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Genome-wide association study in RPGRIP1~'~ dogs identifies
a modifier locus that determines the onset of retinal degeneration
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Abstract Cone-rod dystrophy (CRD) is a form of inherited
retinal degeneration (RD) causing blindness in man as well as
in several breeds of dog. Previously, a 44 bp insertion in
RPGRIP] (retinitis pigmentosa GTPase regulator interacting
protein-1) was associated with a recessive early-onset CRD
(cone-rod dystrophy 1, cordl) in a Miniature longhaired
dachshund (MLHD) research colony. Yet in the MLHD pet
population, extensive range of the onset age has been observed
among RD cases, with some RPGRIPI™'~ dogs lacking
obvious clinical signs. Phenotypic variation has been known
in human homologous diseases, including retinitis pigmentosa
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and Leber congenital amaurosis, indicating possible
involvement of modifiers. To explore additional genetic loci
associated with the phenotypic variation observed in MLHDs,
a genome-wide association study was carried out using
Canine SNP20 arrays in 83 RPGRIP1~'~ MLHDs with vari-
able ages of onset or no clinical abnormality. Using these
samples, comparison of 31 early-onset RD cases against 49
controls (15 late-onset RD and 34 normal dogs combined)
identified a strong association (P = 5.05 x 10~'?) ata single
locus on canine chromosome 15. At this locus, the majority of
early-onset RD cases but few of the controls were homozy-
gous for a 1.49 Mb interval containing ~ 11 genes. We con-
clude that homozygosity at both RPGRIPI and the newly
mapped second locus is necessary to develop early-onset RD,
whereas RPGRIP1~'~ alone leads to late-onset RD or no
apparent clinical phenotype. This study establishes a unique
model of canine RD requiring homozygous mutations at two
distinct genetic loci for the manifestation of early-onset RD.

Introduction

Inherited retinal diseases (RDs) leading to blindness are per-
haps the most phenotypically and molecularly well-described
inherited diseases in dogs (Aguirre and Acland 2006;
Miyadera et al. 2012). Cone-rod dystrophy (CRD), a form of
RD, is characterized by initial dysfunction of cone photore-
ceptors followed by that of the rods, while progressive retinal
atrophy (PRA), more commonly known in the veterinary field
and a homologue of retinitis pigmentosa (RP) in man, shows
predominant dysfunction of the rods prior to progressive loss
of both rods and cones. Unless examined by electroretinog-
raphy (ERG) at an early stage of the disease, ophthalmoscopic
findings at the time of presentation, which is usually prompted
by altered behaviour indicating abnormal vision, are identical
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in CRD and PRA, and the two conditions are thus often being
confused. In this article, the broader term RD will be used to
describe the retinal condition unless ERG was performed.
Based on similarities in phenotypic, etiologic, and genetic
features, RDs in dogs have been recognized as excellent
models for human homologous diseases, including RP and
Leber congenital amaurosis (Acland et al. 2001, 2005; Annear
et al. 2011; Bainbridge et al. 2003; Beltran 2009; Bennicelli
etal. 2008). Many breeds are known to be susceptible to a form
of RD showing breed-specific mode of inheritance (autosomal
recessive, autosomal dominant, or X-linked), pathogenesis
[dysplasia/degeneration affecting rod/cone photoreceptors or
retinal pigment epithelium (RPE)], age of onset, and rate of
progression. The unique and consistent phenotypes of RD
within each breed correspond to distinct breed-specific
mutations segregating within those breeds. All RDs previ-
ously investigated at the molecular level appear to show
monogenic segregation caused by a single mutation. A diverse
group of affected genes are often characterized by retina-
specific expression or a retina-specific isoform disrupted by
the mutation (Aguirre and Acland 2006).

A naturally occurring form of inherited RD has been
recognized in Miniature longhaired dachshunds (MLHDs) as
early as 1965 (Barnett 1965), while comprehensive studies to
characterize its phenotype have been carried out using an
MLHD research colony (Curtis and Barnett 1993; Mellersh
etal. 2006). The colony was founded using a small number of
affected MLHDs and developed by breeding closely related
dogs where the disease segregated in an autosomal recessive
manner. In affected dogs, ERG and histopathology indicated
normal development of the retina followed by rapid degen-
eration, with the earliest sign of abnormalities detectable by
ERG as early as 6 months old (Curtis and Barnett 1993). A
more recent and extensive ERG study revealed initial dys-
function of the cone photoreceptors at 6 weeks of age fol-
lowed by that of the rods by 40 weeks of age (Turney et al.
2007). The RD form observed in this research colony has
been identified as CRD (Turney et al. 2007), and the disease
in the wider population has been referred to as cone-rod
dysplasia 1 (cordl) (Mellersh et al. 2006).

