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Abstract

Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinal disorders eventually leading to blindness with different
ages of onset, progression and severity. Human RP, first characterized by the progressive degeneration of rod photoreceptor
cells, shows high genetic heterogeneity with more than 90 genes identified. However, about one-third of patients have no
known genetic causes. Interestingly, dogs are also severely affected by similar diseases, called progressive retinal atrophy
(PRA). Indeed, RP and PRA have comparable clinical signs, physiopathology and outcomes, similar diagnosis methods
and most often, orthologous genes are involved. The many different dog PRAs often segregate in specific breeds. Indeed,
undesired alleles have been selected and amplified through drastic selection and excessive use of inbreeding. Out of the
400 breeds, nearly 100 have an inherited form of PRA, which are natural animal models that can be used to investigate the
genetics, disease progression and therapies in dogs for the benefit of both dogs and humans. Recent knowledge on the canine
genome and access to new genotyping and sequencing technologies now efficiently allows the identification of mutations
involved in canine genetic diseases. To date, PRA genes identified in dog breeds correspond to the same genes in humans
and represent relevant RP models, and new genes found in dogs represent good candidate for still unknown human RP. We
present here a review of the main advantages of the dog models for human RP with the genes already identified and an
X-linked PRA in the Border collie as a model for orphan X-linked RPs in human.

Dog as a powerful model for the study
of human genetic diseases

coat colours, ability to work, guard, hunt... Indeed, dogs
have been bred by humans for thousands of years, according
to specific morphological and behavioural features. In the

Intra-breed homogeneity and interbreed nineteenth century, breed standards have even been writ-

heterogeneity

The domestic dog, Canis lupus familiaris is the first domes-
ticated animal and the most adapted to communicate with
humans (Galibert et al. 2011). No other species present such
a large range of phenotypic diversity of size, morphology,
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ten so that drastic artificial selection has been applied to
perfectly correspond to standards. As a consequence, dog
breeds are genetic isolates, comparable to human sub-pop-
ulations isolated through religion, social specificities, and
geographical constraints. The dog species thus shows an
amazing intra-breed homogeneity and inter-breed heteroge-
neity. Currently, more than 400 breeds are listed, described
and recognized by different organizations such as the “Fédé-
ration Cynologique Internationale” (FCI) and the American
Kennel Club (AKC), with definite breed standards.

Dog genetic diseases
The artificial selection with selective pressure, inbreeding,
use of popular sire for reproduction, to maintain pheno-

typical and behavioural features led to a drastic reduction
of the genetic diversity within each breed. Indeed, alleles
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responsible for desired traits have been selected and accu-
mulated as well as undesired alleles close to the selected
alleles. Thus diseases are, for most of them, breed specific
and nearly all breeds suffer from one or several hereditary
diseases. Interestingly, some of these diseases are clinically
similar to human diseases with the same gene involved in
dogs and humans. For instance in dermatology, a mutation in
the PNPLAI gene is responsible for ichthyosis in the Golden
retriever breed and mutations in the same gene were found to
be responsible for ARCI (Autosomal Recessive Congenital
Ichthyosis) in humans (Grall et al. 2012). This is also the
case for the KRT16 gene involved in a rare keratoderma in
both Dogue de Bordeaux and humans (Plassais et al. 2014).
Similarly genes implicated in dog and human common
retinopathies, neurological, cardiac, renal, and other genetic
diseases, are easier to identify in genetic isolates such as
dog breeds, than in the general mixed human population.
Indeed, the prevalence can be very high, with up to 30%
of individuals affected by a given disease in a given breed,
as for example ichthyosis in Golden retriever (Grall et al.
2012). In fact, these diseases, spontaneously occurring in
dogs with high frequency in certain breeds, often correspond
to rare diseases in humans for which the implicated genes
and mutations are difficult to track because these mutations
are generally present in sporadic cases or in one or few
human families. In addition, contrary to other animal mod-
els, such as rodents in which diseases are mostly chemically
or genetically induced, dogs naturally develop the diseases,
in a shorter period of time compared to humans, the life
span of a dog being between 10 and 14 years. Moreover, in
developed countries, dogs have the best medical follow-up
after humans. Dog’s life expectancy, reproduction rate and
number of dogs per litter allow to have access to many indi-
viduals and to pedigrees registered by kennels.

