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Abstract

The genetic background of three canine hereditary eye diseases, namely
microphthalmia, open-angle glaucoma and progressive retinal atrophy,
were addressed in this thesis. Currently, no standardized curative
treatment options are available for these diseases. Gene defects behind
each of them were identified using modern genome-wide approaches
followed by functional validations.

In study I, the genetic analyses revealed that a 3-bp deletion in the
RBP4 gene is associated with microphthalmia in Irish Soft-Coated
Wheaten Terriers. Simultaneously, a new mode of maternal inheritance
was discovered as the disease manifests only if both the dam and the
offspring were homozygous for the variant. During gestation, RBP4
transfers vitamin A from maternal liver stores to the developing puppy.
The defective protein is not secreted into serum, causing vitamin A
deficiency, a known risk factor for microphthalmia.

In study II, a recessive missense variant in ADAMTSIO was
associated with open-angle glaucoma in Norwegian Elkhounds. The
disease was found to be bilateral, unresponsive to medical treatment
and led to irreversible blindness by the age of six years.

In study III, a recessive variant in a putative silencer region fully
segregated with progressive retinal atrophy in Miniature Schnauzers.
The breed was also found to suffer from another genetic form of the
disease, for which a tentative locus was identified.

The results of this study have led to novel scientific insights and
practical applications and have translational implication to human
medicine with similar conditions and gene associations. Three gene
tests have been developed to aid veterinary diagnostics and breeding
programs. The new mode of maternal inheritance discovered in study I
could be a more common phenomenon in developmental disorders
across species and should be taken into consideration in all genetic
studies.



Tiivistelma

Tassd vaitostutkimuksessa selvitettiin kolmen perinnéllisen, koirilla
spontaanisti  ilmenevdn silmédsairauden geneettisid aiheuttajia.
Sairauksien  taustalla  vaikuttavat  geenivirheet  tunnistettiin
hyodyntdmilld perimédn laajuisia tutkimusmenetelmid ja erilaisia
toiminnallisia kokeita.

Ensimmaisessd osaty0ssd paikannettiin vehnéterriereilld ilmenevén
silmén alikehittyneisyyden eli mikroftalmian todennékoiseksi syyksi
virhe RBP4-geenissd. Samalla 10ytyi uudenlainen &idisté riippuvainen
periytymistapa, silld sairaus ilmeni vain, jos sekéd emad ettd pentu olivat
geenivirheen suhteen samaperintéisid. RBP4 kuljettaa tiineyden aikana
A-vitamiinia emiltd pennulle, mutta geenivirheen vuoksi proteiinia ei
pystytd tuottamaan ja pentu kérsii A-vitamiinin puutteesta. A-vitamiini
on tirked useiden elinten normaalille kehittymiselle, ja silmd on sen
puutokselle herkin.

Toisessa osatyOssa tutkittiin harmailla norjanhirvikoirilla ilmenevaa
avokulmaglaukoomaa. Taudin edetessd silménsisdinen paine kohoaa ja
koirat sokeutuvat pysyvisti noin kuusivuotiaina. Geneettiset analyysit
paikansivat sairautta aiheuttavan geenivirheen ADAMTSI0-geeniin,
joka on aiemmin liitetty beagleilla tavattuun avokulmaglaukoomaan.

Kolmannessa osatyOssd tutkittiin kédpiosnautsereilla ilmenevaa
etenevdd verkkokalvorappeumaa. Nuorilla aikuisilla sokeuteen
johtavan ~ muodon  todenndkoiseksi  aiheuttajaksi  paljastui
sadtelyalueella sijaitseva geenivirhe. Rodussa ilmenee toistakin muotoa
taudista, jonka aiheuttaja paikantui alustavasti X-kromosomiin.

Viitostyon tuloksena on voitu kehittdd tutkituille sairauksille
geenitestit jalostuksen ja diagnostiikan tueksi. Tuloksia voidaan
hyodyntdda my0Os ladketieteessd, silld samat sairaudet ilmenevit
thmisillakin. ADAMTSI10- ja RPB4-geenit on liitetty aiemmin
vastaaviin ihmissairauksiin, mutta verkkokalvorappeumaan liittyva
lokus on wuusi ja sen roolia tulisi selvittid myos ihmispotilailla.
Ensimmaisessd osatyOssd 10ydetty uudenlainen periytymistapa on
todennékoisesti luultua yleisempi muillakin lajeilla kehityksellisissd
sairauksissa, ja tulee ottaa huomioon tulevaisuudessa kaikessa
genetiikan tutkimuksessa.
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1 Review of the literature

1.1 Canine genetics

1.1.1 Unique genome architecture facilitates gene mappings

Two genetic bottlenecks, an old one and a recent one, have made the domestic
dog (Canis lupus familiaris) genetically unique (Figure 1A). Around 15,000—
100,000 years (Vila et al., 1997, Savolainen et al., 2002) (7,000-50,000
generations (Lindblad-Toh et al., 2005)) ago, the dog was domesticated from
the grey wolf (Canis lupus lupus). Attempts to localize the origin of
domestication have produced controversial results (Vila et al., 1997, Sablin,
Khlopachev, 2002, Germonpré et al., 2009, Thalmann et al., 2013, Frantz et
al., 2016), possibly reflecting the available sample material in the studies or
the actual fact that there have been several domestication events in different
geographical locations. During domestication, only a fraction of genetic
diversity present in wolves remained in dogs. Another more recent, bottleneck
occurred, when the modern dog breeds were created some hundred years
(around 50-100 generations (Lindblad-Toh et al., 2005)) ago by allowing only
dogs with desired morphological or behavioral traits to mate. This kind of
aggressive artificial selection often included inbreeding and the use of popular
sires (Calboli et al., 2008), which fixated the desired traits to the breeds but
also led to decreased genetic diversity, later demonstrated by genetic analyses.
Currently, the Federation Cynologique Internationale recognizes 349 dog
breeds, each of which forms its own genetic isolate as pure-bred dogs are
allowed to be bred only with same-breed individuals according to breed-
barrier rules.

The normal dog karyotype has 38 pairs of acrocentric autosomes and two
metacentric sex chromosomes. The first draft version of the dog genome was
published in 2003, when the genome of a male standard poodle was sequenced
(Kirkness et al., 2003). In 2005, a female boxer was sequenced to produce the
CanFam 1.0 and 2.0 annotations and to report the haplotype structure in
several dog breeds (Lindblad-Toh et al., 2005). Within-breeds and between-
breeds comparisons indicated that, as suspected from the evolutionary history
of pure-bred dogs, there is less genetic diversity between individual dogs from
the same breed than between individuals from different breeds (Lindblad-Toh
et al., 2005). Approximately 1 per 1,600 bp was polymorphic within any of
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the studied 10 breeds, whereas between breeds, the number was almost double
(Lindblad-Toh et al., 2005). The similarity of the breeds is interesting, as
individual breeds also have specific additional

A

Figure 1

Pre-breed domestic dogs
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The dog has a unique genomic architecture resulting from its
evolutionary history. [A] During domestication from the grey wolf,
only a fraction of the genetic diversity present in the grey wolf
remained in the domestic dog, accounting for an old bottleneck
(vellow arrow). The creation of modern breeds some hundred years
ago represents another recent bottleneck (blue arrow), as
aggressive selection was done to establish the breeds with desired
morphological or behavioral traits. [B] The two bottlenecks have
resulted in a specific haplotype structure in dogs, where long-range
LD is observed within breeds and short-range LD across breeds.
Different colors represent distinct haplotypes. Image source (wolf
and dog shapes): www .Pixabay.com.

bottlenecks (e.g., due to catastrophes such as the World Wars) and very
different population sizes, but their importance seems minor in comparison to
the two common bottlenecks (Lindblad-Toh et al., 2005).

Because of the evolutionary history, dogs have a specific haplotype
structure. Long-range linkage disequilibrium (LD) regions extending over
multiple megabases are seen within dog breeds (Lindblad-Toh et al., 2005,
Sutter et al., 2004) (Figure 1B), resembling observations from inbred mouse
strains (Mouse Genome Sequencing Consortium et al., 2002, Kirby et al.,
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2010). In contrast, across breeds, short-range LD of tens of kilobases is
observed (Figure 1B), mimicking more of the human ancestral haplotypes
(Lander et al., 2001, Gabriel et al., 2002, International HapMap Consortium,
2003).

As a result of the genetic characteristics, gene mapping is facilitated in
dogs for several reasons. These include the observed long-range LD within
breeds, which enables the mapping of trait-associated chromosomal regions
using genotyping arrays with remarkably lower marker densities than those
required in human studies (Karlsson et al., 2007). Short-range LD across
breeds, on the other hand, offers possibilities to narrow down the associated
locus efficiently (Lindblad-Toh et al., 2005). In addition, smaller sample sizes
are needed for genetic discoveries in Mendelian trait mapping with successful
examples reported using samples from only 10 cases and 10 controls (Karlsson
et al., 2007).

1.1.2 Development of genomic tools and resources

The unique genome architecture of the domestic dog has made it an important
research subject, not only to promote canine health but also to understand
major biological concepts such as mechanisms of evolution in general. During
the past 10 years, variants in more than 250 canid genes have been identified
for Mendelian and complex traits (www.OMIA .org,
www.MyBreedData.com). The discovery rate is expected to remain high, as
different available resources, together with the unique genome structure,
facilitate gene mapping in dogs.

When the CanFam 1.0 and 2.0 annotations for the dog reference sequence
were published in 2005 (Lindblad-Toh et al., 2005), comparative genomics
with previously sequenced human (Lander et al., 2001), mouse (Mouse
Genome Sequencing Consortium et al., 2002) and rat (Gibbs et al., 2004)
genomes showed that these four species had a sequence similarity of around
94%. The dog genome is 2.41 Gb in size (Lindblad-Toh et al., 2005) with
20,039 protein-coding genes annotated in the current genome version, the
CanFam 3.1 (Hoeppner et al., 2014).

Over the years, several chip arrays with a varying number of single
nucleotide polymorphisms (SNPs) have become commercially available,
enabling linkage analyses, genome-wide association studies (GWAS) and
other methods to map disease and trait-associated loci (van Steenbeek et al.,
2016). In 2005, based on the initial haplotype analysis in different dog breeds,
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10,000 SNPs in an array was proposed to be sufficient for most mapping
purposes (Lindblad-Toh et al., 2005), meaning a required sample number for
discoveries is substantially smaller in dogs compared to humans (Karlsson et
al., 2007). In the past few years, the CanineHD Whole-Genome Genotyping
BeadChip (Illumina, San Diego, CA, USA), with over 170,000 markers, has
become the most-used SNP array in canine genetics. This chip was developed
in collaboration with the LUPA Consortium, a European—North-American
collaborative effort to enhance canine genetics (Lequarré et al., 2011).
Recently, the new Axiom Canine Genotyping Array Sets A and B (Applied
Biosystems, Waltham, MA, USA), with approximately 1.1 million markers,
was released and might replace the CanineHD Whole-Genome Genotyping
BeadChip in the near future if proven cost-efficient.

In 2014, the first design of a canine whole-exome sequencing (WES)
enrichment assay was published (Broeckx et al., 2014), moving canine
genetics into the era of next-generation sequencing. This assembly was
already made based on the CanFam 3.1 annotation, although only around 85%
of the target regions were covered (Broeckx et al., 2014). In the following
year, the Exome-Plus assembly (152 Mb) was released, now also including
different non-coding RNA regions such as microRNA, long non-coding RNA
and antisense transcripts (Broeckx et al., 2015). As successful variant
detection in WES depends completely on the variant being located in the
coding region, and as understanding of the importance of the regulatory
regions has increased, WES has become less used and replaced by whole-
genome sequencing (WGS). However, the widely-used WGS methods in
canine genetics do allow for calling only single nucleotide variants (SN'Vs)
and small insertions and deletions (indels), limited by the relatively short read
lengths (150 bp) used. Detecting large structural variants requires much longer
read lengths, which are provided by newer tools such as the PacBio® Single
Molecule, Real-Time (SMRT) sequencing (Eid et al., 2009) and Oxford
Nanopore sequencing methods (Mikheyev, Tin, 2014) with long reads of over
10 kb. Reduced read accuracy (Eid et al., 2009, Mikheyev, Tin, 2014) and a
substantially higher price compared to short-read WGS have been limiting
factors for their use, although long-read sequencing will presumably replace
or at least become an important additional method to WGS in the near future.
No publications describing either of these methods to be used in dogs are
found on PubMed currently, although there are several on-going projects
worldwide that use SMRT sequencing in dogs to generate a new genome
annotation, CanFam 4.0 (Provisional Program, Conference on Canine and
Feline Genetics and Genomics, 2019, Bern, Switzerland).
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In addition to available genomic tools, there are also other reasons and
resources that have established the dog as an important research subject
(summarized in Figure 2). Firstly, dogs are affected with

Dogs and ans ! Genetic studies in
B A, dogs are further
» suffer from hundreds of spontaneous . faciliatted by

inherited diseases with
similarities ~, unique genome
» have similar physiology and body si structure

scale
» share the same living en

established DNA
biobanks worldwide

open-access databases
with detailed pedigree
and clinical information

_> Successful discoveries of new
» candidate genes » disease mechanisms » preclinical models

v

Improved understanding and treatment of inherited diseases

Figure 2  The dog has become an important model organism to study human
diseases and traits due to various physiological, pathological and
genetic characteristics. Image source: www.Pixabay.com.

hundreds of the same diseases as humans (Sargan, 2004), and thus, in addition
to purely promoting veterinary medicine, the dog has been used to model
human disease genetics, too. Genetic studies have shown that many
phenotypically similar diseases in these two species result from mutations in
the same causative genes (Zangerl et al., 2006, Ahonen et al., 2014, Everson
et al., 2017). In addition, canine studies have also revealed new candidate
genes for rare human disorders (Ky®ostild et al., 2015, Hytonen, Lohi, 2016).
Dogs, with spontaneous disease occurrence, shared living environment and
similar body size and physiology, might serve even better as a model organism
for human diseases than the widely-used laboratory animals (e.g., see
(Lehtimaki et al., 2018)). In addition, pedigree and health information are
readily available for most pure-bred dogs in open-access databases, such as
the KoiraNet run by the Finnish Kennel association, facilitating canine disease
genetics in a way that would not be possible in humans. Growing canine DNA
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biobanks have been set up worldwide (Groeneveld et al., 2016), with one of
the world’s largest established in Finland in 2006 by Professor Lohi.
Currently, this biobank includes DNA samples from over 70,000 dogs, of
which 35,000 have been eye examined by veterinary ophthalmologists,
offering readily-usable cohorts to study the genetic causes of dozens of
hereditary eye diseases.

In this thesis, all the above-mentioned resources and tools were utilized for
successful genetic discoveries in the studied blinding eye disorders.

1.2 Healthy canine eye

1.2.1 Anatomy of the canine eye

The ocular globe is a camera-like sensory organ with a very specific
anatomical structure, enabling conversion of physical energy (light) into a
biological signal (visual sensation). In ophthalmology, unlike in any other
medical field, the clinician is able to see into the organ of interest without
invasive or complex diagnostic instruments, and many diagnoses are made
based on these direct observations. In addition, non-invasive methods, such as
optical coherence tomography (OCT), provide opportunities to examine
different anatomical parts of the eye in a nearly-histological resolution (Huang
et al., 1991).

Several hereditary eye diseases occur spontaneously in different dog
breeds, causing disturbed morphology or function in the affected structures.
Of the phenotypes studied in this thesis, these targets include development of
the ocular globe (study I, microphthalmia (Graw, 2003)), aqueous humor
outflow, iridocorneal angle, retinal ganglion cells and optic nerve (study II,
glaucoma (Peiffer et al., 1980, Peiffer, Gelatt, 1980, Garcia-Valenzuela et al.,
1995, Johnson, 2006, Almasieh et al., 2012)) and retinal morphology and
function (study III, progressive retinal atrophy (Parry, 1953)). The overall
anatomical structure of the normal canine eye is illustrated in Figure 3, while
specific structures and physiological functions affected by the studied three
diseases in this thesis are described in more detail in the following chapters.
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Figure 3 A schematic view of the normal canine eye. Photo courtesy of Dave
Carlson/CarlsonStockArt.com.