This research colony, described by Curtis and Barnett (1993)
and Turney et al. (2007), was also used to investigate the
molecular basis of cordl. Microsatellite-based homozygosity
mapping followed by linkage analysis identified the cordl
locus as a 14.15 Mb interval on canine chromosome 15
(CFAL15) (Mellersh et al. 2006). Sequencing of a strong posi-
tional-functional candidate gene, RPGRIP1 (RP ATPase reg-
ulator interacting protein 1) identified a 44 bp insertion
(“RPGRIPI insertion”) in exon 2. The resulting frameshift was
predicted to lead to a premature stop codon, and, if unaffected
by nonsense-mediated decay, give rise to markedly truncated
protein lacking the C-terminus RPGR-interacting domain. As
the RPGRIP1 insertion segregated completely with cord] in the

research colony (i.e., 15 RPGRIP1™'-affected cases and 14
RPGRIPI ~-obligate carriers), it was considered also to be
causative of RD in the general MLHD population from which
the founder of the research colony was derived.

However, by studying 264 MLHDs from the pet popula-
tion, we have previously identified significant discordance
between the RPGRIP1 genotype and the RD phenotype; 17%
of clinically normal dogs aged 4 years or older were, unex-
pectedly, homozygous for the RPGRIPI insertion
(RPGRIPI™'™) (Miyadera et al. 2009). The relative risk for
clinical RD (in dogs of all ages) associated with the
RPGRIPI™'~ genotype was 9.01 (Clgs = 5.06-16.04), but
20% of RD cases were not RPGRIP1 ™'~ showing that forms
of RD not associated with RPGRIP1~'~ are present. Fur-
thermore, unlike the research colony, which uniformly
showed an early onset, the age of clinical onset among cases
from the pet population ranged broadly from 0.3 to 15 years
among RPGRIPI™"~ dogs, showing a bimodal distribution.
Hence it was likely that the population contained RPGRIP1 ™'~
individuals who were not clinically affected at the time of
assessment but would show the disease signs later. Such
reduced penetrance of the clinical signs of RD in RPGRIP1 ™'~
dogs as well as a striking variety in ages of RD onset was
observed among 13 RPGRIP1~'~ dogs within a single exten-
ded MLHD family with a shared environment (Miyadera et al.
2009). Therefore, the cause of the phenotypic variation
appeared to be genetic and with limited loci involved.

In the study described here, we sought to identify genetic
factors controlling the variable age of onset as well as the
presence or absence of RD among RPGRIP1 ™'~ dogs. Canine
22 K SNP array genotyping data from 83 RPGRIPI™'~
MLHDs were analysed. A genome-wide association study
(GWAS) led to the identification of a single additional locus
on CFA1S5 showing strong association with early-onset RD
(EORD) while late-onset RD (LORD) and normal dogs above
4 years combined served as the best controls. Homozygosity
mapping and haplotype analysis of the mapped region iden-
tified a 1.49 Mb critical interval. We have established that an
early-onset form of RD or cord1 in MLHDs is caused by both
RPGRIPI™"~ and homozygosity at this second locus, whereas
RPGRIP1™'~ alone leads to either LORD or no clinically
apparent phenotype when assessed by behaviour or ophthal-
moscopy. This is the first evidence of a canine digenic disorder
or that involving a modifier where two homozygous mutations
atindependent loci are required to lead to an EORD phenotype.

Materials and methods
Canine samples

DNA samples of 96 RPGRIPI™'~ MLHDs with either
variable ages of RD onset or no clinical signs were used for
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microarray SNP genotyping (Table 1, Supplementary
Table 1). For the clinically normal dogs, the oldest possible
individuals (>4.8 years) were included and younger dogs
that could potentially develop RD later in life were
excluded from the study. Of all the samples, 75 were
unrelated Japanese pets according to three-generation
pedigree records with an exception of one related pair
(Supplementary Table 1).

Thirteen of the MLHDs from Japan were from a single
extended family with shared environment (Family K). Eight
samples were from the UK: six ophthalmologically normal
pet dogs without pedigree information and two EORD cases
from the research colony in the original cord] studies (Curtis
and Barnett 1993; Mellersh et al. 2006; Turney et al. 2007).
To screen for polymorphisms within the interval mapped by
GWAS, 13 RD-affected MLHDs from Japan that were not
RPGRIPI™'™ (i.e.,5RPGRIPI™'~ and 8 RPGRIPI*'") were
used. All Japanese samples have been used in a previous
study (Miyadera et al. 2009).