In this context, the “Canine Genetics” team (IGDR,
Rennes) created and manage a biological resource centre
of canine samples, Cani-DNA CRB (http://dog-genetics.
genouest.org), implemented by samples collected by a large
veterinary network. Through this biobank, blood and tissue
samples from affected and unaffected dogs are being col-
lected for genetic studies. The samples come with clinical
information, diagnosis and clinical follow-up as well as the
dog pedigree. As in human genetic research, these samples
and data constitute genetic resources to perform genetic
linkage studies, genome wide association studies (GWAS),
sequencing... Moreover, the mode of inheritance of diseases
can be hypothesized owing to pedigree data collected over
a short period of time with many generations (Fig. 1). The
dog is also a powerful model to investigate the role of the
“environment” in the disease onset, progression, severity
and outcome, since we share with our pets the same environ-
ment: our settlement and our habits and life exposures (for
instance, pollution, sun, toxins exposure and diet).
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To conclude, the study of canine genetic diseases in
predisposed dog breeds can unravel new genes and new
pathways more easily than in humans, and then provide
not only candidate genes to screen human patients, but also
natural models for therapies, for a double benefit in human
and canine medicine. The canine model helps to unravel
the genetics of homologous diseases, their pathophysiology
and their treatments, up to clinical trials that can be settled
in dogs prior to humans. We can cite for example, research
on gene therapy performed on retinal diseases (Acland et al.
2005; Aguirre et al. 2007; Beltran et al. 2014; Pichard et al.
2016), or cell therapy on muscular diseases (Rouger et al.
2011; Lorant et al. 2018). Concerning retinal diseases, one
of the most known dog model is the Briard RPE65 model.
Indeed, mutations in the RPE65 gene have been described as
responsible of Leber’s congenital amaurosis in human and
congenital stationary night blindness in dog. In 2001, Acland
et al. showed that a subretinal injection of a recombinant
adeno-associated virus carrying a wild-type RPE6S5 lead to
a significant improvement in retinal function, assessed by
ERG, and improvement of the vision assessed by an obsta-
cle course test (Acland et al. 2001). Furthermore, responses
remained stable in dogs followed electroretinographically for
3 years. More recent works on gene therapy are being per-
formed for several known mutated genes, such as PDEGA,
PDE6B, RHO, RPGR, RPGRIP1, CNGB3, BESTI (Petersen-
Jones and Koméaromy 2015).

Human retinitis pigmentosa (RP) and dog
progressive retinal atrophy (PRA)

Among inherited human retinal diseases, 50% are pigmen-
tary retinopathies called Retinitis pigmentosa (RP) (Daiger
et al. 2013). They compose a heterogeneous group of dis-
orders characterized by a progressive loss of vision and
they are leading to blindness because of the degeneration of
the photoreceptor cells of the retina. As humans, dogs are
affected with such retinopathies called progressive retinal
atrophies (PRA) in veterinary medicine which are clinically
and genetically similar to human retinitis pigmentosa.
Human RP are classified according to their syndromic or
non syndromic nature and their mode of inheritance. Syn-
dromic RP include for example the Usher syndrome that
associates RP with deafness or the Bardet Biedl syndrome,
which comprises a RP, obesity, intellectual disability and/
or renal disorders. Concerning the non syndromic RP, all
modes of inheritance are described: autosomal recessive,
autosomal dominant and X-linked. Non syndromic RP rep-
resent 70 to 80% of all RP (Verbakel et al. 2018) and are also
called rod-cone dystrophies (RCD). Indeed, RP are char-
acterized by a primary degeneration of rod photoreceptors
followed by a secondary degeneration of cones, as in dog
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Fig. 1 Border collie pedigrees. a Pedigree of 312 Border collies. b males. Affected and unaffected dogs are noted with empty and black
Zoom in on the Border collie pedigree used in genetic analyses. In the symbols, respectively. Dogs indicated with an arrow in a were used to
Border collie breed, the disease most probably segregates as X-linked make the b part. In b, question mark indicates that no clinical data are
recessive since unaffected parents produce affected dogs, and most available

affected dogs are males. Circles represent females, squares represent
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PRA. Although RP remain rare diseases, they are the most
frequent forms of retinal degenerations with a worldwide
prevalence of approximately 1:4000 (Pagon 1988).

All human non syndromic RP have similar clinical fea-
tures but the genetic causes are different, even from one
family to another. To date, over ninety genes and loci are
associated with RP but there are still human patients with
no genetic diagnosis. For example 40% of Spanish fami-
lies in which segregate an autosomal dominant RP are not
genetically solved (Martin-Merida et al. 2018). Due to the
genetic heterogeneity of these diseases, finding the impli-
cated genes and causative mutations remains a challenge
in human genetics. Thus, models spontaneously develop-
ing retinopathies, clinically similar to RP are an invaluable
opportunity for the genetics, physiopathology and treatments
of human RP.

Dog PRA can serve as natural models for human RP.
Indeed, the similarities between canine PRA and human RP
have been described since the beginning of 1900s, first in the
Gordon Setter breed (Magnusson 1911; Pary 1953). But it is
only in the late 1980s that the first gene implicated in PRA,
PDEG6B, could be discovered in the Irish Setter breed, with
a non-sense mutation in exon 21 (Suber et al. 1993). Inter-
estingly, this gene is known to be implicated in the RP40
form in human (McLaughlin et al. 1993). This first finding
was followed by numerous discoveries of homologous genes
involved in both canine and human retinopathies.