1.2.1.1 The iridocorneal angle

The iridocorneal angle (ICA) is formed anteriorly of the peripheral cornea and
the perilimbal sclera and posteriorly of the peripheral iris and anterior ciliary
body musculature (Figures 3 and 4A). In dogs, unlike in humans, the anterior
iris is further anchored to the inner peripheral cornea with pectinate ligament
fibers, which are fine strands composed of collagen that are lined by iridal
melanocytes and fibroblasts (Bedford, Grierson, 1986, Simones, De Geest &
Lauwers, 1996). These strands are normally slender with an approximate
thickness of 100—150 um (Bedford, Grierson, 1986) and spaces between them,
termed the spaces of Fontana, permit uninhibited outflow of the aqueous
humor (Bedford, Grierson, 1986, Simones, De Geest & Lauwers, 1996, Van
Buskirk, Brett, 1978). The pectinate ligament forms anastomoses with anterior
beams of the trabecular meshwork (Bedford, Grierson, 1986), which in turn is
further divided into three parts: the cobweblike uveal trabecular meshwork,
the lamellated corneoscleral and uveoscleral trabecular meshwork and the
nonlamellated juxtacanalicular tissue (Pizzirani, Gong, 2015) (Figure 4B).
The trabeculae are formed from collagen and elastin, while each fiber is
covered by a single layer of endothelial cells (Bedford, Grierson, 1986, Gong,
Trinkaus-Randall & Freddo, 1989). These endothelial cells respond to
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mechanical strain and have an important role in regulating intraocular pressure
(IOP) (WuDunn, 2009). Macrophages and polymorphonuclear leukocytes in
the uveal trabecular meshwork are able to ingest debris, enabling a clearance
mechanism to ICA (Samuelson, Gelatt & Gum, 1984).

A B
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Figure 4  Schematic representation of [A] the iridocorneal angle and [B] the
aqueous humor outflow through the trabecular meshwork, with
arrows marking the aqueous humor flow direction. TM = trabecular
meshwork, UTM = uveal TM, USTM = uveoscleral TM, CSTM =
corneoscleral TM, JCT = juxtacanalicular tissue, AAP = angular
aqueous plexus, RCC = radial collector channels, ISVP =
intrascleral venous plexus. Figure B adapted from (Pizzirani, Gong,
2015, Swaminathan et al., 2014). Photo courtesy of MSc Milla
Salonen.

The ICA is of the utmost importance in the pathology of glaucoma, as
aqueous humor drainage occurs largely through ICA and blocked drainage can
lead to elevated IOP (Peiffer et al., 1980, Peiffer, Gelatt, 1980), a hallmark
feature of glaucoma. The aqueous humor is produced both by passive and
active mechanisms, with the latter accounting for at least 80-90% of the
production (Green, Pederson, 1972). In the active production, the movement
of Na- and HCO., from the nonpigmented epithelial cells of the ciliary body
into the posterior chamber creates a positive osmotic gradient, drawing fluid
along them (BONTING, BECKER, 1964, Cole, 1977). From the posterior
chamber, the aqueous humor flows to the anterior chamber while maintaining
the physiological IOP and nurturing the avascular ocular tissues, and finally
reaches the ICA, where it exits through the trabecular meshwork into the
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angular aqueous plexus (Tripathi, 1971, Gong et al., 2002). The angular
aqueous plexus is connected to the radial collector channels, through which
the aqueous humor finally enters the intrascleral venous plexus and exits the
ocular globe (Pizzirani, Gong, 2015, Tripathi, 1971). The aqueous humor
outflow through the trabecular meshwork is a passive process and is positively
correlated with the IOP gradient (Tamm, 2009). Glycosaminoglycans and
their protein complexes, especially in the juxtacanalicular tissue, regulate the
outflow (Knepper, Goossens & Palmberg, 1996). The ICA and the structures
it is composed of are under constant dynamic changes mediated by different
cytokines and growth factors (Pizzirani, Gong, 2015, Rohen, Futa & Lutjen-
Drecoll, 1981, Keller, Acott, 2013).

1.2.1.2 The retina

The retina in the ocular fundus consists of multiple layers of highly-specified
cell types (Figure 5), accounting for the initiation of the visual sensation. From
outermost to innermost, these layers include the retinal pigment epithelium,
the photoreceptor, the outer nuclear, the outer plexiform, the inner nuclear, the
inner plexiform, the ganglion cell and finally the nerve fiber layer, with the
seven innermost forming the inner sensory retina, also termed the
neurosensory retina or the neuroretina.

The outermost layer residing in the back of the eye in intimate contact with
the neural retina is the retinal pigment epithelium (RPE), which consists of a
single layer of polarized epithelial cells located between the choroid and the
photoreceptor cells (Rizzolo, 1997). In dogs, the tapetum lucidum, a reflective
layer of the inner choroid covering an area of approximately 30% of the
superior fundus (Lesiuk, Braekevelt, 1983), is located outside of the RPE. The
tapetum lucidum consists of a varying number of layers of tapetal cells packed
with membrane-bound reflecting material (Lesiuk, Braekevelt, 1983) that
enhances vision in dim light by allowing light that has already passed the
retina to be reflected to the photoreceptors again. The RPE forms the outer
part of the blood-retina barrier (Rizzolo, 1997), while its other functions
include light absorption (Bok, 1993), metabolic end product (Thompson, Gal,
2003), water (Hamann, 2002) and ion transportation (Dornonville de la Cour,
1993), reisomerization of retinal for photoreceptor cells (Besch et al., 2003),
phagocytosis of shed photoreceptor outer segments (Bok, 1993, Finnemann,
2003) and secretion of growth factors (Kvanta, 1994, Kannan, Sreekumar &
Hinton, 2011) and immunosuppressive factors (Ishida et al., 2003).
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Figure 5  Normal retina as [A] a schematic illustration and [B] as a H&E
stained histological sample. Layers: RPE = retinal pigment
epithelium, PR = photoreceptor outer and inner segment layer, ONL
= outer nuclear layer, OPL = outer plexiform layer, INL = inner
nuclear layer, IPL = inner plexiform layer, GCL = ganglion cell
layer, NFL = nerve fiber layer. Image source: Retinal cell layer
drawing modified from Wikimedia Commons, Wissenweif3 and H&E
stained histological image modified from Wikimedia Commons,
Librepath.

Directly below the RPE are the photoreceptor cells, whose cell bodies form
the outer nuclear layer. Dogs, like most mammals, have two types of
photoreceptor cells, the rods and the cones, which are responsible for vision
in dim and bright light conditions, respectively. Different types of
photoreceptor cells contain distinct photopigments, which are formed by a
protein moiety (G-protein—coupled receptors, opsins) and a chromophore
(vitamin A derivative, retinal) and which all have their specific spectral peaks.
Opsins are further divided into subfamilies, and scotopsin called rhodopsin is
present in the rods (Ovchinnikov, 1982, Hargrave et al., 1983, Palczewski et
al., 2000), while different photopsins are found in the cones (Neitz, Geist &
Jacobs, 1989). The rods account for over 95% of the photoreceptor cell
population in canine retinas (Mowat et al., 2008). Dogs have two distinctive
cone subtypes expressing photopigments with spectral peaks of about 429
(blue or S-opsin) and 555 nm (red/green or L/M-opsin) (Neitz, Geist & Jacobs,
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1989, Chiao et al., 2000), enabling dichromatic color vision. Dogs, unlike
commonly used laboratory rodents (Szel, Rohlich, 1992, Jeon, Strettoi &
Masland, 1998), have a cone-dense area in their retina, resembling the human
macula and fovea (Mowat et al., 2008, Beltran et al., 2014).

Axons of the photoreceptor cells synapse with dendrites of horizontal and
bipolar cells, forming the outer plexiform layer. At this first synaptic layer in
the retina, the signal from the photoreceptor cells is conveyed to bipolar cells
(Jackman et al., 2011, Thoreson, Mangel, 2012, Chapot, Euler & Schubert,
2017) and shaped by one or multiple horizontal cells (of which dogs have at
least two types (Jeon, Jeon, 1998)). The bipolar cells link the outer and inner
retina by receiving signals from photon-induced photoreceptor cells and
transferring the signal onward (Haverkamp, Grunert & Wassle, 2000,
Dowling, Boycott, 1966). There are multiple types of bipolar cells in the
mammalian retina, and they can be subdivided for example based on the
number and types of photoreceptors they are in contact with (Euler et al.,
2014). Stimuli from parallel information pathways modified by the bipolar
cells are then passed on to amacrine cells and retinal ganglion cells (Kolb,
Famiglietti, 1974, Trexler, Li & Massey, 2005). Amacrine cells, which form
the most diverse cell population in the retina, with over 30 distinct types,
mainly inhibit the bipolar and retinal ganglion cells as well as each other
(MacNeil, Masland, 1998, MacNeil et al., 1999, Lin, Masland, 2006). The
soma of the horizontal, bipolar and amacrine cells together form the inner
nuclear layer, while the inner plexiform layer is the synaptic region between
the bipolar, amacrine and retinal ganglion cells.

Retinal ganglion cell (RCG) bodies, together with neuroglial cells and the
inner tips of Miiller cells, comprise the ganglion cell layer, while their
descending axons form the nerve fiber layer, the optic nerve, the optic chiasm
and the optic tract. The main function of the RGC:s is to transmit the integrated
photoreceptor cell stimuli to the brain, and in more detail, in dogs, to the
occipital cortex (Willis et al., 2001) with the corresponding brain region to the
area of central vision located at the junction of the marginal and endomarginal
gyri in the occipital lobe (Ofri, Dawson & Samuelson, 1995). In addition to
this well-known RGC population, a specific subpopulation of RGCs, the
intrinsically photosensitive RGCs (ipRGCs), have recently been found and are
also present in dog retinas (Yeh et al., 2017). IpRGCs contain a unique
photopigment, melanopsin, and are thus able to independently depolarize in
response to light (Berson, Dunn & Takao, 2002). The highest density of RGCs
in canine retinas is observed in the round central area of the retina and the
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lowest outside the central area (Krinke et al., 1981), with breed-specific
variation and smaller total count compared to the wolf (Peichl, 1992).

1.2.2 Development of the ocular globe

Eye development is relatively well characterized at the cellular level because
of two main reasons: firstly, the outline process is similar across species (Van
Cruchten et al., 2017), allowing interspecies comparisons and extrapolations,
and secondly, mutation discoveries in individuals with congenital eye defects
have shed light on the molecular basis of eye development (Abouzeid et al.,
2011, Aldahmesh et al., 2012, Aldahmesh et al., 2013). In dogs, the majority
of ocular development happens during the fetal period, although, for example,
photoreceptor cell morphology continues to maturate for eight weeks after
birth (Gum, Gelatt & Samuelson, 1984), and eyelid fusion breaks at around
three weeks in puppies. The normal gestational period in dogs is 64 days on
average (Whitney, 1940). It is divided into three phases: the period of the
ovum (gestational days GD2-17, from fertilization to implantation of the
blastocyst), the period of the embryo (GD19-35, until completion of
organogenesis) and the period of the fetus (from GD35 to birth) (Pretzer,
2008).

The first form of the developing eye is the single eye field that is situated
centrally in the developing head. Around GD16 in dogs, this single eye field
splits into two lateral optic vesicles (Van Cruchten et al., 2017), which develop
from the forebrain neural ectoderm, whereas the majority of ocular connective
tissue originates from the midbrain neural crest (Johnston et al., 1979). In the
optic vesicle, the surface ectoderm invaginates into the underlying neural
ectoderm, enabling the formation of the lens vesicle and the optic cup (Figure
6), which in turn give rise to different subparts of the developing eye, as
summarized in Table 1. The optic cup is open by optic fissure, which closes
by GD25 in dogs (Van Cruchten et al., 2017), allowing IOP establishment.

Eye development is regulated by several genes, which are expressed
during early embryogenesis and have been reported to play a role in initiating
certain cascades or to regulate cell-lineage commitment. The best-known
master control gene in eye development across species is the transcription
factor encoding Paired box gene 6 (PAX6). Loss-of-function mutations in
PAXG6 leads to an eyeless phenotype in Drosophila and severe ocular defects
in many mammals (Glaser et al., 1994, Quiring et al., 1994, Halder, Callaerts
& Gehring, 1995), whereas its targeted expression induces ectopic eye
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development in wings and legs in insects, supporting its putative role in eye
field determination (Halder, Callaerts & Gehring, 1995).

Surface ectoderm

Optic cup

Lens placode

Lens vesicle  Optic fissure

Figure 6  Schematic representation of the developing eye. Photo courtesy of
MSc Milla Salonen.

Table 1. Origins of ocular structures.

Ectoderm

Mesoderm
Surface ectoderm Neural ectoderm

Retina, neural and

Lens i Extraocular muscles
Corneal epithelium Iris Vascular endothelium
Conjunctival epithelium Choroid
Lacrimal glands Sclera
Eyelids Pupillary muscles
Ciliary body

Optic nerve
Vitreous body

References: reviewed by Van Cruchten et al., 2017.

1.2.3 Vision

Vision is a multi-step process in which the physical energy of light is
transformed into a biological signal. Observable wavelength spectra differ by
species based on the degree of light transmission through ocular media and
the availability of photopigments in the photoreceptor cells. The spectrum of
visible light to humans spans approximately 400 to 700 nm, leaving out the
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majority of ultraviolet (UV) wavelengths (Boettner, Wolter, 1962, Lei, Yao,
2006). In contrast, dogs might be able to see UV light as the canine lens has
been reported to transmit over 60% of light with wavelengths from 315 to 400
nm (Douglas, Jeffery, 2014). Dogs have their two eyes situated side by side,
allowing a considerable portion of the visual field to be seen with binocular
vision (Sherman, Wilson, 1975).

Dogs have dichromatic vision as they have two types of cone cells
expressing distinctive photopigments. The short wavelength-sensitive cones
(S-cones) have a spectral peak of 429 nm (blue), while the long wavelength
cones (L-cones, sometimes referred to as long/medium wavelength cones or
L/M-cones, too) have a spectral peak of 555 nm (green-yellow) (Neitz, Geist
& Jacobs, 1989, Mowat et al., 2008). Color perception might be of greater
importance to dogs than conventionally thought, as they have been reported
to rely more on color than on brightness cues (Kasparson, Badridze &
Maximov, 2013).

1.2.3.1 Retinal light detection

The light detection in the retina initiates a visual sensation that is further
processed and interpreted in the central nervous system. Retinal
photoreception includes two major processes: the phototransduction cascade
in the photoreceptor outer segments and the retinoid cycle in the RPE (Figure
7). In the phototransduction cascade, the absorption of light activates the
photopigments by isomerizing the 11-cis-retinal chromophore to all-trans-
retinal (Hubbard, Wald, 1952). Activated photopigments (metarhodopsin II in
rods (Dickopf, Mielke & Heyn, 1998)) bind photoreceptor-specific G-protein
called transducin (Jager, Palczewski & Hofmann, 1996), which in turn
activates cGMP phosphodiesterase (PDE) (Yamazaki et al., 1983, Wensel,
Stryer, 1986, Asano, Kawamura & Tachibanaki, 2019). Activated PDE
reduces the cytoplasmic concentration of cGMP (Pannbacker, Fleischman &
Reed, 1972), closing the cation-selective cGMP-gated channels and ultimately
resulting in photoreceptor membrane hyperpolarization (Sunderman, Zagotta,
1999), cessation of glutamate release from the synaptic terminals (Murakami,
Otsu & Otsuka, 1972) and, thus, initiation of the visual signal.

After the phototransduction cascade, the retinoid cycle is needed for 11-
cis-retinal regeneration. First, all-trans-retinal is reduced to all-trans-retinol
by an NADPH-dependent all-trans-retinol dehydrogenase (Palczewski et al.,
1994, Rattner, Smallwood & Nathans, 2000) and is transferred to RPE. In
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RPE, it is esterified by lecithin:retinol acyltransferase (Saari, Bredberg, 1989),
converted to 11-cis-retinol by retinoid isomerase RPE65 (Jin et al., 2005) and
oxidized back to 11-cis-retinal by retinol dehydrogenases such as RDHS5
(Simon et al., 1999). Finally, 11-cis-retinal is transported back to
photoreceptor outer segments, where it binds to opsin and is thus available for
another phototransduction cascade.
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initiation of the
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Figure 7  Schematic representation of the retinal light detection, consisting of
the [A] phototransduction cascade in photoreceptor outer segments
(PR OS) and [B] the retinoid cycle in RPE. Mutations in genes
coding the respective enzymes (e.g. RPE65) have been reported to
cause retinal degeneration (Aguirre et al., 1998). Activated proteins
are marked with an asterisk.
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1.3 Canine hereditary eye diseases

Because of their evolutionary history, purebred dogs suffer from many
hereditary diseases as aggressive selection has enriched not only trait-specific
but also disease-causing variants in specific dog breeds (Calboli et al., 2008).
Currently, OMIA (www.OMIA .org) lists nearly 60 inherited eye diseases in
dogs with known genetic causes, while for many, the genetic diagnosis is still
lacking.