Diagnosis

Diagnostic methods and criteria have been detailed previ-
ously (Miyadera et al. 2009). General ophthalmic exami-
nation included menace response, pupillary light reflex,
and dazzle reflex as initial assessment of visual function.
Indirect ophthalmoscopy was performed using 14, 20, and
28 diopter lenses. Slit lamp biomicroscopy and intraocular
pressure measurements were performed to exclude other
ophthalmic conditions. Diagnosis of inherited RD was
based on clinical histories of progressive visual impairment
and ophthalmoscopic evidence of bilateral progressive
retinal degeneration. The age of onset was defined as the
age when ophthalmological abnormality was first observed
or when the earliest signs of altered behaviour indicating
abnormal vision were recognized. Dogs were determined to
be normal by the absence of apparent ophthalmoscopic
abnormality. In cases showing sudden onset of blindness

Table 1 MLHD samples used for GWAS

with little ophthalmoscopic abnormality, ERG was per-
formed at initial presentation; where ERG signals were
lost, sudden acquired retinal degeneration (SARD) was
diagnosed and such cases were not included in the study.
All the affected MLHDs from Japan were examined by the
same veterinary ophthalmologist (KK).

DNA preparation

DNA from the Japanese dogs was extracted from blood
specimens as described previously (Miyadera et al. 2009).
DNA from the UK pet and research colony dogs was
extracted from cheek swabs and liver specimens, respec-
tively. Blood-derived DNA was amplified by whole-gen-
ome amplification using either GenomePlex® Whole
Genome Amplification Kit (Sigma-Aldrich, Dorset, UK) or
Mlustra™ GenomiPhi™ V2 DNA Amplification Kit (GE
Healthcare Life Sciences, Little Chalfont, UK) for six
samples used in the microarray study.

Microarray SNP genotyping

Genotyping was done using the Canine SNP20 BeadChip
(Illumina, San Diego, CA, USA) on the BeadLab station
(Illumina) at the Cambridge Genome Services (Department
of Pathology, University of Cambridge) following the
manufacturer’s protocol. The Canine SNP20 BeadChip
types 22,362 SNPs genome-wide, of which, according to
the manufacturer, 81.1% were polymorphic [minor allele
frequency (MAF) > 0.05], whilst the average MAF was
0.23 in a panel of 32 control Dachshunds.

Genotypes were called using the BeadStudio 2.0 software
(Illumina), using the cluster positions predetermined by the
manufacturer for each SNP. Once the genotypes were auto-
matically assigned, the calls were visually inspected to
remove erroneous calls. Based on cluster separation, call
frequency, Mendelian errors, heterozygote excess, minor
allele frequency, and gender estimation, 2,189 monomorphic

Phenotype EORD MORD LORD Normal Total
Age [years] 0.3-3.4 4.0-5.2 5.6-16 4.8-14

Sex M F M M F M F

Japanese pet [unrelated] 11 18 3 0 9 6 11 17 75
Japanese pet [extended family] €8] 1 0 €8 3) 2) 3) 2)

UK pet 0 0 0 0 0 2 4 6
UK research colony 1 (1) 0 0 0 0 0 0 1
Total 31 3 15 34 83

M male, F female

Summary of the phenotypes and the sources of the RPGRIPI™'~ MLHD samples used in SNP microarray genotyping. RD-affected dogs are
grouped as early-onset (EORD), mid-onset (MORD), or late-onset (LORD) according to the age of onset. The numbers in parentheses
correspond to the samples excluded from the GWAS analysis and are not reflected in the total count
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SNPs (9.8%) and 73 SNPs (0.3%) with visually bad geno-
typing quality were eliminated. Of the 96 samples geno-
typed, one sample (MLDO001) showed a low genotyping rate
of <98% and was discarded. Genotype reports were then
converted to the appropriate format using the genetic data
management software Progeny (Progeny Software, LLC.,
Delray Beach, FL, USA) before being imported to the
PLINK program (version 1.07) (Purcell et al. 2007) for
association analysis.

Genome-wide association analysis

One dog each from Family K and the original UK research
colony was used in the analysis to avoid population strat-
ification. Consequently, of the 96 dogs genotyped, 83
samples were analyzed in a series of different case—control
GWAS analyses. These included 49 RD cases
(0.3-16 years) and 34 ophthalmoscopically normal dogs
(Normal, 4.8—14 years) (Table 1). Genome-wide associa-
tion was calculated in various models of possible case—
control combinations based on the SNP calls from these
samples. SNPs with MAF > 0.01 and call rates of >90%
were analyzed for association using the PLINK software,
taking the data of each SNP independently (Purcell et al.
2007). Four different case—control combinations of the
different phenotypic groups, Normal, LORD, MORD, and
EORD, were studied (Table 2). Corrected genome-wide
associations were calculated using a “max(T)” permuta-
tion procedure that corrects for multiple tests (100,000
permutations) and by the Bonferroni method, taking the
number of independent tests as equal to the SNP number.