In the dog species, more than 100 breeds are known
to be affected with different PRA forms (Petersen-Jones
1998, 2005; Patterson 2000; Aguirre and Acland 2006).
PRA are usually classified according to the age (early and
late onset PRA) and the dog breed. The prevalence of the
disease varies depending on the breeds and even on the
geographic origin of the breed. Indeed, some breeds have
a high frequency of affected individuals such as Poodles,
Retrievers, Spaniels and Border collie, around 8% of the
population being affected in the latter breed (Chaudieu
et al. 2014), and other breeds can show sporadic cases
such as Welsh Terrier, or Puli (Chaudieu and Chahory
2013). Due to breeding practices, dog breeds are mainly
affected by only one form of PRA suggesting a unique
genetic cause but some breeds can be affected by several
forms (Table 1; Fig. 2). For example, Golden retrievers are
affected by an early onset PRA form and a late onset form,
for which three genes have been identified to date: PRCD
(photoreceptor disc component) SLC4A3 (solute carrier
family 4 member 3) and TTCS (tetratricopeptide repeat
domain 8) (Zangerl et al. 2006; Downs et al. 2011, 2014).
However, it is estimated that around 9% of PRA cases
in the Golden Retriever still remain unexplained (Downs
et al. 2014). On the other hand, some frequent mutations
are the cause of the disease in several breeds: an extreme
situation is observed for the PRCD gene with a unique
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mutation affecting over 18 breeds, indicating an ancient
founder effect of this mutation (Zangerl et al. 2006; Gold-
stein et al. 2006) (Table 1).

Clinical displays and diagnosis of canine PRA
and human RP

Functional signs

The first symptom of PRA/RP is a night blindness.
Affected people and dogs have then to deal with a loss
of peripheral vision inducing a reduced visual field with
tunnel vision for advanced forms, a poor perception of
contrasts and movements. In humans, with the progres-
sion of the disease, a photophobia and a loss of the visual
acuity (reduction of the cones sensitivity) appear gradually
with difficulties to perceive colors, and in the most severe
cases, the ultimate stage of the disease is a complete blind-
ness that settles, in humans, later in life (Hamel 2006).
Humans can easily express their visual discomfort, how-
ever, for dogs, the behaviour is the main criteria revealing
the first signs of PRA’s development. The progression of
the disease is variable between individuals and breeds. For
instance, Cardigan Welsh Corgi dogs become blind usu-
ally before one year of age with a fast progression of the
disease when Irish and Gordon Setters, show clinical signs
usually after 6 years of age (Chaudieu and Chahory 2013).
The “early-onset PRA” implicates a disruption of the post-
natal maturation of the retina (between 2 and 6 weeks of
age) and/or a degeneration of cells that begins at the end or
before the end of the development of the retina. The “late-
onset PRA” develops later, after the complete maturation
of the retina, the dog’s retina being mature at 2 months old
(Narfstrom and Petersen-Jones 2013).

Fundus presents lesions and pigmentary deposits

In all forms of PRA and RP the retina gets thinner and neu-
ronal cells including photoreceptors progressively degener-
ate. The fundus of affected individuals shows pigment rear-
rangement with depigmented areas and pigment deposits (in
peripheral region first, then towards the centre of the retina),
a decrease of the vessel calibre and even their disappearance,
a discoloured optic disc and consequently an atrophied optic
nerve head. In dogs, the tapetal region appears granular at
the beginning because of the degeneration of photoreceptors
that evolves into a generalized hyperreflectivity of the tapetal
area at the ultimate stage (Figs. 2, 3). Moreover, affected
dogs present a reduction of the pupillary light response
(Petersen-Jones 1998).
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Table 1 Identified genes and mutations implicated in dog PRA

Gene name (chromosome)

Disease (transmission)

Mutation

Affected breed(s)

References

PDEGB (CFA3)
f sub-unit of the phospho-
diesterase

RD3 (CFAT7)

Retinal Degeneration 3

PDEGA (CFA4)

Phosphodiesterase 6 A,
cGMP specific, rod, a
sub-unit

C2orf71 (CFA17)

Chromosome 17 open
reading frame, human
C2orf71

SLC4A3 (CFA37)

Solute Carrier Family
4, Anion Exchanger,
Member 3

TTC8 (CFA8)

Tetratricopeptide repeat
domain 8

CCDC66 (CFA20)

Coiled-coil domain con-
taining 66

PRCD (CFA9)

Progressive Rod Cone
Degeneration

RPGR (CFAX)

Retinitis Pigmentosa
GTPase regulator

STK38L (CFA27)
Serine/Threonine kinase
38 like

RHO (CFA20)
Rhodopsin

CNGBI (CFA2)
Cyclic Nucleotide Gated
Channel beta 1

SAG (CFA25)

S-Antigen retina and pineal

Gland (arrestin)
CNGA1I (CFA13)
Cyclic nucleotide gated

channel alpha 1

FAMI61A (CFA10)

Family with sequence simi-

larity 161, member A
MERTK (CFA17)
MER tyrosine kinase

protooncogene

RCD 1 (AR)