The most common hereditary eye disease across breeds is hereditary
cataract, which affects over 100 dog breeds (Davidson, Nelms & Gelatt,
2007). Interestingly, only one gene, HSF4, has been implicated (Mellersh et
al., 2006a, Mellersh et al., 2007, Mellersh et al., 2009) despite vigorous
attempts to map new loci and causative variants. A great majority of the
identified causal variants are breed-specific, although a few, including the
variant in ADAMTS17 causing lens luxation (Farias et al., 2010, Gould et al.,
2011) and the variant in PRCD causing retinal degeneration (Zangerl et al.,
2006, Donner et al., 2018), have been reported to affect several breeds. Below
is a review of the previously published literature regarding microphthalmia,
glaucoma and progressive retinal atrophy, the three phenotypes studied in this
thesis.

13.1 Microphthalmia

Microphthalmia refers to abnormally small and underdeveloped ocular globes
(Figure 8). Together with anophthalmia (complete lack of eyes) and coloboma
(notch-like halos either in the iris, chorioretina or optic nerve head), it forms
the MAC spectrum of congenital eye malformations. The general incidence of
MAC in dogs is not known, but in humans, it is 1 per 5,300 live births
(Morrison et al., 2002). One-third of the affected children have syndromic
MAC, while the rest have no extra-ocular manifestations (Verma, FitzPatrick,
2007). Suggested pathological mechanisms include primary failure in optic
vesicle growth, optic cup invagination or incomplete closure of the optic
fissure (Graw, 2003, Onwochei et al., 2000), although in most cases the
etiology is unknown.

Past studies from human MAC patients and induced mice and Drosophila
have shed light on the genetic causes of the phenotype. In human patients, the
most common single-gene defects are dominant SOX2 loss-of-function
variants (Fantes et al., 2003, Gerth-Kahlert et al., 2013). SOX2
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Figure 8  Unilateral microphthalmia in a five-week-old Miniature Poodle
puppy. Photo courtesy of Marjo Vainio.

belongs to the sex-determining region Y (SRY) -related high mobility group
(HMG) -box transcription factor family and maintains embryonic stem cell
pluripotency during early development (Matsushima, Heavner & Pevny,
2011). Restrained SOX2 expression in the optic cup results in a lack of neural
competence and cell fate conversion to the ciliary epithelium (Matsushima,
Heavner & Pevny, 2011, Taranova et al., 2006). Other MAC-implicated genes
include PAX6, OTX2 and STRA6 (Glaser et al., 1994, Ragge et al., 2005,
Pasutto et al., 2007). PAX6 is the best-known master control gene in eye
development across species and is required in eye field determination (Glaser
et al., 1994); OTX2 is also needed for it (Zuber et al., 2003), but also to RPE
specification and photoreceptor cell formation and maintenance (Martinez-
Morales et al., 2003, Kole et al., 2018). STRAG6 is the cell-surface receptor for
retinol uptake (Chen et al., 2016) and is specifically needed for vitamin A
homeostasis in the eye (Berry et al., 2013). In addition, multiple environmental
factors have been reported for MAC, including maternal dietary vitamin A
deficiency (Hornby et al., 2002). Vitamin A is a substrate of retinoic acid,
which is an important signaling molecule in the development of many organs,
with the developing eye being the most sensitive to its deficiency (Hale, 1935,
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Clagett-Dame, Knutson, 2011). During early embryogenesis, retinoic acid
regulates transcription factor encoding PITX2, which in turn is important to
optic fissure closure and anterior eye segment morphogenesis (Lupo et al.,
2011). At later stages of eye development, retinoic acid promotes
photoreceptor differentiation (Kelley, Turner & Reh, 1994).

In dogs, microphthalmia has been reported in many breeds, including
Akitas (Laratta et al., 1985), Miniature Schnauzers (Gelatt et al., 1983) and
Portuguese Water Dogs (Shaw, Tse & Miller, 2019). Heredity of the condition
in these breeds has been suspected, but no causative variants have been found.
Several dog breeds are also affected by a combination of congenital eye
diseases termed collectively as collie eye anomaly (CEA). The hallmark
features of CEA include choroidal hypoplasia and coloboma, although rare
cases of microphthalmia have also been reported. A recessive 7.8-kb deletion
in NHEJI, encoding a DNA repair factor, has been proposed to cause CEA
(Parker et al., 2007). Part of the reported deletion sequence contains putative
binding sites of multiple regulatory proteins, and their prevented interactions
were proposed to cause the phenotype (Parker et al., 2007). Recently, the
causality of the variant has been questioned because of genotype-phenotype
discordance in Danish Rough Collies and Shetland Sheepdogs (Fredholm et
al., 2016) and the Nova Scotia Duck Tolling Retrievers (Brown et al., 2018).

1.3.1.1 Microphthalmia in Irish Soft-Coated Wheaten Terriers

Multiple ocular anomalies, including microphthalmia, have been described in
Irish Soft-Coated Wheaten Terriers (ISCWTs), a middle-sized terrier breed
originally from Ireland (Figure 9). A single case report from 1995 describes
two ISCWT litters with microphthalmia and other congenital eye defects (Van
der Woerdt et al., 1995). The affected litters were closely related as they had
the same sire and the dams were cousins of each other, leading to a suspicion
of an inherited disease. In the first affected litter, all 10 puppies presented with
lens luxation of varying degrees, while two puppies also had corneal edema
and four persistent pupillary membranes. Microphthalmia status for this first
affected litter is not clearly stated in the case report, but the authors describe
the eyes as too small to be completely examined by indirect ophthalmoscopy.
All puppies were euthanized, and necropsies were done on four of them,
revealing persistent right aortic arch and hydronephrosis in three puppies,
while the fourth had no extra-ocular malformations. Histopathological
examinations of the affected eyes confirmed the findings from ophthalmic
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examinations and also revealed retinal and optic disk colobomata and
choroidal hypoplasia. The second affected litter was born two years later, and
eight of the nine puppies were diagnosed with microphthalmia. Other ocular
anomalies included colobomata near or in the optic disk, strabismus,
distichiasis, corneal dermoid, persistent pupillary membrane and cataract. No
extra-ocular malformations were suspected based on clinical examinations.
The dams of both litters were unaffected, and no abnormalities were detected
during gestation. The sire, common to both litters, was not available for
examination (Van der Woerdt et al., 1995).

Figure 9  The ISCWT is a middle-sized terrier breed originally from Ireland.
Image source: www.Pixabay.com.

Results from any genetic analyses are not described in the original case
report, suggesting that such analyses were not undertaken. The study
describing the NHEJI variant as the cause of CEA in many breeds (Parker et
al., 2007) included samples from affected ISCWTs, but all of them tested
negative for the deletion, thus leaving the genetic cause of the phenotype in
the breed unknown.
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1.3.2 Glaucoma

Glaucomas form a group of progressive optic neuropathies characterized by
retinal ganglion cell and optic nerve head damage (Foster et al., 2002,
Pizzirani, 2015). Elevated IOP is considered an important risk factor for
glaucoma, but is no longer a diagnostic criterion in humans (Foster et al.,
2002). In dogs, the definition of glaucoma still includes increased IOP,
although its validity has been questioned (Pizzirani, 2015, Strom et al., 2011).
Glaucomas are typically categorized based on the suspected cause (primary
i.e. hereditary, secondary) and gonioscopic appearance of the drainage angle
at disease onset (open, closed). In the absence of any detectable underlying
cause, glaucoma is thought to be primary, and they are further subdivided into
congenital, closed-angle and open-angle glaucomas (Pizzirani, 2015).

Glaucoma causes irreversible vision loss and, in the case of elevated IOP,
severe ocular pain (Pizzirani, 2015). Currently, it is treated with IOP-
decreasing medications and surgical interventions, which treat the symptoms
instead of the cause (Komdromy et al., 2019). New treatment strategies,
including neuroprotective medications and gene therapy, are needed in canine
ophthalmology, where glaucoma has remained the most common cause of
enucleation (Hamzianpour et al., 2019).

1.3.2.1 Primary congenital glaucoma

Primary congenital glaucoma (PCG) in dogs appears during the first year of
life with severe abnormalities in the ICA (Strom et al., 2011). PCG is rare in
pure-bred dogs: an epidemiologic study of 5,857 dogs presented to the
University of Zurich Ophthalmology Service during 1995-2009 included only
four PCG cases, which was substantially less than the number of other primary
glaucoma cases (n=123) (Strom et al., 2011). The affected dogs represented
four different breeds: the Dogue de Bordeaux, the Jack Russell Terrier, the
German Hunting Terrier and the Kooikerhondje (Strom et al., 2011). To date,
no genes or loci have been implicated to canine PCG.

PCG in humans accounts for 7—11% of childhood blindness (Gilbert et al.,
1994, Tabbara, Badr, 1985). Causative variants in three genes have been
reported, with autosomal recessive variants in CYPIBI being the most
common cause of the disease (Stoilov, Akarsu & Sarfarazi, 1997, Lewis et al.,
2017). CYP1BI encodes cytochrome P450 1B1, a member of the cytochrome
P450 family that consists of membrane-bound oxidase enzymes, which
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control hormone and metabolite production during development (Stoilov et
al., 2001). The exact pathological mechanism of the CYPIBI variants are
unknown, but the gene is expressed in the ciliary body and the trabecular
meshwork (Stoilov, Akarsu & Sarfarazi, 1997, Stoilov et al., 1998, Zhao et
al., 2013), structures that are of fundamental importance to aqueous humor
production and outflow, and its reduced activity and stability have been
reported in glaucoma (Chavarria-Soley et al., 2008, Jansson et al., 2001). The
other two genes implicated in human PCG are TEK receptor tyrosine kinase
(TEK) (Souma et al., 2016) and latent transforming growth factor beta binding
protein 2 (LTBP2) (Ali et al., 2009, Narooie-Nejad et al., 2009), variant in
which has also been proposed causative for feline PCG (Kuehn et al., 2016).

1.3.2.2 Primary closed-angle glaucoma

Primary closed-angle glaucoma (PCAG) refers to hereditary glaucoma, in
which the gonioscopic appearance of the drainage angle is narrow or
completely collapsed (Pizzirani, 2015). In dogs, the main risk factor for PCAG
is pectinate ligament abnormality (PLA, sometimes called pectinate ligament
dysplasia), a condition in which the normally slender strands of collagen with
spaces between them (Bedford, Grierson, 1986) become broad sheets, thus
inhibiting aqueous humor outflow in the ICA (Wood, Lakhani & Read, 1998,
Wood et al., 2001). PLA was previously thought to be congenital (Wood,
Lakhani & Read, 1998), but recent studies have shown that gonioscopically
normal dogs can develop it later in life, and the severity of the deformity may
increase with age (Pearl, Gould & Spiess, 2015, Oliver, Ekiri & Mellersh,
2016b, Oliver, Ekiri & Mellersh, 2016a). Although PLA is considered the
most important risk factor for PCAG, not all dogs with PLA develop PCAG
during their lifetime (Miller, Bentley, 2015).

The etiology of PCAG is thought to be complex with multiple genetic and
environmental factors determining the risk of disease outbreak. Several dog
breeds are suspected to suffer from PCAG, and six loci and two genes have
been implicated to date (Ahonen et al., 2013, Ahram et al., 2014, Ahram et al.,
2015, Oliver et al., 2019a, Oliver et al., 2019b). The first canine PCAG locus
was mapped in 2013, when a genome-wide case-control comparison in Dandie
Dinmont Terriers indicated a disease-associated chromosomal region in the
CFAS8 (Ahonen et al., 2013). Studies regarding the genetic cause of PCAG in
Basset Hounds have proposed associations to loci in chromosomes 14, 19, 24
and 37 (Ahram et al., 2014, Ahram et al., 2015, Oliver et al., 2019a). A variant
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in NEB, encoding an actin thin filament-binding protein called nebulin
(Littlefield, Fowler, 1998), has been reported to associate with PCAG in the
Northern American Basset Hounds (Ahram et al., 2015). However, the
pathological role of the NEB variant remains elusive, as no differences in
immunohistochemical staining intensity in the ciliary body and ciliary cleft
were observed when comparing samples from affected and unaffected dogs
(Ahram et al., 2015) and because the variant does not segregate with the
phenotype in European Basset Hounds (Oliver et al., 2019a). The most recent
genetic association for PCAG was reported in early 2019, when a locus on the
CFA17 and a variant in OLFML3, encoding olfactomedin-like 3 protein, was
reported to associate with the phenotype in a world-wide sample collection of
affected and unaffected Border Collies (Pugh et al., 2019). In humans,
multiple genes and loci have been implicated in PCAG (Wiggs, Pasquale,
2017), but because of the clear anatomical differences in the ICA structure
(namely the lack of pectinate ligament in humans), the genetic etiology might
be different from that in dogs.

1.3.2.3 Primary open-angle glaucoma

Primary open-angle glaucoma (POAG) refers to hereditary glaucoma with
open ICA at disease onset (Pizzirani, 2015). In dogs, POAG is diagnosed less
frequently than PCAG (Miller, Bentley, 2015), whereas in humans, it is the
most common form of primary glaucoma (Sarfarazi, 1997). The two species
also differ in the genetic cause of the disease, as POAG is thought to be
complex in humans (Sieving, Collins, 2007), whereas in dogs, it is suspected
to result largely from recessive variants (Miller, Bentley, 2015). That being
said, variants in contactin 4 (CNTN4) (Kaurani et al., 2014), myocilin (MYOC)
(Wang et al., 2015), neurotrophin 4 (NTF4) (Pasutto et al., 2009, Chen et al.,
2012), optineurin (OPTN) (Rezaie et al., 2002) and WD repeat domain 36
(WDR36) (Mookherjee et al., 2011) genes have been implicated in Mendelian
forms of the human phenotype, too, but explain only a small percentage of the
cases at the population level.

In dogs, prior to the publication of study II in this thesis, POAG with a
known genetic cause was reported in only one dog breed, the Beagle, in which
the clinical and genetic characteristics have been studied in a research colony.
The affected dogs present with elevated IOP at 6-18 months, with open ICA
that is later collapsed as the disease progresses (Gelatt et al., 1977, Kuchtey et
al., 2011). Ultimately, the disease results in the loss of retinal ganglion cells,
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optic nerve head damage and irreversible blindness (Gelatt et al., 1977,
Kuchtey et al., 2011). A missense variant (p.G661R) in the ADAM
metallopeptidase with thrombospondin type 1 motif, 10 (ADAMTSI0) is
mapped to the disease (Kuchtey et al., 2011, Kuchtey et al., 2013).
ADAMTSIO0 is important in the formation of the extracellular matrix and
cytoskeleton (Dagoneau et al., 2004, Kutz et al., 2011), and in dogs, it is
preferentially expressed in the trabecular meshwork compared to other ocular
tissues (Kuchtey et al., 2011). Mutations in ADAMTS10 in humans are linked
to Weill-Marchesani syndrome, in which glaucoma and other ocular defects
are seen along with skeletal abnormalities (Dagoneau et al., 2004, Steinkellner
et al., 2015).

1.3.2.4 POAG in Norwegian Elkhounds

The Norwegian Elkhound (NE) is a middle-sized hunting breed originally
from Norway (Figure 10). NEs are affected with primary glaucoma originally
termed POAG as the affected dogs presented with elevated IOP in the absence
of PLA (Ekesten et al., 1997). Clinical findings include optic nerve head
atrophy, retinal degeneration, visual deterioration and elevated IOP, which all
worsen as the disease progresses (Ekesten et al., 1997). Common findings in
the advanced state also include lens luxation, buphthalmos and Haab’s striae,
and in rare cases, secondary cataract (Ekesten et al., 1997). The clinical
presentation resembles the phenotype observed in Beagles (Gelatt et al., 1977,
Kuchtey et al., 2011), although the age of onset appears later as POAG is
diagnosed in middle-aged or elderly NEs (Ekesten et al., 1997, Gelatt,
MacKay, 2004). The phenotype has an estimated prevalence of 2-3% in the
Northern American NE population with female dogs slightly overrepresented
among the cases (Gelatt, MacKay, 2004).

After the clinical characterization in 1997, histopathological examination
of 22 glaucomatous NE eyes showed PLA and/or trabecular meshwork
dysplasia (Oshima, Bjerkas & Peiffer Jr, 2004), thus complicating the disease
characterization. Discordant results from clinical and histopathological
examinations may result from multiple causes: 1) histopathological
examinations enable the detection of subtle morphological changes that are
undetectable gonioscopically, 2) abnormalities in the ICA appear as the
disease progresses and therefore sampling time has a crucial effect on results,
or 3) NEs are affected with both POAG and PCAG. The first two reasons are
most likely, as the ICA is known to collapse with disease progression (Ekesten
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et al., 1997), and the histopathological examinations were conducted with
specimens obtained from NEs aged 5.5-8 years, probably representing a
moderate or advanced state of the disease (Oshima, Bjerkas & Peiffer Jr,
2004).