Sequencing of positional candidate genes

To find potential mutations associated with EORD, EORD
cases (n = 1-5 for different amplicons) homozygous at the

Table 2 Number of cases and controls used in different case—control
models for GWAS

RD phenotype
EORD MORD LORD Normal
(n=31) (n=3) (n=15) (n=34)

M1
M2
M3

31 cases 49 controls

31 cases 15 controls

31 cases 34 controls

49 cases 34 controls
Different combinations of cases and controls (M1-M4) taken from 83
RPGRIP1™'~ MLHD samples of different phenotypic groups. The
dark and the light grey shades indicate the cases and the controls,
respectively

mapped 1.49 Mb interval and control cases (n = 1-5 for
different amplicons) heterozygous at the same interval
were screened. The exons and the exon—intron boundaries
of four candidate genes, LRAT (lecithin retinol acyltrans-
ferase), GUCYIA3 (guanylate cyclase soluble subunit
alpha-3), GUCYIB3 (guanylate cyclase soluble subunit
beta-1), and MAP9 (microtubule-associated protein 9),
were amplified by PCR and sequenced. For LRAT, the
region 2.8 kb upstream of the translation initiation codon
and the canine equivalent of human LRAT 3’-UTR were
also sequenced. Primers are given in Supplementary
Table 2 (LRAT) and Supplementary Table 3 (GUCYIA3,
GUCYIB3, and MAP9).

Results

GWAS in search for loci controlling the age of RD
onset

We hypothesized that the age of onset of RD in
RPGRIP1™'~ MLHDs was controlled by one or more
additional loci (Miyadera et al. 2009). To test this
hypothesis, we used SNP microarray-based GWAS to map
the potential gene modifiers in RPGRIPI™'~ dogs with
different ages of clinical RD onset or whose eyes were
normal. Due to the broad range of the age of onset, the
affected dogs were sub-grouped as early-onset (EORD:
n = 31, 0.3-3.4 years), mid-onset (MORD: n = 3, 4.0-5.2
years), or late-onset (LORD: n =15, 5.6-16 years)
(Fig. 1; Table 1). While the age of onset in the LORD
cases could be as late as 16 years of age, had they been
examined at a younger age they could have been Normal.
In other words, the currently Normal dogs could potentially
develop RD later in life. Therefore, it was not feasible to
determine a definite boundary dividing the RPGRIP1™'~
population into cases and controls. To overcome this, four
subgroups, EORD, MORD, LORD, and Normal, differing
in age of clinical diagnosis or absence of disease pheno-
type, were combined in various ways to perform four
alternative case—control analyses (Table 2, M1-M4).
GWAS revealed a single strong association at CFA15 in
all M1-M4 case-control models (Fig. 2a). The highest peak
was found in the M1 model [p(raw) = 5.1 x 1077 in
which EORD cases were compared to LORD and Normal
combined as controls. LORD only or Normal dogs only
were used as controls in models M2 and M3, respectively.
These models also showed strong association with the
EORD cases [M2: p(raw) = 1.3 x 1071°, M3: p(raw) =
45 x 107 at the same locus. The association was
weakest yet still noticeable in the M4 model [p(raw) =
1.5 x 107°), where RD-affected dogs of any age were
considered cases against the Normal controls. These
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Fig. 1 Distribution of the age of RD onset in 49 RPGRIPI ™'~ cases
used in GWAS. EORD (<4 years), MORD (4-5.5 years), and LORD
(>5.5 years) dogs are indicated in black, grey, and white bars,
respectively. The vertical line with the hatched interval (11.6 £+
4.2 years) shows the reported lifespan in Dachshunds (mean £+ SD;
The Kennel Club 2004)

observations suggest that the LORD group was genetically
more similar to Normal rather than EORD or MORD and
that LORD and Normal could be grouped together in this
study. The second highest peak across all the case—control
combinations could be found on CFA22 in the M2 model,
among several other minor peaks.

Data corrected for multiple hypotheses testing by permu-
tation analysis (100,000 permutations) is shown in Fig. 2b. A
single major peak at CFA15 is again prominent in all M1-M4
models, and the maximum —log[p] > 5.0 value was reached
in models M1 and M3. Bonferroni correction of the raw
p values using number of SNPs gives for M1 [p(corr) =
1.07 x 107®], and for M3 [p(corr) = 9.5 x 10~ ]. Inspec-
tion of the association plot at CFA15 revealed consecutive
SNPs showing strong association at around 55-60 Mb
(Fig. 3). Interestingly, the interval mapped by GWAS fell on
the same chromosome as the first cordl locus containing
RPGRIPI, identified in the research dogs (Mellersh et al.
2006). RPGRIP] is located ~35 Mb further centromeric to
the newly discovered second locus, and association plots
(Fig. 3) and haplotype data (not shown) show that linkage
disequilibrium (LD) does not extend across the two loci,
suggesting that they are independent. As expected, the sample
population, which was all RPGRIP1 7/7, showed no associa-
tion (—logo[p] = 0) with the RPGRIP] region (Fig. 3).