Rod Cone Dysplasia
RCD 1a (AR)

Rod Cone Dysplasia
RCD 2 (AR)

Rod Cone Dysplasia
RCD3 (AR)

Rod Cone Dysplasia

RCD4 (AR)
Rod Cone dysplasia

GR PRA 1 (AR)
Golden Retriever Progres-
sive retinal atrophy

GR PRA 2 (AR)

Golden Retriever Progres-
sive retinal atrophy

GPRA (AR)

Generalized Progressive
Retinal Atrophy

PRCD (AR)

Progressive rod-cone
degeneration

XLPRA1

X linked Progressive Reti-
nal Atrophy

XLPRA2

X linked Progressive Reti-
nal Atrophy

ERD (AR)

Early Retinal Degeneration

AD PRA

Progressive Retinal Atro-
phy (AD)

Progressive retinal atrophy
(AR)

Progressive retinal atrophy
(AR)

Progressive retinal atrophy
(AR)

Progressive retinal atrophy
(AR)

Progressive retinal atrophy
(AR)

G to A in exon 21
(TGG to stop codon TAG)

8 bp insertion in exon 21
22 bp insertion in exon 4

1 bp deletion in exon 15

1 bp insertion in exon 1

1 bp insertion in exon 16

1 bp deletion in exon 8

1 bp insertion in exon 6

Gto Ainexon 1 (TGC to

TAC)

5 bp deletion in exon 15

2 bp deletion in exon 15

SINE insertion in exon 4

CtoGinexon 1

1 bp deletion+ 6 bp inser-

tion in exon 25

T to C in exon 18

4 bp deletion in exon 9

SINE insertion of 132 pb

in intron near exon 5

LINE-1 insertion in intron
1

Irish setter
Sloughi

Collie: smooth collie and
rough collie

Cardigan Welsh Corgi

Gordon Setter, Irish Setter

Golden Retriever

Golden Retriever

Schapendoes

a

Siberian Husky
Samoyede

Mongrel

Norwegian Elkhound

English Mastiff
Bullmastiff

Papillon and Phaléne

Basenji

Shetland Sheepdog

Tibetan spaniel, Tibetan

Terrier

Swedish Vallhund

Suber et al. (1993)
Dekomien et al. (2000)
Kukekova et al. (2009)

Petersen-Jones et al. (1999)

Downs et al. (2013)

Downs et al. (2011)

Downs et al. (2014)

Dekomien et al. (2010)

Zangerl et al. (2006)

Zhang et al. (2002)

Goldstein et al. (2010)

Kijas et al. (2002)

Ahonen et al. (2013)

Goldstein et al. (2013)

Wiik et al. (2015)

Downs and Mellersh (2014)

Everson et al. (2017)

CFA canine chromosome, AR autosomal recessive, AD autosomal dominant, del deletion, ins insertion, bp base pair

*The mutation was highlighted in 18 different breeds (Zangerl et al. 2006), but over 50 breeds and 10 mixed breeds are tested by the Optigen
company (http://www.optigen.com/opt9_test_prcd_pra.html; accessed 24 May 2018). Indeed, the mutation was recently found in other breeds
and mixed breeds (Donner et al. 2018)
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Dogs

Humans

Gene
involved

Human
RP form

RP36 €<—> PRCD

Poodle

RP51 «—> TTC8

? <> SLC4A3

RP54 «—> C2orf71

Gordon Setter

Bernese Mountain Dog

? €«— Drahthaar
? €—— Korthal
? €«—— Other breeds ...

Fig.2 Dog PRA as model for human RP. In dog, several dog breeds
are affected by PRA and the implicated genes are the same than in
human RP. Dog breeds for which the gene is not yet known thus rep-
resent good models to identify new candidate genes for human RP.
Human eye fundus from C. Hamel. Dogs eye fundus from G. Chaud-
ieu

The electroretinogram (ERG) shows a loss of rod
functionality

The full field ERG is used for the exploration of the pho-
toreceptors and the internal nuclear layer of the retina. It
shows, in affected dogs, a hypovoltage of photoreceptors
response more pronounced for rods resulting from their
loss of function (Chaudieu et al. 2014). The advanced
cases present a global extinction of the ERG waves in
scotopic (rod response) and photopic conditions (cone
response). In the late stage of the disease, the electrore-
tinogram is not recordable. In most cases, the fundus is
sufficient to make the diagnosis of PRA because the dis-
ease development is underway when owners notice loss of
vision signs in their dogs. The ERG is essential in humans
because it allows the detection of the degeneration before
the earliest changes in the fundus and also allows the diag-
nosis in dogs. Indeed ERG shows abnormalities early in
the development in the rods responses.