Figure 10 The NE is a middle-sized dog breed originally from Norway. It has
been, and still is, used to hunt elk and other game. Image source:
www.Pixabay.com.

13.3 Progressive retinal atrophy

A heterogeneous group of inherited retinal diseases with varying ages of onset
and rapidity of disease progression affects over 100 dog breeds (Miyadera,
Acland & Aguirre, 2012) and are collectively called retinal dystrophies. To
date, a genetic cause of the disease has been found in tens of dog breeds, but
many still lack molecular diagnosis (Miyadera, 2018). Canine retinal
dystrophies can be categorized, for example, based on the primarily affected
cell population or the dysplastic or degenerative nature of the disease etiology;
however, standardized classification has not been established (Miyadera,
Acland & Aguirre, 2012). Canine retinal dystrophies with known genetic
causes can be subdivided, for example, into achromatopsias, photoreceptor
dysplasias, cone-rod dystrophies and other progressive retinal atrophies
(PRA); for the sake of clarity, this is the classification used in this thesis, while
the term PRA sometimes refers to all retinal degenerations in which rod loss
precedes the one of the cones or is even extended to cover all retinal
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degenerations with rod loss regardless of the order of affected cell type.
Clinical findings vary between different types of retinal dystrophies, but
generally include tapetal hyperreflectivity because of retinal thinning and
attenuation of retinal vasculature (Figure 11) (Parry, 1953, Miyadera, Acland
& Aguirre, 2012, Petersen-Jones, Komdromy, 2014). Currently, there are no
standardized treatment options for any retinal dystrophy and the diseases will
lead to impaired vision or even irreversible blindness in many affected
individuals.

Figure 11 Fundus images from [A] unaffected dog with normal retinal
vasculature (yellow arrow) and optic nerve head (orange arrow)
and [B] gPRA affected Nova Scotia Duck Tolling Retriever with
advanced retinal thinning and attenuation of retinal vessels. Photo
courtesy of DVM Kaisa Wickstrom.

Achromatopsias are cone-specific retinal disorders characterized by day
blindness, photophobia and normal vision in dim light conditions (Roosing et
al., 2014). Currently, four different autosomal recessive variants in two genes
have been implicated. A deletion and a missense (p.D262N) variant in
CNGB3, encoding cyclic nucleotide gated channel subunit beta 3 needed for
the cone phototransduction pathway, have been reported as the likely cause in
Alaskan Malamutes and German Short-Haired Pointers, respectively (Sidjanin
et al., 2002). The first clinical signs include day blindness, which is reported
at 8—12 weeks of age, when the affected dogs were still ophthalmoscopically
normal (Sidjanin et al., 2002). The deletion variant has been found in
Miniature Australian Shepherds, Siberian Huskies and Alaskan Huskies as
well (Yeh et al., 2013). Two variants (p.V644del, p.R424W) in CNGA3 have
also been associated with canine achromatopsia and affect Labrador
Retrievers and German Shepherds, respectively (Tanaka et al., 2015).
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Photoreceptor dysplasias affect photoreceptor cell morphology in very
young puppies and can typically be detected, at least in electron microscopy,
before the retina has developed into an adult-like state, meaning before the age
of eight weeks (Gum, Gelatt & Samuelson, 1984). The disease leads to
complete blindness due to degeneration of the dysplastic photoreceptor cells.
Rod-cone dysplasias with known genetic causes have been reported in five
dog breeds and are summarized in Table 2. The first reported variant causing
canine rod-cone dysplasia type 1 in Irish Setters is a nonsense variant in
PDEG6B and causes impaired vision in dim light in puppies 6-8 weeks old,
leading to complete blindness by the age of one year (Suber et al., 1993).
Notably, a genetic test reporting an insertion variant in PCARE found in
Gordon Setters and Irish Setters is commercially available as a rod-cone
dysplasia type 4 test, but was actually originally described as rod-cone
degeneration 4, as it causes very late-onset and slowly progressive retinal
degeneration instead of dysplasia in the affected breeds (Downs et al., 2013).
Cone-rod dystrophies are characterized by cone photoreceptor loss preceding
that of the rods. Five likely causative variants have been reported in dogs and
are summarized in Table 3.

Table 2. Canine rod-cone dysplasias with known genetic cause.

. M f
Name Gene Variant . 0(.le 0 Breed Reference
inheritance
rcedl PDEG6B Nonsense AR Irish Setter (Suliegcrggt) ik
. . (Dekomien et al.,
rcdla PDE6B Insertion AR Sloughi 2000)
. Collie, Rough and  (Kukekovaet al.,
rcd2 RD3 Insertion AR Smooth 2009)
. (Petersen—Jones,
rcd3 PDEG6A Deletion AR Welsh.Corgl Entz & Sargan,
Cardigan

1999)

Red = rod-cone dysplasia, AR = autosomal recessive.

In addition to the above-mentioned retinal dystrophies, there is a large
group of other PRAs with great clinical importance in many breeds. As stated
above, the term PRA is used inconsistently in different sources, and sometimes
the rod-cone dysplasias and cone-rod dystrophies are also classified as PRAs.
PRAs can also be subdivided into diseases with primary defects in the
photoreceptor cells (generalized PRAs or gPRAs) or in the RPE cells (central
PRAs or cPRAsS). In the gPRAs, according to their name, funduscopic changes
are evenly distributed in the affected retina (Figure 11B), whereas in cPRAs
(also termed RPE dystrophy or canine multifocal retinopathy), multiple local
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subretinal accumulation spots and degenerative areas are observed while the
rest of the retina might look normal (Guziewicz et al., 2007). Canine PRAs
with known genetic causes falling outside the subtypes already discussed
above are summarized in Tables 4 (cPRAs) and 5 (gPRAs).

Table 3. Canine cone-rod dystrophies with known genetic cause.

Mode of

Name Gene Variant . . Breed Reference
inheritance
Standard Wire- ..
ced  NPHP4  Deletion AR Haired (L etel ALUE)
Dachshund
American (Goldstein et al.,
crd1 PDEG6B Deletion AR Staffordshire 2013a)
Terrier
. . . (Goldstein et al.,
crd2 10CBI Insertion AR Pitbull Terrier 2013a)
(Goldstein et al.,
crd3  ADAM9  Deletion AR Glef;;frilel?aal 2010b, Kropatsch
etal.,2010)
Miniature Long-
. . (Mellersh et al.,
*
crd4 RPGRIPI Insertion AR Haired 2006b)

Dachshund®

Crd = cone-rod dystrophy, AR = autosomal recessive.

*The variant was originally found in a laboratory colony of Miniature Long-Haired
Dachshunds (Mellersh et al., 2006b), however causality of the variant was questioned
later as in Japanese pet population 16% of the homozygous dogs were unaffected and
20% of the affected dogs were not homozygous for the variant (Miyadera et al., 2009).
A strong regulatory locus on the CFA15 was later found to explain the discordant
results (Miyadera et al., 2012), which might also be explained by the extensive
variability of the age of onset (4 months—15 years) (Miyadera et al., 2009).

°The original variant has been found in Beagles, English Springer Spaniels, French
Bulldogs, Labrador Retrievers, Curly Coated Retrievers, Papillons and Phalénes, in

which the clinical importance remains elusive (Miyadera et al., 2009).
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Table 4.

Canine cPRAs with known genetic cause.

. M f
Name Gene Variant . 0(.le 0 Breed Reference
inheritance
Dogue de
Bordeaus,
English Mastiff, (Guziewicz et al.,
U e AL Ttalian Corso 2007)
Dog, Pyrenean
Mastiff
cmr2  BESTI  p.G16ID AR Coton de Tuléar (Gung(l)‘;z) etal,
Lapponian (Zangerl et al.,
cmr3 BESTI p-G493V AR Herder 2010)
. (Ahonen et al.,
- mErTk  PINE AR Swedish 2014, Everson et
insertion Vallhund
al., 2017)
. . (Aguirre et al.,
- RPE65 Deletion AR Briard 1998)

Cmr = canine multifocal retinopathy, AR = autosomal recessive.

A similar phenotype to canine PRA, termed retinitis pigmentosa (RP),
affects nearly two million people worldwide (Narayan et al., 2016) and has
similar genetic etiology (Zangerl et al., 2006). According to the Retinal
Information Network RetNet (http://sph.uth.edu/RetNet/), 67 genes and loci
have been implicated in non-syndromic RP (Daiger et al., 1998), yet 30-80%
of the RP patients still lack genetic diagnoses (Daiger, Sullivan & Bowne,

2013).
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Table 5. Canine gPRAs with known genetic cause.

Name Gene Variant . MO(.le of Breed Reference
inheritance
- BBS4 Nonsense AR Puli (Chew et al., 2017)
Gordon (Downs et al
rcd4 PCARE Insertion AR Setter, Irish © v
2013)
Setter
Tibetan
SINE Spaniel, (Downs, Mellersh,
- i AL Tibetan 2014)
Terrier
- CCDC66  p.N174X AR Schapendoes ~ (Dekomienetal,
2010)
; NECAPI  p.GI82R AR N (Hitti et al., 2019)
Schnauzer
. (Zangerl et al.,
- PRCD p-C2Y AR Multiple 2006)
GR- . Golden (Downs et al.,
PRA1 SLC4A3 Insertion AR Retriever 2011)
GR- . Golden (Downs et al.,
prRA2 ~ [TC8  Deletion AR Retriever 2014)
- CNGAI ~ Deletion AR Shetland = (ywiik etal ., 2015)
Sheepdog
Deletion + Papillon, (Ahonen, Arumilli
. CNGBI insertion AR Phaléne & Lohi, 2013)
.. (Goldstein et al.,
- SAG Non-stop AR Basenji 2013b)
SINE Norwegian (Goldstein et al.,
) STK38L insertion AR Elkhound 2010a)
Samoyeed,
XLI;RA RPGR  Deletion XR Siberian  (Zhang et al., 2002)
Husky
XLI;RA RPGR Deletion XR Mixed-breed (Zhang et al., 2002)
Bullmastiff,
- RHO p-T4A AD English (Kijas et al., 2002)
Mastiff

AR = autosomal recessive, XR = X-linked recessive, AD = autosomal dominant, GR-
PRA = Golden Retriever PRA, XLPRA = X-linked PRA.
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1.3.3.1 PRA in Miniature Schnauzers

Miniature Schnauzers (MSs) are small Schnauzer-type dogs (Figure 12) that
are affected with PRA with a suspected autosomal recessive mode of
inheritance (Parshall et al., 1991, Jeong et al., 2013). Electroretinogram (ERG)
recordings from affected North American MSs indicated deficits in puppies as
young as eight weeks (Parshall et al., 1991), thus categorizing the disease as
photoreceptor  dysplasia  (Gum, Gelatt &  Samuelson, 1984).
Ophthalmoscopically, the pathologic changes could not be seen until the age
of 2-5 years (Parshall et al., 1991), complicating the diagnosis in routine
veterinary ophthalmology. Night blindness and impaired vision in daylight
were reported by the age of 3 years and complete blindness by the age of 4-5
years (Parshall et al., 1991). A second clinical report on South Korean MSs,
was published in 2013 and described similar findings, although a definitive
classification of the phenotype as dysplastic disease could not be made due to
a lack of ERG recordings in young puppies (Jeong et al., 2013). While 85%
of the affected dogs had clinical symptoms of PRA by the age of five years,
some dogs were as old as seven years at presumed disease onset (Jeong et al.,
2013). No sex predilection was reported in either study (Parshall et al., 1991,
Jeong et al., 2013).

Figure 12 MSs are small Schnauzer-type dogs originally from Germany.
Image source: www.Pixabay.com.
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Over time, several attempts have been made to unravel the genetic cause
of the disease in MSs. A candidate gene approach proved unsuccessful (Zhang
et al., 1999), whereas a variant in phosducin (PDC) encoding gene was
proposed as causal (Zhang et al., 1998), but was later refuted (Jeong et al.,
2008). Results from the most recent attempt were reported in early 2019,
during the course of study III, suggesting causality of a complex structural
variant in PPTI, a well-known candidate gene for neuronal ceroid
lipofuscinosis (NCL) (Murgiano et al., 2018). However, as the reported
variant had an alarmingly low penetrance (0.79) for an autosomal recessive
disease, and because the PRA-affected MS did not show any neurological
symptoms (which are hallmark features in NCL patients), the true causality of
the variant remained unresolved.
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2 Study aims and hypothesis

The overall aim of this thesis was to identify the genetic cause of
microphthalmia in Irish Soft-Coated Wheaten Terriers (study I), primary
open-angle glaucoma in Norwegian Elkhounds (study II) and progressive
retinal atrophy in Miniature Schnauzers (study III). All three conditions were
hypothesized to be hereditary since several diseased dogs were reported in
each breed. Therefore, the application of modern genetic approaches should
reveal the causative variants and confirm the inheritance models.

To attain the overall goal, the following specific aims were appointed:

1. To establish clinically confirmed study cohorts and pedigrees from
affected and unaffected dogs in each breed.

2. To map the disease loci to specific chromosomal regions by genome-
wide association studies.

3. To find the causative variants in the associated loci with either whole-
genome sequencing (studies I and III) or candidate gene approach

(study II).

4. To prioritize the candidate variants by in silico analyses and validate
them by genetic and functional experiments.
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3 Materials and methods

3.1 Ethical statement

All performed experiments were approved by the Animal Ethical Committee
of the County Administrative Board of Southern Finland
(ESAVI1/6054/04.10.03/2012, ESAVI1/7482/04.10.07/2015,
ESAV1/343/04.10.07/2016) and were performed in accordance with relevant
guidelines and regulations and with the owners’ consent.

3.2 Study cohorts

3.2.1 Recruitment, pedigrees and sampling

To enable any genetic analysis, well-determined study cohorts are crucial. The
cohorts were established from purebred pet dogs, mainly from Finland but also
from other countries. Dogs were recruited through breed clubs, advertisements
on research group’s web pages and on Facebook.

Pedigree information was obtained directly from KoiraNet
(http://jalostus kennelliitto.fi), an open-access database provided by the
Finnish Kennel Club or, if not available, from the dogs’ registration
documents received from the owners. Pedigrees were drawn around the
affected dogs using the GenoPro 2.5.4.1 genealogy software (GenoPro,
Waterloo, Ontario, Canada).

Peripheral venous blood samples (3 ml) were collected in EDTA-
containing tubes from all participating dogs and genomic DNA was extracted
from the white blood cells using an automated Chemagen extraction robot
(PerkinElmer Chemagen Technologie GmbH, Baesweiler, Germany)
following the manufacturer’s instructions. DNA concentration and purity
were measured using the Qubit fluorometer (Thermo Fisher Scientific,
Waltham, Massachusetts, USA), the Nanodrop ND-100 UV/Vis
Spectrophotometer (Nanodrop Technologies, Wilmington, Delaware, USA)
or the DeNovix DS-11 Spectrophotometer (DeNovix, Wilmington, Delaware,
USA). Samples were stored at either —20 °C (stocks) or +4 °C (dilutions).
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Altogether, samples from 294 ISCWTs (study I), 596 NEs (study II) and 599
MSs (study III) were utilized in this thesis.

In addition, in study I, serum and urine samples from 17 ISCWTs were
collected for functional experiments. Three of the sampled dogs were affected
with bilateral microphthalmia, and the rest 14 were unaffected.

In study III, tissue samples from nine dogs were utilized for retinal gene
expression experiments. To evaluate general retinal gene expression in healthy
canine retina, single-cell tagged reverse transcription (STRT) sequencing was
performed using samples from five dogs without the studied phenotype and
wild-type for the candidate variant. These dogs included a 3-year-old female
Swedish Elkhound, 5- and 6-year-old male Rottweilers, a 6-year-old female
Finnish Lapphund and a 6-year-old male Border Collie. The Swedish
Elkhound and the Border Collie were euthanized because of epilepsy, the
Rottweilers due to gastrointestinal disease and the Finnish Lapphund due to
intervertebral hernia. In addition, retinal samples from five dogs were utilized
for a case-control comparison of retinal gene expression. These dogs included
an 11-year-old PRA-affected male MS, homozygous for the candidate variant,
and four controls (the 5-year-old male Rottweiler described above, a 2-year-
old female German Pinscher, a 3-year-old female East-European Shepherd
and a 5-year-old male Smooth Collie) without the studied phenotype and wild-
type for the candidate variant. The MS was euthanized due to congestive heart
failure and the German Pinscher, Smooth Collie and East-European Shepherd
due to behavioral problems. Retinal samples were collected within 15 minutes
after euthanasia and were treated with Invitrogen RNAlater Stabilization
Solution (Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 24
hours and then stored at —80 °C. Total RNA was extracted using the RNeasy
Mini Kit (Qiagen, Venlo, Netherlands) according to the manufacturer’s
instructions, and the integrity and concentration of the samples were measured
with the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
California, USA), Qubit fluorometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) and Nanodrop ND-1000 UV/Vis Spectrophotometer
(Nanodrop Technologies, Wilmington, Delaware, USA), respectively.