Quantile—quantile plot

To evaluate the likelihood of false-positive genome-wide
association findings caused by population stratification
from some other source, a trend test of association was
conducted for the 19,506 SNPs that passed quality control.
The observed p values were compared to the expected
values under the null hypothesis in a quantile—quantile
(Q-Q) plot. The comparison of observed and expected
p values in the M1 model showed significant deviation in
SNPs at the higher end of —log;o[p] (genomic inflation
factor 4 = 1.32) (Fig. 4). Based on the bottom 90% of
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SNPs, excluding the strong association and a small number
of false-positive SNPs or possible additional contributing
loci, the genomic inflation factor was 4 = 0.96, implying a
possibility of false-positive associations resulting from
population stratification or cryptic relatedness.

Homozygosity mapping and haplotype analysis

Investigation of the top-hit SNP and its flanking SNPs on
CFAL1S in EORD cases led to the identification of a homo-
zygosity region of 13 consecutive SNPs spanning 1.49 Mb
(CFA15: 55,411,377-56,901,029 bp) (Supplementary Fig. 1).
Haplotypes for the region were inferred using the PHASE
program to interpret genotyping data from the various con-
trols (Supplementary Fig. 2) where the haplotype predomi-
nant in the EORD cases is shown in red (EORD haplotype).
While 90.3% of EORD (n = 28/31) were homozygous for
the EORD haplotype, all MORD (n = 3), 13.3% of LORD
(n = 2/15), and 2.9% of Normal (n = 1/34) were homozy-
gous for the EORD haplotype (Supplementary Fig. 1). The
only Normal dog homozygous for the EORD haplotype was
4.9 years old, younger than any of the LORD dogs. Of the 31
EORD dogs, three with the age of onset at 0.3, 2, and 3 years
were not homozygous for the region of the EORD haplotype
and carried part of or whole haplotype blocks present in the
control chromosomes (shown as blue, green, or yellow
blocks in Supplementary Fig. 2). The haplotype patterns of
these three EORD dogs appeared to be substantially dis-
similar to the rest of the EORD dogs.

Among the extended Japanese MLHD family whose 12
of 13 members were not used for GWAS (Family K: 2
EORD, 1 MORD, 5 LORD, and 5 Normal), RD cases with
the four earliest ages of onset (<6.6 years) were homozy-
gous for the EORD haplotype. The rest of the LORD and
the Normal dogs carried only one or no EORD haplotype.

Sequencing of positional-functional candidate genes

According to the public genome databases (NCBI and
Ensembl), the mapped 1.49 Mb interval (CFA15: 55.41-
56.90 Mb) syntenic to human chromosome 4 contained two
known (GUCYIA3 and GUCYI1B3), seven predicted (LRAT,
RBMA46, NPY2R, MAP9,ACCN5, TDO?2, and CTS0O), and two
hypothetical (LOC612503 and LOC475558) genes (Fig. 5).
Inspection of these genes revealed a strong positional and
functional candidate gene, LRAT (lecithin retinol acyltrans-
ferase). LRAT encodes a microsomal enzyme that catalyses
the esterification of all-frans-retinol into all-frans-retinyl ester
(Saari and Bredberg 1989). Sequencing of the coding and the
noncoding LRAT regions identified a synonymous substitu-
tion in exon 1 (329G>A) and several polymorphisms in the
noncoding regions as compared with the CanFam 2.0 refer-
ence sequence of the Boxer (Table 3). In addition, there were
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models. The GWAS plots are compared in different case—control Each dot represents one of 19,506 SNPs passing quality control.
combinations (M1-M4) as defined in Table 2. a The level of Different coloured dots represent SNPs on different canine
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on each chromosome (x axis). b Genome-wide significance of
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Fig. 4 Q-Q plot showing the observed p values against the expected
p values in the M1 case—control study for all 19,506 SNPs (genomic
inflation factor 4 = 1.32). The ascending line represents the null
model where the observed p value matches the expected value.
Calculation based on the bottom 90% of SNPs of the Q-Q plot
indicates background of minimal genomic inflation with low possi-
bility of population stratification or cryptic relatedness (4 = 0.96),
while the higher SNPs represent true association

changes in copy number of three repeat elements in the EORD
chromosome compared with the control chromosomes whilst
both differ in copy number from the Boxer reference.
Sequencing of three other positional candidate genes,
GUCYIA3, GUCYIB3, and MAP9, in EORD cases and con-
trols showed additional polymorphisms in all dogs compared
with CanFam 2.0, but did not reveal any mutation segregating
with the EORD phenotype.

Discussion
Until the current study, all recognized canine RDs were

considered monogenic with high, if not complete, pene-
trance (Aguirre and Acland 2006; Miyadera et al. 2012).