@ Springer

Mode of inheritance

In human, RP can be inherited as Mendelian or non-Mende-
lian traits. The most common mode of inheritance is auto-
somal recessive that represents 50-60% of total RP cases;
then autosomal dominant, with 30—40%, and X-linked, with
5-15%. Non-Mendelian RP forms are less frequent and often
belong to syndromic RP. Other inheritance modes combin-
ing several genes are also known, such as compound het-
erozygous mutations in the same gene or in different genes.
For example a pseudo-dominant RP is caused by a com-
bination of two heterozygous mutations in the ROM1 and
PRPH? genes (Kajiwara et al. 1994). In the Bardet Biedl
syndrome, affected patients show a “triallelic digenic” inher-
itance mode (three alleles distributed over two genes) (Kat-
sanis et al. 2001). In addition, a mutation in a mitochondrial
gene has been reported to cause a syndromic RP associated
with a hearing loss (Mansergh et al. 1999).

Canine PRA are mainly inherited as Mendelian traits:
autosomal recessive, autosomal dominant or X-linked with a
strong predominance of the autosomal recessive inheritance
mode, due to the genetic history of dog breeds (inbreed-
ing and use of popular sires increasing the probability to
spread a mutation and to obtain homozygous dogs for the
mutation) (Fig. 1). To date, numerous PRA forms have been
described in the literature but the mode of inheritance is not
always identified and is only presumed, unless exhaustive
pedigree data or direct identification of the genes involved.
For instance PRA is diagnosed in many breeds, but no pedi-
gree information allowed yet to speculate the transmission
mode, as for example PRA in the Wirehaired Pointing Dog
(Drahthaar and Korthals) (Chaudieu and Chahory 2013),
or in Bernese Mountain dogs (Chaudieu and Molon-Noblot
2004).

Dog PRA, human RP: similar metabolism,
same genes involved

In 1978, the team of Dr. Aguirre first described a defect
in the GMP metabolism implicated in a canine PRA, in
the Irish setter breed called RCD1 (Rod Cone Dyslasia 1)
(Aguirre 1978). Indeed, the functional and activated cGMP
phophodiesterase (PDE) hydrolyses cGMP that is, at a low
quantity, responsible for the closure of cation channels and
consequently to the hyperpolarization of cell membranes.
The GMP metabolism is essential in the phototransduction
process, thus mutations of genes involved in this metabo-
lism can lead to PRA. The 4 subunits of PDE were thus
investigated in dog PRA (Figs. 2, 4), as well as in human
RP. The P subunit of the phosphodiesterase (PDE6B) is
mutated in an early onset PRA in Irish setter (Suber et al.
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Fig.3 Border collie PRA. Eye fundus of an affected male (a, b, dog
111 in the pedigree) and of her mother, obligate carrier (c—f, dog 12 in
the pedigree) (photos from G. Chaudieu). a, ¢ Left central eye fun-
dus. b, d Right central eye fundus. e Left peripheral eye fundus. f
Right peripheral eye fundus. a, b (Affected male): generalized retinal
atrophy characterized by a hyperreflective tapetum, greyish pigmen-
tation in the border of the tapetum as well as in non tapetal areas,
no more arteries (only the dorsal vein is visible). ¢, d (Obligate car-
rier female): normal central eye fundus. A greyish pigmentation can
be guessed in the periphery of the temporal tapetum for the left eye
(¢) and in the periphery of the nasal tapetum for the right eye (d). e
In the left eye peripheral eye fundus, a small greyish pigmentation is

1993) in a late onset PRA in Sloughi (Dekomien et al.
2000), as well as in human RP40 (McLaughlin et al. 1993;
Bayés et al. 1995), one isolated autosomal recessive RP
(Hmani-Aifa et al. 2009), and an autosomal dominant sta-
tionary night blindness 2 (CSNBAD?2) (Gal et al. 1994).
Concerning the a subunit (PDE6A), mutations were found
in affected Cardigan Welsh corgi (Petersen-Jones et al.
1999), in human early onset night blindness (Huang et al.
1995) and in an autosomal recessive RP (Corton et al.
2010). No mutation was found in dogs in the other two
subunits, PDE6y and PDE6S. In human, only few individu-
als affected with RP57 were found to have a mutation in
the gamma subunit (Dvir et al. 2010).

Another key player was also investigated, the rhodop-
sin (RHO) (Figs. 2, 4). It is the G protein-coupled receptor
that initiates the transduction cascade and allows the night
vision. Mutations in the RHO gene are implicated in two
different phenotypes (Gal et al. 1997; Cideciyan et al. 1998).
To date, the Human Gene Mutation Database (HGMD:

observed in the tapetal area (arrow) as well as greyish pigmentation
in the border of the tapetum as well as in non tapetal areas The vas-
cularisation appears normal. f In the right eye peripheral eye fundus,
a heterogeneous greyish pigmentation is observed in the tapetal area
(arrow). The vascularisation appears normal. g Part of the Border col-
lie pedigree, presenting the dog clinically described in a—f, and the
genome of the dogs indicated by an asterisk has been sequenced. The
females 12 and II2 are obligate carriers as they have affected sons.
The 2 affected males III1 and III2 carry the affected X chromosome
inherited from their 112 mother. h Picture of a 2-year old affected and
blind Border collie (from E. Lafont)