3.22 Clinical phenotyping

Clinical phenotyping was done by veterinary ophthalmologists board-certified
by the European or American College of Veterinary Ophthalmologists. First,
a basic neuro-ophthalmic examination, including pupillary light reflex,
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menace response and dazzle reflex evaluation, were performed. Then, the
anterior segment of the eye and adnexa were examined with slit-lamp
biomicroscopy and the posterior segment with indirect ophthalmoscopy.
Topical tropicamide (Oftan Tropicamid 1%, Santen Tampere, Finland) was
applied twice 10 minutes prior to examination to achieve mydriasis. In
addition, OCT imaging was performed on 11 ISCWTs in study I and to 1 MS
in study IIT using a Heidelberg Spectralis instrument (Heidelberg Engineering
GmbH, Heidelberg, Germany).

In study I, the inclusion criterion for cases was bilateral microphthalmia
while controls were completely free of any eye disease. Both cases and
controls were examined at the age of 6—10 weeks, as retinal pigmentation may
later mask mild CEA changes (Bjerkas, 1991).

In study II, the inclusion criterion for cases was bilateral glaucoma with
elevated IOP. No underlying cause for the disease was observed, and thus,
their glaucoma was suspected to be primary. Controls were eye examined
healthy at the age of eight years or older.

In study III, the inclusion criterion for cases was bilateral severe PRA with
hyperreflective tapetum lucidum, vessel attenuation and optic nerve head
atrophy. Controls were free of any eye disease and examined at the age of
seven years or older.

3.3 Genetic analyses

In each study, genome-wide association studies were performed to map the
disease loci, followed by resequencing to find candidate variants within the
critical intervals and Sanger sequencing to validate the variants. In addition,
KASP and TagMan genotyping assays were utilized to screen breed cohorts
in studies II and III, respectively. The CanFam 3.1 annotation was utilized in
all experiments as the reference sequence.

3.3.1 Genome-wide association studies

Genotyping was performed using Illumina Canine HD Bead Chip (Illumina,
San Diego, CA, USA) with 173,662 markers at the GeneSeek Laboratory
(Neogen Genomics, Lincoln, NE, USA) for 29 ISCWTs, including 12 cases
and 17 controls (study I), for 17 NEs, including 8 cases and 9 controls (study
II), and to 49 MS, including 16 cases and 33 controls (study III). Samples were
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selected based on pedigree information to avoid stratification in the
subsequent analysis if possible. The data were stored at the BGGenome 4 .4-
053 database (BC Platforms, Espoo, Finland).

Prior to association analyses, specific quality control procedures were
performed using the PLINK 1.07 software (Purcell et al., 2007). Only
individual samples and SNPs with a call rate over 95% and minor allele
frequency (MAF) over 5%, were included in the analysis. To exclude SNPs
showing significant deviation from the Hardy-Weinberg equilibrium, a
threshold value of p <0.0001 was determined.

After quality control, differences in allele frequencies between cases and
controls were calculated using the PLINK 1.07 software (Purcell et al., 2007).
Genomic control corrected p-values were calculated using the estimated
genomic inflation factor A. To correct the genome-wide empirical p-values,
100,000 permutations were applied to the data. In addition, to adjust for
population structure, R-package softwares GenABEL with full genomic
kinship matrix and GAPIT were utilized to confirm the PLINK results
(Aulchenko et al., 2007).

3.3.2 Identification and validation of candidate variants

3.3.2.1 Whole-genome sequencing

In studies I and III, the whole-genome sequencing approach was utilized to
find candidate variants in the phenotype-associated chromosomal regions
found in GWAS.

In study I, a sample from one affected ISCWT was whole-genome
sequenced at the Next Generation Sequencing Platform at the University of
Bern using the Illumina HiSeq2500 (Illumina, San Diego, CA, USA)
instrument with 15X target coverage and paired-end reads (2x 100 bp).

In study III, samples from two affected, one control and one obligate
carrier MSs were sequenced at the Novogene Bioinformatics Institute
(Beijing, China) using the Illumina HiSeq X ultra-high-throughput sequencing
platform with 30X target coverage and paired-end reads (2x 150 bp).

Mapping the reads to the dog reference genome was performed using the
Burrows-Wheeler Aligner (BWA) version 0.5.9 in study I and 0.7.15 in study
III, respectively (Li, Durbin, 2009). The duplicate reads were removed and
reads were sorted using the Picard tools
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(http://sourceforge.net/projects/picard). To reduce erroneous variant calls,
post-alignment processing, including local realignment around known
INDELSs and base quality scores recalibration, was performed (McKenna et
al., 2010). Variant calling was done using the HaplotypeCaller in Genome
Analysis Tool Kit GATK version 2.6 in study I and 3.7 in study III,
respectively. Functional annotation of the variants was performed in
ANNOVAR using Ensembl, NCBI and Broad gene databases. Mobile element
insertions (MEI) were detected using the Mobile Element Locator Tool
(MELT) (Gardner et al., 2017). The Repbase database was utilized as the
source of reference sequences of the transposons for MEI discovery (Jurka et
al., 2005). The detected variants were stored in the Genotype Query Tools
(GQT) variant database (Layer et al., 2015).

Variant filtering was performed using our in-house pipeline. The cases
were assumed to be homozygous for the alternative alleles. Data from our
previous next-generation sequencing projects and the Dog Biomedical Variant
Database Consortium were utilized in filtering as controls. All these dogs were
without the studied phenotype and from different breeds than the cases in
question. In study I, all the control samples (n=342) were set to be
homozygous for the reference allele. In study III, the filtering was performed
in two steps: first by comparing only the cases to MS (n=1) and non-MS
controls (n=267) and then by applying data from the obligate carrier, too. In
study III, 1% of the control dogs were allowed to carry the variant, while 99
% were set to be homozygous for the reference allele. Details of the control
dogs can be found as supplementary items in respective studies.

3.3.2.2 Sanger sequencing

Sanger sequencing was utilized to validate candidate variants found in whole-
genome sequencing in studies I and III; in study II, as the GWAS locus
included a known POAG candidate gene, it was used to examine exonic
regions and splice sites in the whole candidate gene. Primers were designed
with Primer 3 software (Koressaar, Remm, 2007), and specific primer
sequences can be found within supplementary items of each study. PCR
amplification was performed with the GC-RICH System Polymerase (Roche
Diagnostics GmbH, Mannheim, Germany) in study I and with the Biotools
DNA Polymerase (Biotools B&M Labs, S.A., Valle de Tobalina, Madrid,
Spain) in studies II and III according to manufacturers’ instructions.
Exonuclease 1 and FastAP Thermosensitive Alkaline Phosphatase (Thermo
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Fisher Scientific, Waltham, MA, USA) were used to purify the PCR products,
which were then capillary sequenced at the Institute for Molecular Medicine
Finland (Helsinki, Finland). The Sanger sequencing data were analyzed using
the Sequencher 5.1 (Gene Codes Corporation, Ann Arbor, MI, USA) software
in studies I and II and the Unipro UGENE 1.31.1 (UniPro, Novosibirsk,
Russia) software in study III.

3.3.2.3 Population screening in breed cohorts

To further validate the candidate variants, larger breed cohorts in each specific
study were genotyped. In study I, genotyping was performed on 254 ISCWT
samples with the Sanger sequencing protocol described above. In study II, the
screening was performed on 577 NEs with the KASP by Design genotyping
assay (LGC Genomics Ltd, Teddington, UK). In addition, the breed-
specificity of the variant was studied by genotyping 71 glaucoma or PLA-
/PLD-affected dogs from 17 breeds and 115 unaffected dogs from six breeds
(study II, Table S1). Custom TagMan SNP Genotyping Assay (Thermo Fisher
Scientific, Waltham, MA, USA) was utilized to genotype the candidate variant
in the breed cohort, including samples from 514 MSs in study III. Specific
primer details can be found in supplementary items of the respective study.

3324 [Insilico analyses and target gene prioritization

In study III, as the disease-associated variant was not coding, its function as a
gene expression regulator was analyzed with multiple in silico methods. First,
the canine variant site was converted to determine the corresponding human
genome position using the UCSC liftOver tool and the GRCh38 as the human
reference genome. The JASPAR database was utilized to obtain a
HANDI1::TCF3 transcription factor binding site (TFBS) motif overlapping the
variant site (Khan et al., 2017). Then, motif scanning was performed using the
“searchSeq” function of the TFBSTools package (v.1.20) (Tan, Lenhard,
2016) within 500 bps of the transcription start sites of CanFam3.1 Ensembl
genes version 94 (Zerbino et al., 2017) to find candidate target genes for
HANDI1::TCF3. The FANTOMS and Human Protein Atlas databases (Forrest
et al., 2014, Uhlen et al., 2015) were utilized to manually confirm that the
candidate target genes were expressed in the retina. STRT RNA sequencing
data from canine retinal samples were utilized to confirm expression and to
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prioritize the candidate target genes for subsequent validations. The STRT
experiment is part of the Dog Genome Annotation (DoGA) Project. A
modified STRT method with unique molecular identifiers (Islam et al., 2011,
Islam et al., 2014) was utilized for RNA-seq library preparation using 20 ng
of RNA for multiplex 48 sample libraries. The applied modifications included
longer UMI’s of 8 bp, addition of spike-in ERCC control RNA for
normalization of expression, and use of Globin lock method (Krjutskov et al.,
2016) with LNA primers for canine alpha- and beta-globin genes. Sequencing
the libraries was performed using the Illumina NextSeq 500 instrument and
read mapping using HISAT1 mapper version 2.1.0 (Pertea et al., 2016).
FeatureCounts version 1.6.2 (Love, Huber & Anders, 2014) was used for
gene-level quantification, with the counts normalized to the library size and
transcript length. Finally, the expression levels of 60 candidate genes (study
III/Table S4) were visualized using the ComplexHeatmap package (Gu, Eils
& Schlesner, 2016).

3.4 Functional experiments

Several functional experiments were conducted in studies I and III to validate
the pathogenicity of the likely causative variants. The following chapters
describe the used techniques, plasmid constructs and expression vectors, while
canine sample collection is described above in chapter 3.2.

34.1 Serum biochemistry

In study I, serum vitamin A was measured in 17 ISCWTs after protein
precipitation with U-HPLC chromatography using the Dionex Instrument
Rapid Separation LC 3000 unit with the 325-nm array detector (Thermo Fisher
Scientific, Waltham, MA, USA). As a control measurement, total protein and
albumin were measured using an AUS5800 Clinical Chemistry System
analyzer (Beckman Coulter, Brea, CA, USA). The measurements were done
at the IDEXX Laboratories (Hoofddorp, Netherlands). Student’s T-test (two-
tailed distribution) was used to assess statistical significance of the differences
in serum vitamin A levels of different genotype groups.
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342 Western blotting

To investigate possible changes in protein structure and function in study I,
the RBP levels were measured in serum (2 puL) and urine (10 pL) samples
from 17 ISCWTs, and HeLa conditioned media (15 pL) and lysates (20 pg)
by Western blot analysis, following polyacrylamide gel electrophoresis (SDS-
PAGE). All canine samples were transported and stored at —20 °C after
collection. Prior to HeLa cell transfection, the secreted portions of wild-type
and Kl12del canine RBP4 cDNAs (accession XM_534969, GenScript,
Piscataway, NJ, USA) were subcloned into the pUS2 vector by PCR and
Gibson assembly (Gibson et al., 2009) and were situated downstream of the
human RBP4 signal peptidle (MKWVWALLLLAALGSGRA) and HA
epitope tag (YPYDVPDYA). The complementary primer sequences can be
found in the Supplemental Experimental Procedures of study I. Site-directed
mutagenesis (Liu, Naismith, 2008) was utilized to generate orthologous
human K12del and E13del pUS2-RBPHA expression plasmids (Chou et al.,
2015). Successful plasmid constructions were verified by DNA sequencing.

Prior to transfection, HeLa cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM), which was supplemented with 10% fetal bovine
serum (FBS), 2 mM glutamine and 100 U/mL penicillin/streptomycin. The
cells were incubated at 37 °C in a humidified 10% CO2 atmosphere.
Subconfluent cultures were transfected with 6 pug plasmid DNA and 6 pl of
Xtremegene HP reagent (Roche Diagnostics GmbH, Mannheim, Germany)
per 100 mm dish. The cell media was replaced with 5 mL DMEM after 16 h
incubation. After an additional 48 h, conditioned media containing
recombinant dog or human HA-RBP was harvested, filtered through 0.22 um
syringe units (Millipore, Billerica, MA, USA) and stored at 4 °C. Adherent
cells were collected simultaneously, washed with PBS and frozen. Next, cell
pellets were lysed in RIPA buffer (0.1% SDS, 1% NP40, 1% sodium
deoxycholate, 150 mM NaCl, 1 mM EDTA, 25 mM Tris pH 7.5) with
cOmplete Protease Inhibitor Cocktail (Roche Diagnostics GmbH, Mannheim,
Germany) and centrifuged (16000xg) to collect lysate supernatants. Human
wild-type and stable (A55T) and unstable (G75D, I41N) (Chou et al., 2015)
mutant controls were included in the subsequent western analysis.

The Bradford method, using commercial reagents and bovine serum
albumin (BSA) standards (Thermo Fisher Scientific, Waltham, MA, USA),
was utilized to measure total urinary and cell lysate protein levels. Aliquots
were denatured for 10 min at 95 °C in 1X loading buffer (0.5% lithium dodecyl
sulfate, 2.5% glycerol, 12 mM EDTA, 62 mM Tris pH 8.5) and
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electrophoresed through 4-12% polyacrylamide Bis-Tris gels (NuPAGE,
Invitrogen, Carlsbad, CA, USA) in 2-(N-morpholino) ethanesulfonate (MES)
running buffer pH 7.3 with 0.1% SDS for 120 min at 25 V/cm. Dithiothreitol
(100 mM DTT) or 2-mercaptoethanol (100 mM bME) was added to samples
before heating enabling analysis under reducing conditions. Protein gels were
electrotransferred to nitrocellulose membranes (GE Life Sciences,
Piscataway, NJ, USA) in a Trans-Blot chamber (Biorad, Hercules, CA, USA)
for 30V x 16 h at 4 °C in NuPAGE transfer buffer (25 mM Bicine, 25 mM
Bis-Tris, 1 mM EDTA, pH 7.2) with 10% methanol. To maximize the
detection of native RBP and to fully mobilize proteins and expose epitopes,
the nonreducing gels were soaked in a 1X MES running buffer with 300 mM
bME 1% SDS for 60 min at 25 °C prior to transfer (Zetterstrom et al., 2007).

For enhanced chemiluminescence (ECL) detection, membranes were
washed in Tris-buffered saline (TBS), blocked in TBS 5% BSA 1% non-fat
dry milk, and incubated for 16 h at 4 °C with primary antibody. For infrared
fluorescence detection, membranes were washed in TBS, blocked in Odyssey-
blocking buffer (OBB, LI-COR, Lincoln, NE, USA) and incubated with the
primary antibody in a 1:1 mixture of OBB and 0.05% Tween-20 TBS. The
primary antibodies were rabbit anti-human RBP4 (1:5000, Dako A0040,
Carpinteria, CA, USA), rat anti-HA (1:5000, high affinity monoclonal 3F10,
Roche Diagnostics GmbH, Mannheim, Germany), rabbit anti-human TTR
(1:5000, Abnova PAB 1221, Walnut, CA, USA) and mouse anti-alpha tubulin
(1:2000, monoclonal TU-01, Thermo Fisher Scientific, Waltham, MA, USA).
For ECL detection, membranes were rinsed in TBS 0.05% Tween-20 (TBST),
incubated at 25 °C for 1 h with horseradish peroxidase (HRP) —conjugated
donkey anti-rabbit IgG secondary antibody (1:5000, NA934, GE Amersham,
Buckinghamshire, UK) in TBS 5% BSA, and developed using ECL Plus
reagents and X-ray film (GE Amersham, Buckinghamshire, UK). For dual
wavelength infrared detection, membranes were co-incubated with IR
800CW- and 680LT-conjugated anti-rat, rabbit or mouse IgG secondary
antibodies (1:20,000, LI-COR Biotechnology, Lincoln, NE, USA).
Densitometry of serial exposures (ImageJ, NIH, Bethesda, MD, USA) was
utilized to quantify RBP levels. Signal intensities among =4 sample replicates
were averaged and results normalized to wild-type mean.