@ Springer

Cordl, a form of autosomal recessive RD in MLHDs, was
characterized phenotypically in a research colony (Curtis
and Barnett 1993), and a 44-bp insertion in RPGRIPI has
been associated with the disease (Mellersh et al. 2006).
A DNA test to screen for this mutation allows breeders to
avoid producing RPGRIP1~'~ puppies. Consequently, the
proportion of RPGRIPI™'~ MLHDs undergoing DNA
testing has decreased from 18 to 5% in the last 4 years
(Animal Health Trust, UK). Meanwhile, we previously
reported substantial variation in the age of onset and
genotype—phenotype discordance among the pet MLHD
population (Miyadera et al. 2009). The current study adds
to the molecular picture of RD in MLHDs in the pheno-
typically and genetically heterogeneous pet population.

The 44-bp insertion in RPGRIPI appears to be tightly
linked to RD in the pet population of MLHDs (Miyadera
et al. 2009), but penetrance of the RPGRIP1™'~ genotype is
partial, and the genotype-specific relative risk for homo-
zygotes is only around 9. This relative risk is low compared
with most monogenic diseases, and the age of RD onset
differs markedly in different RPGRIPI~'~ dogs. Here we
have shown that a single additional locus could distinguish
EORD from other RPGRIPI™'~ dogs (i.e., LORD and
Normal). In the latter group, pathology may develop too
slowly to become clinically apparent during life, thus
manifesting as LORD in some dogs and as Normal in
others. On the other hand, we have previously observed
loss of cone ERG signals in apparently normal Beagles that
were homozygous for a longer variant of the RPGRIPI
insertion (RPGRIPI™“") (Miyadera et al. 2009). Fur-
thermore, cone ERG was found to be grossly reduced in
apparently normal RPGRIPI~'"~ MLHDs from the UK pet
population (Busse et al. 2011). Hence, the consequence of
RPGRIPI™'~ alone could be proposed as subclinical cone
degeneration progressing into LORD with age-related
incomplete penetrance.

It should be noted that the clinical subgroup LORD
defined in the current study is not the direct homolog of the
human condition, L-ORD (late-onset retinal degeneration),
which has been molecularly characterized (Hayward et al.
2003; Jacobson et al. 2001; Milam et al. 2000).

There are human and murine diseases initially charac-
terized as monogenic and later proven to be modulated or
caused by two or more loci (Badano and Katsanis 2002).
Depending on the level of the influence that the second
locus exerts on the phenotype, it can be regarded as either a
modifier or a synergistic second allele of a digenic disease.
A modifier could be an extra variant that may not be
pathogenic by itself but alters the primary phenotype
caused by mutations in other genes. Examples of RDs
include a mouse model of autosomal dominant RP caused
by a Rho mutation where sequence variants in RPE6S5
either reduce or accelerate disease progression (Samardzija
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Fig. 5 Regional map of
association with EORD on
CFA15 (10,000 permutations)
and the genes at the locus. The
region highlighted in grey
encompasses the 1.49 Mb
EORD critical interval defined
by homozygosity mapping and
haplotype analysis (CFA1S5:
55.41-56.90 Mb, CanFam?2.0).
The locations of the
corresponding known and
predicted genes (Ensembl
release 50, NCBI) are shown
below the association plot. The
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Table 3 Sequence variants found in MLHD within and upstream of LRAT

g

MAPS

i

GUCY1A3 CTSO

Polymorphism Genotypes

LRAT Feature Description EORD Control
Upstream 24 bp deletion 2.—2690_—2667del +/+ +/+

Upstream 1 bp deletion g.—2545delG +/+ +i+, H =, —/—
Upstream Microsatellite g.—2316(TCAT)9-11 11/11 9/9, 9/10, 10/10
Upstream SNP g.—2247G>A +/4 +/4

Upstream 25- or 27-bp insertion 2.—1776insCGCCCCGGCTCy,;; TCCCCC 27127 25/25

Upstream 86 bp® repeat 2.—679(86 bp)6-8 777 777, 7/8, 8/8
Exon 1 Silent mutation 2.330G>A +/+ +/+

Intron 2 1 bp insertion 2.1824insT +/+ +/+

Intron 2 SNP 2.3804T>C +/+ +/+

3-UTR® SNP 2.5305A>C +/+ +/+

3-UTR® SNP 2.6136T>C +/+ +/+

3-UTR® 1 bp insertion 2.7389InsC +/+ +/+

3-UTR® SNP g.7619A>T +/— +/—

3-UTR® SNP 2.7797A>C ++ ++

3-UTR® SNP 2.8017G>A ++ ++
Downstream SNP 2.8447C>T +/+ +/+

Polymorphisms found in LRAT and its upstream (—2,759) and downstream (4-8,538) flanking regions are shown. Positions are shown in relation
to the first exon predicted by Ensembl. EORD is represented by cases (n = 1-5) that are homozygous at the 1.49 Mb interval mapped by GWAS;
controls (n = 1-5, LORD or Normal) are those that are not homozygous for the EORD haplotype at the same interval