http://www.hgmd.cf.ac.uk/) references 4 mutations of this
gene responsible for Congenital stationary Night blind-
ness (CSNBAD1) and 209 mutations for retinitis pigmen-
tosa 4 (RP4). In dog, Kijas et al. (2002) investigated the
RHO gene in English Mastiff dog PRA because of clinical
and ERG similarities with certain human RHO-linked RP.
These similarities include a slow time course of recovery
for rod cells after light exposure and localized thinning of
the retina or a spread degeneration from a focal region. The
specific PRA form segregates in English Mastiff and also
in a related breed, Bullmastiff, evident by 12—18 months. A
single nonsynonymous C to G transversion at nucleotide 11
of the RHO gene has been identified which changes Threo-
nine into Arginine (T4R). However, the RHO expression
or trafficking is not impaired by the mutation and retinal
photoreceptors seem to develop normally (Kijas et al. 2003).
To date, experiments to determine the function and the role
of RHO in dog PRA have been performed in the “T4R RHO
dog model” (Marsili et al. 2015; Iwabe et al. 2016).
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RPE MERTK

os PDE  CCDC66*
RHO SAG
C2orf71 PRCD
CNGB1 CNGA1l

TTC8
RPGR

FAM161A

Nucleus

Presynaptic
region

Fig.4 Proteins for which mutation in the coding gene leads to canine
PRA. Adapted from Veleri et al. (2015) (CC-BY license). Proteins are
placed on the schematic of the retina according to their localization
or function in photoreceptors and retinal pigment epithelium. Except
for CCDC66, all the proteins have also been implicated in human RP.
RPE retinal pigment epithelium, OS outer segment, CC connecting
cilium, BB basal body of the photoreceptor (here a rod is represented)

A peculiar PRA form, really “late” compared to the
other PRA, is described in the Gordon and Irish setter dogs,
affected with RCD4 (Rod Cone Dysplasia 4), dogs being
generally diagnosed around 10 years of age. The mutation
leading to RCD4 is a single cytosine insertion in exon 1 of
the C2orf71gene (Downs et al. 2013), which has a role in the
morphogenesis of the photoreceptor outer segment (Corral-
Serrano et al. 2018). A population study showed that RCD4
segregates in the Gordon Setter breed and in the Irish Setter
breed with an allele frequency of 0.35 and 0.29, respectively.
The C2orf71 gene is also known to cause human RP, with,
to date, 2 mutations found in two consanguineous families
(Nishimura et al. 2010), and 3 mutations detected in three
unrelated families (Collin et al. 2010). Further, 11 novel
variants of C20rf71 were detected in 286 unrelated individu-
als affected with progressive retinal degeneration. However,
the authors concluded at a high level of polymorphism of
this gene in the cases and controls population analyzed and
mutations were not validated (Sergouniotis et al. 2011).
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The two last genes discovered in late-onset PRA forms are
CNGBI (Cyclic Nucleotide Gated Channel Beta 1) and SAG
(Non-Stop S-antigen gene, also called Arrestin), both coding
for proteins of the rod photoreceptors. The CNGB1 protein
takes part in a cation channel to mediate the visual transduc-
tion cascade (Chen et al. 1993; Yau 1994; Korschen et al.
1995). The human CNGBI gene contains 33 exons and seven
transcripts are expressed in the retina (Ardell et al. 2000). To
date, 61 mutations in this gene have been reported to cause
human RP in HGMD (Human Gene Mutation Database).
In dogs, the two related breeds Papillon and Phaléne are
affected by a late onset PRA, also caused by a mutation lead-
ing to a frameshift and a premature stop codon in CNGB1
(Ahonen et al. 2013). The SAG gene encodes a soluble rod
outer-segment protein that binds light-activated phospho-
rylated rhodopsin to block phototransduction and target
receptor to internalization (Wilden et al. 1986). Mutations
in the SAG gene are implicated in human Oguchi disease 1
also called CSNBO1 (congenital stationary night blindness
Oguchi type 1), which is characterized by a retarded course
of dark adaptation of rod photoreceptors (Fuchs et al. 1995).
This disease segregates as an autosomal recessive trait and
15 mutations have been reported in the SAG gene in human
(HGMD). In dog, the Basenji breed exhibit a typical PRA
diagnosed by 6-7 years of age and a mutation in the stop
codon of the SAG gene leads to a predicted addition of 25
amino acids to the protein (Goldstein et al. 2013).

Interestingly, based on the identification of the PRCD
gene in dogs, a human patient from Bangladesh affected with
RP36 was homozygous for the same variant identified in the
canine PRCD gene, and presented the same clinical signs
as in dogs (Zangerl et al. 2006). Later, another mutation, a
nonsense mutation, has been identified in the PRCD gene in
18 patients affected by RP, from 9 families of an Israeli Mus-
lim Arab village (Nevet et al. 2010). The HGMD database is
currently reporting 7 mutations in the human PRCD gene.
Such findings confirm the founder effect of these mutations
in human isolated populations, similarly to what is observed
in isolated dog breeds. This gene first identified in canine
PRA, then in human isolated populations affected with RP
show the interest and ability of the dog model to highlight
genes or pathways, not yet investigated in the human cor-
responding diseases.