To immunopurify the native HA-RBP complexes from CM, the mouse
anti-HA monoclonal IgG —conjugated agarose beads (A2095, Sigma-Aldrich,
Saint Louis, MO, USA) and fritted spin columns were used. CM samples (0.5
mL) were incubated with beads for 16 h at 4 °C, and bound proteins were
eluted in 200 pL 1X loading buffer for 15 min at 95 °C. The interaction

51



between secreted HA-RBPs and bovine TTR in the overlying DMEM (10%
FBS) was assessed by eluate Western blots (Chou et al., 2015).

3.43 Nuclear magnetic resonance

To study the protein structure and function more precisely in study I, a nuclear
magnetic resonance (NMR) experiment was conducted. To generate the E.
coli expression clones, residues 19-201 of wild-type and K12del canine RBP4
clones (GenScript, Piscataway, NJ, USA) were subcloned into the pET15b
vector (Novagen, Billerica, MA, USA) and situated downstream from the
GB1 (Streptococcus sp. protein G IgG-binding domain) protein coding
sequence and the Tobacco Etch Virus (TEV) protease cleavage site. To allow
the formation of disulfide bridges in the cytoplasm (De Marco, 2009), 13C,
15N-labeled wild-type and K12del proteins were produced in the Origami
B(DE3) E. coli strain (Novogen, Merck, Kenilworth, NJ, USA). The clones
were grown in M9 minimal media, which were supplemented with 1 g/L
15NH4CI as the sole nitrogen source, or with 1 g/L. 15NH4Cl and 2 g/L 13C-
D-glucose as the sole nitrogen and carbon sources, respectively. The bacteria
were incubated at 37 °C until an optical density (OD) of 0.4 was reached, and
continued thereafter at 16 °C. After OD reached 0.6, the protein production
was induced by adding 1 mM isopropyl-3-D- 1-thiogalactopyranoside (IPTG).
After further incubation (16 °C, 16 h), the cultures were centrifuged and the
bacteria collected and disrupted by sonication. The remaining supernatant was
clarified by centrifugation (30000xg). These supernatants, containing GB1-
RBP4 polypeptides, were then applied to 1-mL His GraviTrap columns (GE
Healthcare, Wilmington, MA, USA) and eluted according to the
manufacturer’s instructions. The eluted fusion proteins were filtered against
PBS and digested with TEV protease. His GraviTrap columns were utilized to
cleave off the polyHis-GB1 N-terminus. The resulting RBP was subsequently
eluted in the flow-through fraction, concentrated and subsequently applied to
a HilLoad 16/60 Superdex 200 gel filtration column equilibrated with 50 mM
NaCl, 20 mM NaPO4 pH 6 (later termed the NMR buffer). Fractions
containing purified RBP were pooled and the concentrations set to 0.8 mM
(16.8 mg/mL). The AKTA Purifier FPLC system (GE Healthcare,
Wilmington, MA, USA) was utilized for gel filtration.

The NMR spectra of the E. coli strain Origami B(DE3) —expressing
recombinant canine wild-type and K12del RBP4 were acquired at 308 °K
using a Bruker Avance III HD 800 MHz spectrometer (Bruker, Billerica,
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Massachusetts, USA) equipped with a cooled 1H, 13C, 15N TCI cryoprobe.
An NMR buffer containing 4% D20 was utilized to dissolve RBP samples.
The holoRBP was generated by exposing recombinant RBP to 1 uM all-trans
retinol in the NMR buffer. Chemical shifts were determined using Transverse
Relaxation-Optimized SpectroscopY (TROSY) based, HN-detected triple
resonance experiments HNCACB, CBCA(CO)NH, HNCA and HNCOCA
(Muhandiram, Kay, 1994, Sattler, Schleucher & Griesinger, 1999, Permi,
Annila, 2004). NMR data processing was performed using the TopSpin 3.5
software (Bruker, Billerica, MA, USA) and was analyzed using the Sparky
software (Goddard and Kneller, SPARKY 3, University of California, San
Francisco).

3.44 Dual luciferase reporter assay

In study III, the candidate variant was situated in a putative silencer region.
To confirm the silencer and to examine whether the variant has an effect on
its activity, a dual luciferase reporter assay was designed. The utilized
plasmids contained the wild-type or mutated canine sequence (CanFam 3.1,
250 bp +/- the variant site) (study III/S3 Table) and were cloned into the
pNL3.2[NlucP/minP] NanoLuc luciferase vector (Promega, Madison, WI,
US). The pGL4.54[luc2/TK] firefly luciferase was used as a co-transfection
control vector (Promega, Madison, WI, US). Altogether 60,000 MDCK cells
per well were seeded 24 h prior to transfection using the Gibco Advanced
MEM medium (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
supplemented with 10% FBS, 100 U penicillin/streptomycin and Glutamax.
Transfection was performed using Lipofectamine3000 (Invitrogen, Carlsbad,
US) according to the manufacturer’s instructions. The cells were co-
transfected with equal amounts (10 ng) of wild-type, mutated or empty
experimental vectors and control vector and 90 ng carrier DNA per well.

The Nano-Glo® Dual-Luciferase® Reporter Assay System (Promega,
Madison, WI, US) was used for luciferase activity measurement according to
the manufacturer’s instructions and luminescence was detected using the
Enspire 2300 instrument (PerkinElmer Chemagen Technologie GmbH,
Baesweiler, Germany). Observed luminescence values were then normalized
by determining the ratio between experimental (NanoLuc) and control
(firefly) reporters. Results were analyzed by using one-way ANOVA and
Bonferroni approach as post-hoc test with a p-value of less than 0.05
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considered significant. The assays were performed twice, with 4 to 6 replicates
per treatment.

345 RT-gPCR

In study III, to examine differences in gene expression levels of HIVEP3,
ENSCAFG00000035604, COL9A2, EDN2, KCNQ4 and NFYC, a real-time
quantitative PCR (RT-qPCR) method was used. First, equal amounts of total
retinal RNA from a case and four controls were reverse transcribed to cDNA
using the High Capacity RNA-to-cDNA Kit (Applied Biosystems, Waltham,
MA, USA). Primers were designed using the Primer 3 software (Koressaar,
Remm, 2007), and corresponding forward and reverse primers were placed in
different exons to avoid genomic DNA contamination. The housekeeping
genes GAPDH and YWHAZ were used as normalization controls. Efficiencies
of all the primers were determined using a seven-point dilution series. RT-
gPCR reactions were performed using the SsoAdvanced Universal SYBR
Green Supermix (BioRad Hercules, CA, USA) and the CFX96 Touch Real-
Time PCR Detection System (BioRad, Hercules, CA, USA) instrument. The
comparative AAC' method was utilized to determine relative expression
(Livak, Schmittgen, 2001). Triplicate samples were used in every experiment.
The standard deviation of the mean AC' was calculated to determine error bars
and the two-tailed Student’s T-test to assess statistical significance.
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4 Results

4.1 Single-residue deletion in RBP4 with unique maternal
transmission causes congenital eye disease in Irish Soft-
Coated Wheaten Terriers

4.1.1 Bilateral microphthalmia and other ocular findings in four
closely-related litters of ISCWTs

In 2011, a Finnish ISCWT breeder contacted us after noticing abnormal-
looking eyes (Figure 13) in a few puppies from her most recent litter of six.
An eye examination of the whole litter revealed bilateral microphthalmia,
chorioretinal hypoplasia, scleral folding and retinal colobomas in three
puppies, while the other three were normal.
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Figure 13 The external eye phenotype of [A] a healthy and [B] a
microphthalmia-affected ISCWT puppy.

In the following years, three other affected litters were born in Poland and
in the Czech Republic. The first Polish litter included eight puppies, of which
six were diagnosed with bilateral microphthalmia, and one with chorioretinal
hypoplasia and unilateral retinal coloboma while one puppy was normal. Two
years later, another litter was born to the same dam but with a different sire.

55



Of those eight puppies, three were diagnosed with bilateral microphthalmia,
chorioretinal coloboma and retinal colobomas, and one with unilateral flat
optic nerve head, and four were normal. In the fourth and most recent litter,
an affected litter of six puppies was born in the Czech Republic. In this litter,
five puppies presented with bilateral microphthalmia and one with
chorioretinal hypoplasia.

No extra-ocular findings were detected in any of the affected puppies in
general exams. In all four litters, the dams and sires had been normal in eye
examinations. The pregnant dams were fed high-quality commercial food and
no abnormalities were detected during gestation or labor. All four litters were
closely related. Based on pedigree analysis, a recessive mode of inheritance
was suspected, as affected puppies were born to unaffected parents.

For genetic analysis, our inclusion criterion for cases was bilateral
microphthalmia (n=17, 11 males and 6 females). Control dogs (n=23) were
examined healthy at 6-10 weeks of age, as tapetal pigmentation in older dogs
might mask mild forms of chorioretinal hypoplasia (Bjerkas, 1991).

4.12 Microphthalmia locus maps to canine chromosome 28

To map the disease to a specific chromosomal region, genotyping was
performed on 12 cases and 17 controls using the Illumina Canine HD Bead
Chip (Illumina, San Diego, CA, USA) with 173,662 markers. After frequency
and genotyping pruning, 91,542 informative SNPs remained in the analysis.
A comparison of allele frequencies between cases and controls using the
PLINK 1.07 software indicated a 15.7-Mb critical region on canine
chromosome 28 (p..=8.04x10", p....=1.00x10~, study I/Figure 2A). The locus
spanned from 287,714 bp to 16,036,936 bp, and all the genotyped cases shared
a homozygous haplotype block that was absent in all the controls (study
I/Figure 2B). Analyzing the data with GenABEL using a full genomic kinship
matrix to adjust population structure and mixed model approximation
confirmed the locus (study I/Figure S1).

4.1.3 Whole-genome sequencing reveals an in-frame deletion in RBP4

To find candidate variants in the associated chromosomal region, the whole-
genome sequencing approach was utilized for one affected dog that was
homozygous for the risk haplotype. In total, 470,800,949 reads were collected,
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of which 98.7% mapped to the reference sequence. Over 98% of the reference
had >10X coverage, while the mean read depth was 28.7X.

When comparing the sequenced case to the reference genome, 6,497,411
homozygous variants were detected. Of these, 37,291 remained after filtering
under a recessive model with 342 controls dogs (study I, Table S2) that were
free of the studied phenotype and represented different non-ISCWT breeds.
Of the remaining variants, 81 were exonic, of which only one resided in the
locus: an in-frame 3-bp deletion variant (c.282_284del) in the retinol-binding
protein 4 gene (RBP4). The deletion results in the loss of a single lysine
residue in a charged segment preceding the lipocalin B-barrel domain (study
I, Figure 3). The deleted residue p.K30del is located near the RBP amino
terminus, corresponding to K12del in the mature protein as the first 18 amino
acids form a signal peptide and are cleaved off. The secreted portions of dog
and human RBP have 94.5% sequence similarity and are of the same length,
183 amino acids.

4.14 Segregation analysis indicates unique maternal inheritance effect

To validate the candidate variant in RBP4, all samples from affected litters
and their close relatives (Figure 14) were genotyped by Sanger sequencing.
As a result, all the cases (n=17) were homozygous for the variant and all the
confirmed controls (n=23) were either wild-type or heterozygous for the
variant. Surprisingly, all the dams (n=3) of the affected litters were also
homozygotes but had been normal in eye examinations. Their dams were all
heterozygotes, suggesting that the disease manifests only if both the dam and
the puppy are homozygous for the variant.
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Figure 14 Schematic representation of the ISCWT pedigree illustrates the four
affected litters and their close relatives. Males are presented as
squares and females as circles. Microphthalmia-affected dogs are
marked with black, chorioretinal hypoplasia with brown and
unaffected dogs with white. Dogs that were unavailable for genetic
studies are marked with grey. The RBP4 variant status is marked in
either dark blue (variant homozygotes), light blue (heterozygotes)
or white (wild-types) background and indicates a strong maternal
effect on inheritance as bilateral microphthalmia was only observed
if both the dam and the offspring were homozygous for the variant.
The arrow points to the whole-genome sequenced individual.

As further validation, all available ISCWT samples in our biobank (n=248)
were genotyped by Sanger sequencing. Of these dogs, 185 (74.6%) were wild-
type, 55 (22.2%) heterozygous and 8 (3.2%) homozygous for the variant. Of
the eight new deletion homozygotes, three had been normal in eye
examination done when they were adults, four had been normal and without
apparent microphthalmia in general examination, and one had been diagnosed
with chorioretinal hypoplasia as a puppy. Maternal genotypes could be
determined for seven of the new homozygotes. The dam of the chorioretinal
hypoplasia case was homozygous for the deletion, while others were
heterozygotes. This breed screening data, together with data from the initial
cohort, indicates a strong maternal effect on inheritance (p<10-, Fisher’s exact
test, df=1, study I/Table 1), as the disease manifested only if both the dam and
the puppy were homozygous for the deletion (17/18), whereas deletion
homozygotes with heterozygous dams all had grossly normal eye anatomy
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(9/9). The penetrance of the microphthalmia trait is therefore either 94% or
0%, depending on the dam genotype.

As some of the human RBP4 alleles have dominant modes of inheritance
(Chou et al.,2015), further investigations of the clinical statuses of the deletion
carriers were conducted. Of all 71 heterozygotes identified in the both
screening cohorts, 46 had been eye examined and, for 37 of these dogs, the
dam genotype was known as 12 were wild-type, 11 heterozygous and 14
homozygous for the deletion. None of the dogs presented with
microphthalmia, but two had been diagnosed with chorioretinal hypoplasia.
These dogs were littermates of the microphthalmia cases (Figure
ISCWT_pedigree), and their dams were homozygotes. All other eye examined
deletion carriers with homozygote dams were normal, including eight dogs
that were examined before 10 weeks of age, allowing for reliable phenotyping
(Bjerkas, 1991).

As further validation and investigation of possible mild retinal pathologies,
optical coherence tomography imaging was performed on 11 ISCWTs of
different genotypes. All the imaged dogs (three wild-types, four heterozygotes
and four deletion homozygotes) had been normal in eye or general
examinations. Whole-retinal thickness and photoreceptor layer thickness were
within normal limits in all individuals, and no statistically significant
differences were found when different genotype groups were compared (study
I/Figure S2).

To summarize, for offspring to develop the eye disease, the dam has to be
a deletion homozygote, while the genotype of the puppy determines the
phenotype severity. If the dam was a deletion homozygote, its deletion
homozygote puppies presented with bilateral microphthalmia with nearly
complete (94%) penetrance and heterozygous puppies with chorioretinal
hypoplasia with low (14%) penetrance, whereas offspring of heterozygous
dams were all normal, regardless of the offspring genotype.

4.1.5 Dose-dependent decrease in circulating RBP4 and vitamin A in
Vivo

Under normal circumstances, RBP4 circulates in the bloodstream and
transports vitamin A from its liver stores to peripheral tissues. During
gestation, this is of particular importance as the developing embryo receives
vitamin A through the placenta from the hepatic stores of its mother and RBP4
acts as the carrier protein in both individuals. Potentially, the K12 deletion

59



might lead to disrupted folding, stability or secretion of RBP4, which could
then result in altered retinol-binding properties or interaction with its cell-
surface receptor, the STRA6 encoded by the stimulated by retinoic acid 6 gene
(Kawaguchi et al., 2012). To investigate these, serum and urine samples from
17 ISCWTs were collected and analyzed. The sample cohort included eight
variant homozygotes, of which three were affected with bilateral
microphthalmia, six were heterozygotes and three were wild-type dogs.
Western blotting under reducing conditions showed a dose-dependent
decrease in the circulating RBP4 (£SD) as the heterozygotes had roughly half
(0.66 £ 0.20) and homozygotes a fourth (0.24 +0.10) of the circulating protein
amount compared to the wild-type mean (study I/ Figure 4). The observed
reduction in circulating RBP4 might result from either reduced secretion or
stability of the mutated protein. A western analysis of urinary RBP4 detected
protein in only one homozygote and one heterozygote at a level of 1/20" of the
mean wild-type serum level (study I/Figure S4), which indicates that the
observed decrease in serum is not likely to result from increased renal loss.
The two dogs with detectable levels of urinary RBP4 probably have impaired
renal function, which should be studied further.

As with serum RBP4, a similar dose-dependent decrease was also
observed for the serum vitamin A levels (£SD), as they, too, were severely
reduced in homozygotes (0.06 + 0.02 mg/L, p<0001), mildly reduced in
heterozygotes (0.34 = 0.13 mg/L) and normal in wild-type dogs (0.55 +£0.20
mg/L, normal reference range in dogs 0.3—1.3 mg/L). Interestingly, vitamin A
deficiency was seen in both clinically affected and unaffected homozygotes.
The observed reduction correlated directly with immunoreactive RBP4 across
genotypes (r=0.88, study I/Figure 4).