+/4+ = homozygous for the polymorphism compared to CanFam?2.0
* With minor sequence changes (SNPs) between repeats

" The canine equivalent region of 3'-UTR predicted in humans

et al. 2006); a common RPGRIPIL variant modifies the
phenotypic expressivity of ciliopathies caused by muta-
tions in other genes (Khanna et al. 2009); and an AHII
polymorphism increases the risk of retinal degeneration by
sevenfold in human nephronophthisis patients caused by
mutations in NPHP1 and other genes (Louie et al. 2010).
Digenic RP has been reported in man where heterozygous
mutations in both ROM and RDS are required to cause a

seemingly dominant RP (Kajiwara et al. 1994). In some
families with Bardet-Biedl syndrome (Fauser et al. 2003)
or nephronophthisis (Hoefele et al. 2007), a mutation in a
second gene may be required together with a homozygous
mutation in the first gene to exhibit a clinical phenotype.
Whether the mapped 1.49 Mb locus in the current study is
a modifier of RPGRIP1~'~ or a second allele of a digenic
condition remains to be confirmed. However, the delayed

@ Springer



220

K. Miyadera et al.: Mapping of a canine retinal degeneration modifier

onset in the LORD dogs that fits into the “control” group
indicates that the mapped locus is an accelerating modifier
for a late to subclinical RD caused by RPGRIP1™'~.

Only one of 13 RD-affected MLHDs that are not
RPGRIPI™'"~ (age = 0.3-9.6 years; mean = SD = 5.9 &+
3.5 years) was homozygous for the EORD haplotype at the
second locus (data not shown). This indicates that few, if
any, RD cases may be caused by the mutation at the second
RD locus alone. The high frequency of the EORD haplo-
type among the normal dogs suggests that the pathogenic
effect of the second RD locus alone could be mild. As such,
the causative mutation at this locus could be in the regu-
latory or noncoding region, or in microRNAs, which could
regulate the expression of genes at a distance (Visel et al.
2010). Given the large distance between the two loci
(35.2 Mb apart on CFA15), long-range cis effects may be
unlikely.

Other than the strong hit at CFA1S5, several minor peaks
of association were observed in other chromosomes in
different case—control combinations. None of these peaks
reached statistical significance after correction for multiple
testing, so that none of the loci can be regarded as having
proven involvement. It is possible that one or more of them
account for a small proportion of the phenotypic variation
that cannot be explained by RPGRIPI™'~ and the second
locus. Further study of animals with both major loci fixed
could identify additional loci accounting for an additional
part of the variation.

In general, identification of loci involved in multigenic
traits would not be as straightforward as in monogenic
traits. With hindsight, the initial use of the inbred MLHD
research colony facilitated mapping of the first RD locus
(RPGRIPI) (Mellersh et al. 2006) helped by the pheno-
typic, genetic, and environmental uniformity. Based on the
uniform EORD phenotype observed in the research colony
and the non-identification of the second locus in the initial
whole-genome scan (Mellersh et al. 2006), it is likely that
all the dogs in the research colony were homozygous or
“fixed” at the second locus. Indeed, typing of the founder
dogs of the original research colony revealed that the three
founders representing all the chromosomal variants in the
colony were each homozygotes for the EORD haplotype
(data not shown). Given that the entire colony is fixed for
the EORD haplotype, the second locus does not seem to be
evidently pathogenic on its own since the non-RPGRIP ™'~
dogs in the colony did not show clinical signs within the
limit of the study (Curtis and Barnett 1993). In the sub-
sequent GWAS we report in this article, using MLHDs
from a genetically heterogeneous pet population and fixing
the RPGRIPI locus as RPGRIP] _/_, we were able to map
a second locus involved in RD.

Geographical mixing of samples may cause population
stratification (Karlsson et al. 2007; Quignon et al. 2007). In
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our study, admixture of UK Dachshund DNA with a
mainly Japanese sample group did not cause evident pop-
ulation stratification as assessed by Q—Q plot or Eigenstrat
(data not shown), whilst increasing power. The relatively
recent introduction of MLHDs to Japan and occasional
gene flow from the UK to Japan may account for the lack
of observable genetic divergence between the two groups.