For X-linked RP (XLRP), the most severe forms of RP
with a prevalence of 1/25 000, the main gene is RPGR (RP
GTPase regulator), with seven mutations first identified
in a human X-linked RP, the retinitis pigmentosa 3 (RP3)
(Meindl et al. 1996). Since then, 218 mutations (HGMD)
had been identified in the human RPGR gene, but they are
implicated in other human eye diseases like the X-linked
cone dystrophy 1 or the X-linked recessive atrophic macu-
lar dystrophy. Further investigations of RPGR allowed to
show its role in the photoreceptor cilium of the retina: RPGR
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participates in the intraflagellar transport (Khanna et al.
2005), modulates the trafficking (Hosch et al. 2011) and may
regulate the formation of the photoreceptor disc (Anand and
Khanna 2012). To date, 70% of RP3 are explained (Ver-
voort et al. 2000) and the RP3 locus accounts for 60-90%
of affected XLRP. Two other genes located on the X chro-
mosome were also found to be mutated in human RP: RP2
(Schwahn et al. 1998) and OFD1 (Webb et al. 2012).

In dogs, two X-linked PRA have been described, also
involving mutations in RPGR (Zeiss et al. 2000): one late-
onset form, XLPRA1 (X-Linked Progressive Retinal Atro-
phy 1) in the Siberian Husky, and one early-onset, XLPRA?2
(X-Linked Progressive Retinal Atrophy 2) in mongrel dogs.
In the Siberian Husky a microdeletion was found in exon
15, and in mongrel dogs presenting ERG abnormalities by
5-6 weeks of age, a 2 bp deletion has been reported also
in exon 15 (Zeiss et al. 2000). XLPRAI is less severe that
XLPRAZ2: for XLPRA1, the dog retina develops normally
and remained functional until 6 months of age. After 6
months, ERG shows abnormalities and clinical signs appear
in young adults (around 1,5 years). By mutation scanning,
Zhang et al. (2002) showed that XLPRAI also segregates
in the Samoyed breed.

Some genes identified in dog breed specific PRA have
not yet been implicated in human RP or retinopathies, thus
constituting relevant candidates: the SLC4A3 gene (solute
carrier family 4, anion exchanger, member 3), CCDC66
(coiled-coil domain containing 66) and STK38L (Serine/
Threonine Kinase 38 like). Concerning SLC4A3, an inser-
tion in exon 16 causing a premature stop codon, has been
identified in a PRA late form in the Golden Retriever (age
of onset 6-7 years) (Downs et al. 2011). This mutation is
present in 56% of the PRA cases and 87% of obligate carri-
ers in Golden Retrievers. Currently, the function of SCL4A3
in PRA is still unknown and no mutation in this gene has
been yet associated with spontaneous retinal degenera-
tion in other species and humans. However, knockout mice
for this gene present retinal degeneration with ERG, optic
nerve and blood vessels anomalies (Alvarez et al. 2007).
Concerning CCDC66, a 1 base deletion is responsible of
Shapendoes PRA, which occurs between 2 and 5 years of
age (Dekomien et al. 2010). A mouse model with a disrupted
CCDC66 gene showed a lack of retinal CCDC66 mRNA and
protein expression leading to a progressive retinal degenera-
tion (Gerding et al. 2011). Finally, concerning STK38L, it
has been implicated in the early retinal degeneration disease
in the Norwegian Elkhound dog breed and is inherited as
an autosomal recessive trait; a SINE insertion in exon 4 of
STK38L has been identified (Goldstein et al. 2010).

With similar clinical features and identical genes involved
in RP and PRA, dogs thus constitute powerful models to
discover new candidate genes for human RP for which causal
mutations are to be found.

Border collie PRA as a model for human
XL-RP

An XL-PRA segregating in the Border collie breed had
previously been described (Chaudieu 2001; Chaudieu
et al. 2014). This PRA is diagnosed by eye fundus, with
an additional ERG if needed, at around 4 years of age. The
clinical features have been extensively described (Chaud-
ieu 2001; Chaudieu et al. 2014): a first loss of night vision
is followed by a decrease of night and day vision that can
lead to a complete blindness. Diffuse hyperreflectivity and
migration of pigments in the tapetum area with a reduced
vascularisation and a grey papilla characterised an advanced
stage of the disease (Fig. 3). The prevalence of the disease
is estimated to 8%, being around 2% for females and 16%
for males (Chaudieu et al. 2014), fitting with the X linked
mode of inheritance hypothesis. Since several years, over
1000 blood samples from affected and unaffected Border
collies were collected through the Cani-DNA CRB. A pedi-
gree consisting of over 300 dogs, including 89 affected dogs,
78 males and 11 females, and 120 unaffected dogs at an age
over 5 years, allowed to confirm the recessive X linked mode
of inheritance (Fig. 1) and to perform preliminary genetic
analyses (Vilboux et al. 2008).

