novel genetic loci associated to canine hypothyroidism.
In Paper I we identified a shared genetic risk locus enriched in three dog
breeds with high susceptibility to canine hypothyroidism. However, no causative mutation has been pinpointed. For this purpose, NGS of dogs with and
without the risk haplotype would be desirable. NGS would allow identifying
variants that will be subsequently functionally annotated to restrict the list of
candidate mutations to be tested for biological functions. Notably, the choice
of these experiments largely relies on the candidate mutation functional category. The hunt to pinpoint the putative causative mutation could be greatly
aided by gene expression analysis of the three genes harbored by the identified risk haplotype. The optimal situation would be retrieving appropriate
cell types of case and control dogs representing all the alternative risk haplotype genotypes and performing a comprehensive parallel expression analysis. However, availability of the complete set of samples might be limited. In
addition to that, comparing case and control dogs might be difficult, because
expression in case dogs could be influenced by medical treatment, thus not
being trustworthy. A possible alternative could be employing control dogs
with different haplotypes and scrutinize any difference in gene expression.
Moreover, allele-specific gene expression analysis in control dogs heterozygous for the risk haplotype could provide information about the differential
expression rate of the two alleles. This might suggest the presence of a regulatory mutation influencing gene expression, thus indicating the potential
role of this locus in the development of hypothyroidism. Unfortunately, the
collection of the most relevant tissue (i.e. thyroid) is possible only during a
46

surgery or post mortem. Thyroid tissue could also be obtained by biopsy, but
this clinical practice might have implications on the dog welfare. Since canine hypothyroidism is in the great majority of the cases of autoimmune
nature, another suitable cell type could be any collection of immune cells,
for instance lymphocytes. If the putative susceptibility mutation is within the
detected haplotype and affects one of the genes present within its boundaries, expression analysis could address downstream analysis towards the
most plausible candidate. However, the putative susceptibility mutation
could be a regulatory variant influencing the expression of a gene outside the
detected risk haplotype. In this case, whole-transcriptome RNA sequencing
experiments could be employed.
The detection of the risk locus on CFA12 described in Paper I could open
completely new endeavors for improved canine diagnostics to be implemented along with appropriate breeding strategies, with the ultimate goal of
removing the hypothyroidism risk allele from the population. Nevertheless,
this finding can inform about the genetics underlying the development of HT
and uncover new research paths.
In Paper II we identified a genetic locus that confers protection against
canine hypothyroidism in a dog breed with high disease susceptibility. We
detected a putative structural event upstream of IFNA7 that represents an
attractive variant to follow up in order to confirm its involvement in decreased disease susceptibility. This gene belongs to the type I IFNs gene
family. Type I IFNs play a fundamental role in protecting the body from
viral infections, thus representing an advantageous target for selection. For
this reason, it would be of interest to compare genomic data from wolves and
dogs in order to test the presence of a domestication selection signal overlapping this genomic locus. Moreover, it would be desirable to evaluate this
structural event in resequencing data from the whole Giant Schnauzer cohort
we used in this study and in other dog breeds, especially in those with high
hypothyroidism susceptibility. To build up on this, it would be of primary
importance to identify the precise variant breakpoints, which would facilitate
functional studies to prove its biological significance in the context of canine
hypothyroidism. An attractive follow up functional study would then be to
reproduce this structural variant in suitable cell types by using for example
the CRISPR/Cas9 technology and assess if the disruption of a potential regulatory element leads to a detectable phenotypic change. What we don’t know
is whether the reference genome or the dogs included in this study might
bear additional rearrangements in the locus that we identified. To solve the
mystery hidden within this challenging region of high complexity, it would
be thus advisable to perform resequencing of bacterial artificial chromosome
(BAC) clones or WGS using long reads technology. Further, the results of
this study suggest measuring concentrations of IFNA in the serum of dogs
with and without the identified putative variant by using a specific ELISA
canine assay. An alternative approach is to undertake gene expression study
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assessing IFNA7 expression level in comparison to a housekeeping gene,
taking also into consideration the high levels of sequence identity characterizing the IFNA gene family. RNA sequencing could also be employed to
evaluate gene expression, but this experiment relies on optimal reference
assembly and annotation. The findings shown in this study strikingly link
canine hypothyroidism to the human counterpart of the disease, and thus
corroborate the important role of type I IFN genes as candidates in autoimmunity. Moreover, the knowledge gained in this study might contribute to
the development of breeding strategies, via the adoption of a marker-assisted
selection eventually increasing the frequency of the protective allele in the
population.