4.1.6 K12del RBP4 circulates as a homodimer in vivo

To study the structure of the circulating K12del RBP4 more closely, the
western analysis of the ISCWT serum samples was repeated under non-
reducing conditions. In the homozygote sera, the protein was observed to
migrate as an apparent homodimer of 42 kDa (study I/Figure 4). The mutant
protein was also found to be more antigenic than the wild-type monomer,
indicating the mutant protein is probably partially unfolded in vivo. Analyzing
the heterozygote sera indicated that the K12del RBP4 does not significantly
dimerize with wild-type protein or reduce its secretion as the dimer/monomer
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ratio in these individuals was 0.23 + 0.04, reflecting the overall reduction in
serum RBP4.

4.1.7 K12del RBP4 forms dimers and is poorly secreted from cultured
HelLa cells

As further characterization of the K12del RBP4 structure and function,
western analyses were conducted. The experiments were performed under
reducing and non-reducing conditions on conditioned media (CM) and cell
lysates of transfected HeLa cells expressing the canine wild-type and mutated
protein and human wild-type and mutated isoforms including the
corresponding K12del and E13del mutants as well as stable (A55T) and
unstable (G75D, I41N) isoforms (Chou et al., 2015). This showed that 89% of
the secreted canine K12del RBP4 fraction appeared as dimers, while 99.3%
of the wild-type polypeptide were monomers (study I/Figure 5A, left). Of the
human mutant isoforms, the K12del, E13del, G75D and I41N were also
predominantly (>85%) secreted as dimers, while dimer fraction in AS5T and
wild-type were <1% (study I/Figure 5A, left).

To study changes in polypeptide secretion, immunoreactivity of
corresponding isoforms was compared in CM and cell lysates. This indicated
that both canine K12del and human E13del isoforms accumulated in the
cytoplasm as lysate-to-CM ratios were 1.5 and 6.0, respectively (study
I/Figure 5C, right). Interestingly, monomers and dimers were equally
abundant in K12del and E13del cell lysates, while monomers were sparse
(<15%) in CM. In wild-type, monomers account for over 99% of
immunoreactive polypeptides in cell lysates and CM. To conclude, these
results suggest that the ISCWT mutation causes disrupted folding and
reduction in the secretion of RBP4 and support the results obtained from
ISCWT serum samples.

4.1.8 K12del protein forms monomers and binds vitamin A in vitro

To study K12del folding in the oxidizing cytoplasmic environment, the canine
K12del and wild-type proteins were expressed also in E. coli Origami B(DE3)
and studied with nuclear magnetic resonance (NMR). The isoforms
predominated as monomers, although they both had small dimeric peaks at
elution volume 82 mlL, and the peak was stronger in the Kl2del
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chromatogram. Heteronuclear single quantum coherence spectra indicated
uninterrupted folding, while chemical shift perturbations were detected for
residues spatially close to the deletion site (study I/Figure 6A—C). The residues
C4 and C160 were observed to be oxidized, as their cysteine b-carbon
chemical shift values were 38.6 and 40.7 ppm, respectively, and the
corresponding value for a reduced cysteine is 28.3 + 2.2 ppm (Sharma,
Rajarathnam, 2000). The oxidized residues can therefore form a wild-type-
like disulfide bond within the K12del polypeptide in vitro.

The capacity to bind retinol was also studied with NMR spectroscopy,
which showed chemical shift perturbations in the same residues in K12del and
wild-type isoforms induced by equimolar ratios of vitamin A (study I/Figure
6E). To conclude, unlike in vivo experiments and outside the mammalian ER
lumen and Golgi network, the K12del isoform seems to fold and bind vitamin
A appropriately in vitro.

4.2 A novel missense mutation in ADAMTS10 is associated
with primary open-angle glaucoma in Norwegian
Elkhounds

4.2.1 Eye examinations reveal severe POAG in NEs

In study II, an initial discovery cohort of 24 NEs from Finland, Norway,
Sweden, the United Kingdom and the United States was established to study
the genetic cause of POAG in the breed. The inclusion criterion for cases was
bilateral glaucoma without any detectable underlying cause. Controls were
eye examined healthy at the age of eight years or older. A thorough eye
examination of the cohort revealed 16 cases and eight controls. All the cases
presented with elevated IOP (25-86 mmHg, normal reference range 10-20
mmHg) and various degrees of optic nerve head atrophy and cupping. Various
secondary changes, such as lens luxation, corneal stromal edema and keratitis,
were also detected. On average, the dogs were 6.5 years old at the time of
diagnosis. Progressive vision loss led to complete blindness within two years
after diagnosis. In all affected dogs, response to IOP-reducing medical
treatment was either short-term or absent, and bilateral enucleation or
euthanasia were conducted to control the pain caused by high IOP.
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422 GWAS maps the disease to a known canine POAG locus

To analyze the mode of inheritance and enable sample choosing for genetic
analyses, a pedigree was drawn around the affected NEs (study II/Figure 1).
Pedigree analysis suggested an autosomal recessive mode of inheritance, as
affected dogs were born to unaffected parents.

To map the disease-associated chromosomal region, genotyping was
performed on nine cases and eight controls using the Illumina Canine HD
Bead Chip (Illumina, San Diego, CA, USA) with 173,662 markers, of which
89,277 remained in the analysis after quality control procedures. Comparison
of allele frequencies between cases and controls indicated a 750-kb locus on
the canine chromosome 20 (p..=4.93x10¢, p.....=0.025, study II/Figures 2A—
B). A mild population stratification was detected (A=1.1); however, the
association was confirmed with two mixed-model approaches that gave the
same results.

The implicated locus spanned from 53,070,684 bp to 53,816,416 bp, and
all genotyped cases shared there a homozygous haplotype block that was
absent in the controls (study II/Figure 2C). The locus contained 35 genes, one
of which, the ADAM metallopeptidase with thrombospondin type 1 motif, 10
(ADAMTS10) had previously been implicated in POAG in Beagles (Kuchtey
et al., 2011, Kuchtey et al., 2013).

423 Candidate gene approach reveals a fully-penetrant missense
variant in ADAMTS10

Because of the previous association to canine POAG, ADAMTS 10 was chosen
for candidate gene analysis, and all its coding regions and splice sites were
studied for candidate variants in four cases and four controls. Screening
identified 10 variants (study II/Table S3) altogether, two of which segregated
with the phenotype. The other, a synonymous variant (p.P171P), was not
suspected to be in the exonic enhancer region based on ESE-finder results
(Smith et al., 2006), whereas the other, a missense variant (p.A387T), was
predicted to be pathogenic by Polyphen-2 and SIFT (Ng, Henikoff, 2001,
Adzhubei et al., 2010). The p.A387T variant changes a highly conserved
residue (study II/Figure S1) in the metalloprotease domain of ADAMTS10
(study II/Figure 3C) and was therefore selected for further validation.
Genotyping of the remaining 12 cases indicated that all but two of the cases
were also homozygous for the p.A387T variant. These genetically distinct
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cases might represent primary glaucoma from a different genetic cause or
might actually have secondary glaucoma misinterpreted as primary in the
clinical examinations. A breed screening cohort of 572 NEs randomly selected
from our biobank found 420 (73.4%) wild-type NEs, 151 (26.4%)
heterozygotes and 1 (0.17%) homozygote. This additional homozygote dog
was five years old at the time of the study (2014) and was then unaffected.
However, it was later diagnosed with bilateral glaucoma and, thus, the
penetrance of the p.A387T variant is complete.

To study the breed-specificity of the variant and as further validation, the
variant was screened in 71 glaucoma or PLA cases from 17 breeds and 115
unaffected dogs from six breeds, all of which proved to be wild-type.

4.3 Two new loci and a putative regulatory variant in
Miniature Schnauzers affected with progressive retinal
atrophy

4.3.1 Clinical examinations suggest multiple different types of PRA in
MSs

In study III, an initial discovery cohort of 85 Finnish MSs was established to
study the genetic cause of PRA in the breed. The inclusion criteria for cases
were bilateral PRA with tapetal hypo- and hyperreflectivity, retinal blood
vessel attenuation and pale optic nerve heads. The controls were examined
healthy at the age of seven years or older. Phenotyping revealed altogether 18
cases and 67 controls. The age of onset and rate of disease progression seemed
to divide the cases into two subtypes as 12 of the affected dogs were diagnosed
with severe PRA and total blindness before the age of five years (termed
tentatively type 1 cases); the 6 remaining (type 2) cases had distinctively
slower disease progression as the average age of onset was seven years, and
they still had some visual capacity left at the time of examination. Of the type
1 cases, five were female and seven male, while of the type 2 cases, only one
was female and the rest five male, suggesting the type 2 disease might have
an X-linked mode of inheritance or other gender-associated disease
predisposition.

In addition to regular eye examinations, OCT imaging was performed on
one PRA case to study the phenotype in more detail. The studied MS was a
four-year-old female that already suffered from total blindness and therefore
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most probably represented the type 1 phenotype. OCT imaging revealed total
loss of the photoreceptor cell layer (study III/Figure 1), confirming the PRA
diagnosis. Unfortunately, no type 2 cases were available for OCT imaging.

The whole study cohort was screened for a variant in PPT1, which was
published in the course of this study and proposed as a possible genetic cause
of autosomal recessive PRA in MSs (Murgiano et al., 2018). As a result, all
the type 1 cases were homozygous for the variant, whereas of the type 2 cases,
five were wild-type and one heterozygous, suggesting the variant in PPT]
might indeed replicate in the Finnish sample cohort for the type 1 disease.
However, screening of the controls revealed 41 wild-type, 22 heterozygous
and 4 homozygous MSs, which accounts for a disease penetrance of only 75%.
The discordant cases suggested that the reported PPT/ variant might actually
be in linkage disequilibrium with the true causative variant, which in turn still
remained to be uncovered.

43.2 GWAS confirms that MSs are affected with at least two
genetically distinct types of PRA

To evaluate the mode of inheritance and enable sample selection for genetic
analyses, a pedigree was drawn around the 18 affected MSs (study III/Figure
2). As affected dogs were born to unaffected parents and there were multiple
affected individuals in some of the diseased litters, a recessive mode of
inheritance was suspected. As noted above, if there were indeed multiple
genetic forms of the disease, the type 2 phenotype might have an X-linked
mode of inheritance, while the type 1 seemed autosomal recessive.

To map the disease to a specific chromosomal region, genotyping was
performed in 16 cases and 33 controls using the Illumina Canine HD Bead
Chip (Illumina, San Diego, CA, USA) array with 173,662 markers. After
quality control procedures, 102,661 SNPs remained in the subsequent analysis
and comparison of allele frequencies between cases (regardless of suspected
type) and controls suggested an association to the CFA1S5 (p..=4.70x10-,
Pu=0.19, A=1). In the best-associated region, 7.2-Mb homozygous haplotype
block spanning nucleotides 213,416-7,403,217 bp was observed in all
genotyped type 1 cases and was absent in all type 2 cases and 32 controls
(Figure 15). Interestingly, the putative risk haplotype was seen in one control
dog, which was, like all the other controls, confirmed to be free of PRA at the
age of seven years. This suggests the disease-causing variant has either an
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incomplete penetrance or such a recent origin that not all the risk haplotype-
carrying dogs have it.
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Figure 15 GWAS analysis with 16 cases and 33 controls indicated a tentative
association to CFAIl5 (p.=4.70x10+, p...=0.19). In the 7.2-Mb
critical region, all the earlier onset cases (a) with rapid disease
progression (tentatively termed type 1 cases) shared a homozygous
haplotype. The later-onset cases (b) with slower disease progression
(type 2 cases) did not have the risk haplotype, indicating the two
clinically differing types are indeed genetically distinctive. Of the
33 controls (c), 32 were not homozygous for the risk haplotype,
while I (orange arrow) was. This dog, like all the other controls,
was eye examined healthy at the age of seven years, indicating either
incomplete penetrance or such a recent origin of the causal variant
that not all risk haplotype-carrying dogs have it. Rows represent
individual dogs and columns genotyped SNPs. Light gray indicates
affected, intermediate heterozygous and dark gray wild-type

genotypes.

Next, the genotyping data were analyzed separately for the two suspected
types of PRA. First, GWAS was performed in the type 1 cases (n=10) and
controls (n=33). Altogether 100,501 SNPs were included in the analysis after
quality control procedures and case-control comparison of the allele
frequencies confirmed that the type 1 disease is associated with the above-
mentioned chromosomal region on the CFA15 (p..=2.08x10°, p....=2.40x10+,
A=1.17, study IlI/Figures 3A-B).

Then, GWAS was performed in the type 2 cases (n=6) and controls (n=33)
and with 102,286 SNPs that remained after quality control procedures. This
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analysis resulted in a tentative association on the CFAX (p.=7.06x10",
Pun=0.17, A=1.19, study III/Figures 3C-D), thus supporting the hypothesis of
an X-linked mode of inheritance for type 2 PRA in MS. In the best-associated
region, three of the six cases shared a 15.4-Mb homo-/hemizygous haplotype
block from 38,294,920 bp to 53,726,107 bp, which was absent in rest of the
cases and all controls. The tentative locus should be confirmed in a larger
sample set before any further genetic analyses are performed as the number of
cases in this analysis was very limited. The known canine PRA-implicated
gene on the CFAX, the RPGR (Zhang et al., 2002, Acland et al., 1994, Vilboux
et al., 2008, Kropatsch et al., 2016), does not reside in the preliminary locus.

To summarize, GWAS confirmed multiple genetic forms of PRA in MS,
which was already suspected based on the distinctive clinical findings such as
age of onset and disease progression. Earlier-onset type 1 disease was mapped
to a locus on CFA1S5, where all the type 1 cases shared a homozygous risk
haplotype block. In addition, the risk haplotype was also seen in one
genotyped control, indicating an incomplete penetrance of the causal variant
or such a recent origin that not all the risk haplotype-carrying dogs have it.
The later-onset type 2 disease was tentatively mapped to CFAX, which needs
to be confirmed prior to any further genetic analyses.

4.3.3 Whole-genome sequencing approach indicates a recent origin for
type 1 PRA —specific variant

To find the causative variant for type 1 PRA in MSs, whole-genome
sequencing was performed in two cases that were homozygous for the risk
haplotype and one control MS with the opposite haplotype. For these three
MSs, 467,778,694-512,026,483 reads were collected with 99.5% of them
mapping to the reference sequence. The mean read depths were 29-31X and
over 97% of the reference had >10X coverage. Filtering was performed under
the autosomal recessive model, assuming the cases were homozygous for the
alternative allele, and at least 99% of the controls (including the control MS
and 267 other dogs (study III/S1 Table) from different breeds and without the
studied phenotype) wild-type. Of the control dogs, 141 were whole-genome
sequenced enabling their usage as controls in the mobile element insertion
(MEI) analysis, whereas the rest were exome-sequenced and were therefore
available only for analyzing single nucleotide variants and small insertions
and deletions.
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The two sequenced MSs shared 2,149,016 homozygous variants
altogether, of which 5,235 were left after filtering. Of these, 233 resided in the
mapped locus (study III/S2 Table) and 4 (study III/Table 1) were selected for
validation based on their predicted effect on amino acid sequence or splicing.
The whole initial study cohort of 85 MSs was included in the validation. All
the type 1 cases (n=12) were homozygous for all four variants, but so were
also the four (for the DLGAP3 variant) or the two (for the other three variants)
control dogs. Therefore, all four variants were associated with the type 1
disease, with a statistical significance 10-100 times stronger than the PPT]
variant (study IIlI/Table 1) but, again, with incomplete penetrance. Case-
specific MEISs or large structural variants were not found.

WGS and GWAS results together indicate that the causal variant most
probably has a very recent origin, and not all risk haplotype-carrying dogs
have it. Therefore, there will be many variants that are in tight linkage
disequilibrium with it, and the validated four WGS and PPT! variants most
probably represent these rather than any of them being the actual mutation.