We recently genotyped a total of 178 related Border col-
lies (including 36 affected dogs) on the Canine HD 170K
SNP array (Illumina) or on the latest array containing 1 mil-
lion SNPs (Affymetrix). Genetic linkage analysis showed
that SNPs located on the X chromosome had the highest
Lod score values (>2). A closer look at the X chromosome
genotypes showed that the region between 40 and 80 Mb is
highly conserved in the 178 Border collies, independently
of their clinical status (Unpublished data). More recently,
large European and International consortiums, dedicated to
canine genome sequences (DBVDC “Dog Biomedical Vari-
ant Database Consortium” and Dog 10 000 genomes) have
been set up and allow us to use a whole genome sequencing
(WGS) approach. While this approach is still expensive, it
definitely allows to identify more causative or predisposing
genes since it allows to point out mutations lying in poten-
tially regulatory regions such as promotors and enhancers,
or any potential regulatory non coding RNAs, intronic or
splicing, mutations as well as structural variants. Indeed,
more and more causal mutations are found in regulatory
genetic regions in several diseases (Lin et al. 1999; Olsson
et al. 2011; Plassais et al. 2016).

We thus selected five related Border collies from the pedi-
gree and sequenced their genomes with the Illumina tech-
nology (Fig. 3). The 12 female presents mild symptoms and
its expected genotype at the mutation can be homozygous
or heterozygous since we know that few affected females
with mild symptoms have unaffected fathers (with clinical
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evaluation after 8 years old), indicating they are heterozy-
gous. We compared the 5 Border collie genomes to 330 other
dog genomes from 87 breeds (DBVDC) and identified a total
of 78 single nucleotide variants (SNVs) on the X chromo-
some. These SNVs have been filtered (1) to present a differ-
ent allele in the affected dogs compared to the dog reference
genome, (2) to be heterozygous in the female 112 and (3)
to be either homozygous or heterozygous in the female 12.
None of these variants are located in coding regions and
their involvement in the XL-PRA is still under investiga-
tion. In addition to SNVs, we searched for insertions, dele-
tions, duplications, translocations and copy number variants
by comparing the genome of the three affected dogs to the
dog genomes from other breeds (DBVDC). The identified
genetic alterations are now under investigation in additional
affected and unaffected dogs to tentatively identify the
causal mutation(s).

Our main hypothesis remains a recessive monogenic
X-linked disease, affecting regulatory regions on the X
chromosome, thus explaining the variability of the clini-
cal features, age of onset and differential evolution of the
lesions among affected females and between males and
females. Indeed, the genetic status of affected females is
never straightforward: independently of the lesions and
their evolution, they can be homozygous or heterozygous,
reflecting the X inactivation mechanism (Nanda et al. 2018).
Finally, we do not exclude the co-existence of 2 clinically
undistinguishable PRA forms, and several mutations segre-
gating in the Border collie as it is the case for example, for
the Golden retriever breed.

Conclusions

PRAs found in dogs serve as invaluable models for human
RP, owing to the clinical, genetic and physiopathology
similarities identified to date, leading to the availability of
spontaneous models for numerous human retinal diseases.
Indeed, in several instances, the genetic analyses of canine
PRA led to the identification of the same genes in human
families, as for the PRA-PRCD/RP36 form. This paper
emphasizes the importance on the veterinary side of inves-
tigating and discovering novel PRA in dog breeds, and
on the human side, of using these natural and spontane-
ous models of RP, in the hope of identifying novel human
genes and mutation(s) in the corresponding RP.

Here, studying the Border collie PRA can hopefully
lead to gene alteration(s) segregating in this breed and
in patients affected with unknown forms of human RP.
In human, only 3 genes involved in X-linked RP have yet
been discovered (RP2, OFDI and RPGR), highlighting the
complexity to identify the genetic cause of such X-linked
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diseases. We do hope that NGS approaches in nuclear
canine families, with lots of affected cases and known obli-
gate carriers, can by-pass the difficulties. Indeed, the use
of dog breeds and the availability of hundreds of controls
from many breeds for which a WGS is performed, consti-
tute an exceptional tool for genetic research.

Characterizing “naturally” occurring animal models
for human diseases is also a unique opportunity for the
development of future treatments/therapeutic strategies in
PRA/RP.

Importantly, the dog as a spontaneous homologous
model of human RP is fully in respect of the 3R (Reduce,
Refine, Replace) rule for managing animal models, replac-
ing experimental rodent models in some instances. We
also insist on the fact that such research also benefits dogs,
by the development of genetic diagnosis and predictive
tests, for a better management of the disease and of poten-
tial new treatments for dogs themselves.
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