Both Papers I and II also advocate an effort from veterinarian clinicians to
define standard inclusion or exclusion criteria regarding the canine hypothyroidism phenotype, which should be shared across all the veterinarian hospitals across the world. These criteria should ideally include a full and expert
evaluation of disease clinical signs and always supported by the comprehensive spectrum of thyroid specific serological measurements. It would also be
highly desirable to aid the above-mentioned diagnostic criteria with thyroid
ultrasonography and histological examinations, although their routine implementation might be difficult. These techniques might be useful in confirming the hypothyroidism diagnosis and revealing lymphocytic infiltration
of the thyroid, especially when the TgAA could not be detected during the
disease end-stage.
With the studies presented in papers I and II we provide geneticists and
clinicians with novel findings to be possibly translated into human research,
with the hope that they will be useful for enlarging our understanding of
disease etiology and for improving disease management.
In Paper III we identified a novel locus associated with AAD. We also provided a list of potential regulatory variants located in the BACH2 gene that
warrant future functional assessment. The evaluation of the identified regulatory variants and their function employing wet-lab experiments should be
prioritized in order to build on our findings. For instance, possible experiments could involve electrophoretic mobility assay (EMSA) and luciferase
assay in appropriate cell types. However, gene expression is specifically
regulated in different cell types, at determined times and under specific environmental stimuli, thus making functional validation a true challenge. Moreover, it is of primary importance to replicate the association of these variants
in other populations, thus confirming the role of BACH2 in AAD development. Moreover, it would be of great interest to create an international consortium with the purpose of merging the different AAD cohorts and screening for additional disease susceptibility loci. This joint venture would result
in a significant increase of sample size and subsequently in a higher detection power. Furthermore, WGS would be a desirable follow up study, espe48

cially considering its steadily reducing costs. WGS would provide genetic
insights regarding the plethora of genes and non-coding regions not included
in our sequencing array, as well as enable a basic assessment of the potential
role of structural variation in AAD susceptibility. In the long run, however, it
is likely that this technology will be adopted as standard method for disease
mapping, making also all alternative genotyping methodologies redundant.
The AAD cohort used in this study constitutes an excellent material for dissecting the complex genetics of autoimmune diseases. Among AAD patients,
we can distinguish and subgroup different classes of secondary autoimmune
disorders and serological categories. This suggests performing a comprehensive crosscheck in order to discriminate between different variants’ genetic
effects. The findings shown in this study, appropriately supported by future
follow up experiment can boost research towards better disease treatment
and represent a step forward towards the eventual realization of personalized
medicine.
Nevertheless, it would be of extreme value to explore the function of
BACH2 in dog breeds with high susceptibility to canine AAD. We propose
BACH2 as an attractive target for candidate gene studies in canine AAD,
which might partially help overcoming the difficulties in unravelling the
genetic background of this disease in dogs.
In conclusion, the knowledge that we gain from genetic studies in the domestic dog can be informative for an improved understanding of human
diseases. Indeed, this knowledge can also be directly beneficial for our canine companions. At the same time, human geneticists seek to solve the
mystery of how and why we develop disease phenotypes. However, the
knowledge gained in human studies might also help us understand the genetics behind canine disorders. This means that the adoption of the dog as an
animal model to study genetic diseases has not always a univocal direction,
thus strengthening the special relationship that we have built up with our
best friends over a long time.
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