Of the genes within the second RD interval, LRAT is a
strong candidate gene based on its involvement in severe
EORDs in human patients (Thompson et al. 2001). LRAT
is expressed in the RPE as well as in the liver and converts
all-trans-retinol (vitamin A) to all-tfrans-retinyl ester,
which is an essential intermediate compound in the visual
cycle (Saari et al. 1993). Lrat knockout mice (Lrat_/ )
showed rapid cone degeneration after eye opening with
normal rod trafficking (Zhang et al. 2008); RPE was devoid
of all-frans-retinol or all-trans-retinyl esters; functional
rhodopsin of the photoreceptors was absent; and ERG
responses were highly reduced (Batten et al. 2004).
Although RPGRIPI and LRAT are not known to colocalise
or interact directly, mutations in each gene may have a
cumulative effect causing a disease phenotype. Human
LRAT, but not that of mice, has an upstream noncoding
exon. No equivalent canine exon is predicted in the current
Ensembl, UCSC, and NCBI databases. An upstream
sequence in the dog does align with both this exon and the
proximal part of the human promoter. One difference
between EORD and LORD alleles at LRAT is the number
of 86 bp repeats in the putative intron 1 of this model.
EORD alleles have one more repeat than LORD and two
more than the CanFam?2.0 reference sequence. The signif-
icance of this is not clear.

Other genes in the mapped interval could also be can-
didates. GUCYIA3 and GUCYIB3 are involved in cGMP
biosynthesis and are members of the same membrane
guanylyl cyclase family as GUCY2D (guanylate cyclase
2D). GUCY2D encodes a retina-specific guanylate cyclase
causing Leber congenital amaurosis and cone-rod dystro-
phy-6 (Kelsell et al. 1998; Payne et al. 2001; Perrault et al.
1996), but GUCYIA3 and GUCYIB3 are not specific to
retina and have known functions in response to nitric oxide.
MAP9 is required for bipolar spindle assembly, mitotic
progression, and cytokinesis (Saffin et al. 2005). As MAP9
could have a role in stabilizing microtubules, it may also
affect the photoreceptor’s connecting cilium. The absence
of candidate mutations in the coding and noncoding
regions of LRAT and in the coding regions of three other
candidate genes indicates that the causative mutation could
lie outside of known genes and alter gene regulation, as
happens in many human complex traits (Altshuler and Daly
2007). While the actual mutation at the second locus
remains to be identified, ongoing studies include rese-
quencing of the entire 1.49 Mb region by targeted next-
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generation sequencing. Furthermore, the functional conse-
quence of polymorphisms identified in the genes involved
in the pathogenesis of RD in MLHDs is being investigated
at the RNA and protein levels.

Some RD-affected MLHDs are neither RPGRIP1 ™'~ nor
homozygous for the EORD haplotype at the second locus,
indicating the presence of further independent RD loci. As
in human RDs, phenotypic and genotypic heterogeneities
may complicate the clinical and molecular diagnoses (den
Hollander et al. 2008; Hartong et al. 2006; Kennan et al.
2005) so much as to be described as complex traits (Wright
et al. 2010). Environmental factors could also play a role as
the dose of light acting on the photoreceptor is known to
enhance the progression of RD in animals and humans
(Sanyal and Hawkins 1986; Taylor et al. 1990; Wang et al.
1997). In autosomal dominant RD dogs with RHO muta-
tion, the extent of light exposure has also dramatically
accelerated neurodegeneration (Cideciyan et al. 2005).

Once the second mutation is identified, a direct DNA
test for the two mutations will allow accurate prediction of
the onset of RD. Dogs homozygous for both the RPGRIP1
insertion and the second locus would develop EORD.
RPGRIP1™'~ dogs that are not homozygous for the second
mutation should fit in the spectrum ranging from LORD to
Normal. Yet, when applying DNA testing results to
breeding, it is important that the risk levels and the fre-
quencies of each locus be considered. More work at the
population level will be required to measure these
accurately.

Elucidating the molecular basis for RD in MLHDs
showing either early or late to no onset has established a
reliable canine model for the understanding of phenotypic
and genetic variability observed in human RDs (Acland
et al. 2001, 2005; Annear et al. 2011; Bainbridge et al.
2003; Bennicelli et al. 2008). The accurate prediction of
the RD phenotype expressing either EORD or LORD to
Normal according to the combination of the genotypes of
two RD loci is essential in the assessment of gene therapy.

In conclusion, a GWAS in MLHD dogs homozygous for
a previously found RD locus (RPGRIP1~'~) and showing
variable ages of RD onset or no clinical signs has identified
an independent second RD locus that modifies the age of
onset. Homozygosity at both the first (RPGRIP1™'") and
the newly identified second locus on CFA1S5 is required to
develop EORD, establishing the condition as the first
canine RD involving at least two loci and a unique model
for the heterogenic RDs in humans. Further analysis of the
second locus, which is currently defined as a 1.49-Mb
interval, is expected to identify the gene and the mutation
and its pathogenic involvement in relation with RPGRIP1.
Initially considered a simple Mendelian disease, we have
established the involvement of a second genetic locus in
EORD or cordl in MLHDs.
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