After excluding the four WGS variants with predicted effect on either
amino acid sequence or splicing, 229 candidate variants without any putative
functional effect were left. To reduce the number of potential causal variants,
whole-genome sequencing was performed in an obligate carrier MS. To
maximize the effect of this additional control on filtering, the sequenced
individual was selected to be homozygous for the risk haplotype. This way,
the number of variants to be validated in the wet lab was reduced to two: an
intergenic 5-bp deletion variant (g.1,887,878_1,887,882del) and an intronic
single-nucleotide variant (g.1,432,293G>A) in human immunodeficiency
virus type I enhancer binding protein 3 gene (HIVEP3, study III/Figures 4A—
B) coding a transcription factor. Validation in the study cohort of 85 MSs
excluded the intergenic variant from further analyses as 12 of the controls
were homozygous for it. In contrast to all previously validated variants, the
one in the HIVEP3 intron had complete penetrance and a very strong
association (p=4.00x10+) with the type 1 phenotype as all 12 type 1 cases were
homozygous for it and all 67 controls were either wild-type (n=58) or
heterozygous (n=9). As further validation, the HIVEP3 variant was screened
in all available MS samples (n=514) from our dog DNA bank. This cohort
included three PRA cases and 118 MSs eye examined healthy at the age of
five or older. Of this breed screening cohort, 456 (88.7%) were wild-type, 55
(10.7%) heterozygous and three (0.58%) homozygous for the variant. The
three identified new homozygotes represented the three PRA cases in the
cohort. Combining the results from the initial and breed screening cohorts, the
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intronic variant in HIVEP3 has complete penetrance and a very high
association (p=1.10x10+) with the type 1 PRA in MS. The variant seems
breed-specific as it was absent in all genomes obtained from dogs (n=735) of
different breeds available through the Dog Biomedical Variant Database
Consortium.

434 Type 1 PRA-associated variant lies within a putative silencer
with HAND1::TCF3 transcription factor binding motif

As the variant in HIVEP3 lies within the deep intronic region and is kilobases
away from exon-intron boundaries (study III/Figure 4A), its function would
be regulatory rather than affecting amino acid sequence or splicing. The
variant site also includes a predicted dog-specific long non-coding RNA
ENSCAFG00000035604 that is antisense to HIVEP3 and could therefore be a
negative regulator of it. To study whether the variant affects retinal gene
expression in either of these genes, RT-qPCR was performed with retinal
samples from a type 1 PRA-affected MS and four control retinal samples from
dogs that were wild-type for the variant and without the studied phenotype.
As a result, no statistically significant differences were observed. Sanger
sequencing of the retinal cDNA of the case revealed no splicing defects for
either of the genes.

The sequence surrounding the variant site is ultraconserved among species
(study III/Figure 4C), suggesting that the site might still have a regulatory
function and contain, for instance, an enhancer or silencer. To examine this,
the canine variant site was converted to a corresponding position in the human
genome, and on the exact site lies a peak of ENCODE DNasel hypersensitivity
cluster, which indicates an open chromatin environment (Thurman et al.,
2012). Predicted transcription factor binding sites (TFBSs) were analyzed for
the variant position, and as a result, putative HAND1::TCF3 complex TFBS
overlapped exactly the variant site (study I1I/Figure 4C).

To confirm the enhancer or silencer and study whether the variant has an
effect on its activity, a dual luciferase reporter assay was designed. Constructs
containing wild-type and mutant canine sequence (500 bp) and an empty
vector (study III/S3 Table) were transfected into MDCK cells, and relative
luciferase activity was measured. This revealed significantly lower activity in
cells transfected with wild-type constructs when compared to empty
constructs (p<0.05), thus supporting the silencer role. In addition, the type 1
PRA-associated variant seems to disrupt its activity, at least partially (study
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III/Figure 5), as cells transfected with the mutant constructs showed
significantly higher reporter gene expression compared to the wild-type
constructs (p<0.05).

43.5 Two predicted HAND1::TCF3 target genes, COL9A2 and EDN2,
are overexpressed in the case retina

As silencers and promoters of regulated genes share common TFBSs
(Andersson et al., 2014), presence of the HANDI::TCF3 motif in the
promoters of variant flanking genes (4+/- 1.25 MB) in the dog genome were
analyzed. This revealed 714 predicted HANDI1::TCF3 binding sites in the
promoter regions of 60 genes (study III/S4 Table) in close proximity to the
variant. Due to limited amount of available retinal RNA from an affected MS,
expression analysis of all the 60 genes could not be done. Therefore, the target
genes were prioritized based on known retinal expression in FANTOMS and
Human Protein Atlas data (Forrest et al., 2014, Uhlen et al., 2015), motif
scanning score and canine retinal STRT data. After prioritization, the four best
candidates, the COL9A2, EDN2, KCNQ4 and NFYC, were selected for RT-
gPCR conducted with the same sample set described above for HIVEP3 and
ENSCAFG00000035604. As a result, retinal expression of COL9A2 was
increased more than 4-fold and EDN2 more than 16-fold in the case retinas
compared to the controls (study III/Figure 4D), accounting for a statistically
significant overexpression for both (p=0.049 and p=0.0023, respectively).
KCNQ4 was increased more than 10-fold in the case retina, but this was not
statistically significant (p=0.065), as the expression in retinal samples of the
right and left eyes of the affected MS differed so much from each other. A
significant change in NFYC expression was also not observable (p>0.05).
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5 Discussion

In this doctoral dissertation, new genetic variants, genes and a novel mode of
maternal inheritance were discovered for three blinding eye disorders in dogs.
The studies were conducted by utilizing the established dog biobank in
Finland and by recruiting hundreds of new well-phenotyped dogs. Novel
genome wide approaches were used to find candidate variants, which were
further studied with various functional tests. New collaborations between
basic and clinical researchers were established and new networks created
between veterinary and human medical researchers. The results, discussed in
the following chapters in detail for each study, have multiple scientific and
practical implications in both veterinary and human medicine.

5.1 New mode of maternal inheritance and a novel candidate
gene in canine congenital eye disease

In study I, combining careful clinical and genetic analyses, an in-frame
deletion in RBP4 was detected as the cause of microphthalmia in Irish Soft-
Coated Wheaten Terriers. The disease manifested only if both the dam and the
offspring were homozygotes, indicating a new maternal mode of recessive
inheritance. The mutated protein appeared misfolded and dose-dependent
decrease in circulating RBP4 and vitamin A were observed in vivo.

In normal circumstances, RBP4 circulates in serum and transfers vitamin
A from liver stores to peripheral tissues, where STRAG6 acts as its receptor
(Kawaguchi et al., 2012). During gestation, the developing embryo receives
vitamin A through the placenta from the mother, and functional RBP4 on both
sides are needed to prevent fetal vitamin A deficiency, a known risk factor for
congenital eye defects (Hornby et al., 2002). Mutations in human RBP4 have
previously been implicated in microphthalmia with a dominant mode of
inheritance, maternal effect and variable penetrance (Chou et al., 2015), as
well as to recessive night blindness in compound heterozygous sisters
(Biesalski et al., 1999). In ISCWTs, the maternal genotype determined
whether a phenotype manifests in offspring, while the puppy’s own genotype
determined the severity of the disease. In knock-out mice, a similar recessive
mode of inheritance has been observed, but only if the dam is fed a vitamin A
—deficient diet during gestation (Quadro et al., 2005). Differences in modes of
inheritance and disease manifestation may reflect different mutation types,
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species-specific anatomical and functional differences in the placenta, non-
RBP4—-dependent vitamin A delivery, such as postprandial delivery of retinyl
ester in chylomicron particles (D’Ambrosio, Clugston & Blaner, 2011) or
direct vitamin A transport via uterine luminal secretion (Suire et al., 2001). It
is also possible that the dog, a polyembryonic animal, is more resistant to
gestational vitamin A deficiency than humans.

To understand the pathology caused by the discovered mutation, the
structure and function of the K12del-RBP4 were studied in canine serum and
urine samples as well as in HeLa cells and E. coli Origami B(DE3), expressing
the recombinant canine mutant and wild-type isoforms. In vivo, a dose-
dependent decrease in circulating RBP4 and vitamin A were detected. In
addition, the mutated polypeptide predominated as a homodimer, while the
wild-type was in monomeric form. Experiments with HeLa cells supported
these findings as the mutated protein also formed dimers. A reduction in
circulating RBP4 may result from either decreased secretion from hepatocytes
or increased renal loss. Physiologically, RBP4 binds TTR to increase its
molecular weight and to escape glomerular filtration (Vahlquist, Peterson &
Wibell, 1973). To detect possible increased renal loss of K12del-RBP4,
urinary immunoreactive RBP4 and K12del-RBP4’s ability to bind TTR were
analyzed. As a result, the observed reduction in circulating RBP4 in vivo is
more likely to result from reduced secretion than increased renal loss as the
mutated protein was found to be more abundant in HeLa cell lysates than in
CM, and immunoreactive K12del-RBP4 in urine was detected in only one
mutant homozygote dog, even though the K12del polypeptide was evidently
unable to bind TTR.

In contrast to in vivo and HeLa cell experiment results, in vitro studies of
K12del-RBP4 indicated uninterrupted folding. These contradictory results
most probably reflect differences in protein folding environments in
eukaryotes and prokaryotes. In eukaryotes, multiple chaperones facilitate
disulfide bond formation to residues C120-C129, C4-C160 and C70-C174, in
this order, during oxidative folding of wild-type RBP4 in ER microsomes
(Selvaraj, Bhatia & Tatu, 2008). In canine hepatocytes and human cervical
carcinoma cells, the K12del-RBP4 misfolded due to one or more failed
disulfide bond formations within the ER lumen or during or after translation
and signal peptide cleavage, which left some cysteines unpaired. In an
oxidizing E. coli cytoplasm, the K12del polypeptide was able to fold correctly
and form internal disulfide bonds.

Like protein folding, retinol binding capacity also appeared unchanged in
K12del-RBP4 in vitro, while a dose-dependent decrease in serum vitamin A
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was detected in vivo. These results indicate that the observed vitamin A
deficiency in mutant homozygote dogs either result from a reduced amount of
circulating K12del-RBP4, or its reduced capacity to mobilize retinol. The
latter hypothesis is supported by the observed abnormal folding of the mutated
protein, which most likely has a harmful effect on its functional properties too
(Berni, Formelli, 1992). Formally, this could be distinguished as described
before (Chou et al., 2015), although the clinical consequences remain the
same.

To our knowledge, this study was the first implication of RBP4 in canine
disease genetics and the first report of a causative mutation for isolated
microphthalmia in dogs. The mode of maternal inheritance, distinct from
imprinting and oocyte-derived mRNA, highlights the delicate interaction
between the mother and the developing embryo and suggests this phenomenon
might be more common than suspected in other species too. Conventional
assumptions in variant filtering and segregation analyses in an assumed
autosomal recessive mode of inheritance would lead to false-negative results,
as the clinically unaffected mothers are not obligate carriers. Based on our
results, particular attention is called for when studying the genetics of
developmental defects, but caution should be exercised for other phenotypes,
too.

5.2 A novel missense variant in ADAMTS10 is associated
with canine primary open-angle glaucoma

In study II, a novel recessive missense variant in ADAMTS10 was discovered
as the likely cause of primary open-angle glaucoma in Norwegian Elkhounds.
The same gene, but with different mutated residue, has previously been
implicated in canine POAG in a laboratory colony of Beagles (Kuchtey et al.,
2011, Kuchtey et al., 2013). The NE variant changes a highly conserved
residue in the metalloproteinase domain of ADAMTS 10, which likely impairs
its function and subsequently leads to POAG.

ADAMTS10 belongs to the ADAMTS (a disintegrin and metalloproteinase
domain with thrombospondin type-1 motifs) family of zinc-dependent
proteases with 18 other genes (Porter et al., 2005). The ADAMTSs are
secreted proteins that consist of a signal peptide, pro-, metalloproteinase,
disintegrin-like, cysteine-rich and spacer domains, and varying repeats of
thrombospondin type 1 motifs, of which ADAMTSI10 has five copies (Figure
16) (Porter et al., 2005, Somerville, Jungers & Apte, 2004). Some members
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also have other domains, such as the protease and lacunin (PLAC) domain
found in the ADAMTSI0 carboxyl terminus (Somerville, Jungers & Apte,
2004). In dogs, the ADAMTSI10 protein is preferentially expressed in the
trabecular meshwork compared to other ocular tissues (Kuchtey et al., 2011).
In mice, AdamtslO is strongly expressed in embryonic ocular tissues,
including in the ciliary margin zone, primary lens fibers, lens epithelium,
retinal ganglion cells, non-pigmented ciliary epithelium, corneal and scleral
cells in the limbal region and cells around Schlemm’s canal (Wang et al.,
2018). It is also widely expressed in several extra-ocular tissues in humans
and mice (Somerville, Jungers & Apte, 2004).

p.A387T p.G661R

(NE) (Beagle)
v : v 333:

O signal peptide = cysteine-rich domain
@ pro domain @ spacer domain
mE metalloproteinase @ PLAC domain

domain 0 thrombospondin
O disintegrin-like type 1 repeat

domain

Figure 16 A schematic representation of the ADAMTSI0 polypeptide with a
typical ADAMTS family structure. The p.A387T variant is located
in the metalloprotease domain, while the previously reported canine
variant resides within the cysteine-rich domain.

ADAMTSI1O interacts with fibrillin-1 (FBN1) and promotes its deposition
into the extracellular matrix (ECM) (Kutz et al., 2011). Cells with defective
ADAMTSI10 have impaired focal adhesion and epithelial cell-cell-junction
formation (Cain et al., 2016), indicating its important role in ECM
composition and dynamics. ADAMTS 10 might also participate in the storage
and regulation of latent transforming growth factor beta expression (TGFf)
(Ramirez, Rifkin, 2009, Ramirez, Sakai, 2010, Hubmacher, Apte, 2011,
Sengle et al., 2012), which is elevated in the glaucomatous aqueous humor
(Tripathi et al., 1994).

In humans, several mutations in ADAMTS10 have been reported to cause
Weill-Marchesani syndrome (WMS) (Dagoneau et al., 2004, Steinkellner et
al., 2015), which is characterized by short stature, brachydactyly, joint
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stiffness and multiple ocular defects, including glaucoma, microspherophakia
and ectopia lentis. Fibroblasts derived from WMS patients with ADAMTS10
mutations have impaired ECM formation and a disorganized cytoskeleton
(Dagoneau et al., 2004, Kutz et al., 2011), which is consistent with the known
biology of ADAMTSI0.

A missense variant (p.G661R) in ADAMTSIO has previously been
implicated in POAG in Beagle dogs (Kuchtey et al., 2011, Kuchtey et al.,
2013). The p.G661R variant changes a highly conserved residue in the
cysteine-rich domain of the mature protein and is predicted to alter protein
folding (Kuchtey et al., 2011). In addition, a splicing variant in ADAMTS17
has been associated with primary lens luxation but not with glaucoma in
several dog breeds (Farias et al., 2010, Gould et al., 2011).

The canine p.A387T variant affecting NEs 1is located in the
metalloproteinase domain, like three of the reported human ADAMTSI0
mutations causing WMS (Dagoneau et al., 2004). However, there are clear
differences in the resulting phenotypes, as the p.A387T homozygote dogs, like
the p.G661R affected Beagles (Kuchtey et al., 2011), did not present with any
of the extra-ocular symptoms reported in the human patients. Primary lens
luxation was also absent in the NEs, although lens luxation was diagnosed in
several dogs after glaucoma and was thought to be secondary to it. However,
now knowing the likely genetic cause of glaucoma in the breed and
considering the known function of ADAMTSI10 in human ciliary zonules, it
might be more probable that lens luxation in NE is actually a direct result of
the p.A387T variant. Therefore, lens luxation is primary rather than
secondary, even though timewise it is observed after glaucoma has been
diagnosed. In contrast, Adamtsl0-knock out mice lack ectopia lentis, while
their phenotype otherwise resembles the symptoms observed in WMS
patients, as they are smaller in size and have stiff skin (Wang et al., 2018). The
absence of lens luxation in mice possibly results from the differences in ciliary
zonule composition, as fibrillin-2 predominates fibrillin-1 in mouse zonules
(Wang et al., 2018).

The proofed and detailed pathological effect of the p.A387T variant
remains to be determined, as we did not have access to tissue samples of any
homozygote NEs. Given the location of the variant, it seems that it probably
alters the metalloproteinase function of ADAMTSI10, which is turn might
contribute to the elevation of IOP because of the disorganized ECM structure
in the aqueous humor outflow pathway, impaired interaction with FBN1 or
activation of TGFp.
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After the study II was published, four different mutations in ADAMTS17
have been implicated in POAG in Basset Hound, Basset Fauve de Bretagne,
Petit Basset Griffon Vendeen and Shar-Pei dog breeds (Oliver et al., 2015,
Forman et al., 2015, Oliver et al., 2018), highlighting the importance of the
ADAMTS gene family in the pathogenesis of canine glaucoma.

To conclude, in study II a novel recessive missense variant was discovered
as the likely cause of POAG in Norwegian Elkhounds. The study establishes
a new spontaneous canine model to study ADAMTS10 biology as well as to
understand the molecular pathways in glaucoma. The results can be utilized
in the future to study therapeutic interventions for glaucoma, and a gene test
can be developed for veterinary diagnostics and breeding programs.

5.3 Multiple genetically distinctive types of PRA affect
Miniature Schnauzers — a putative silencer variant
associated with type 1 disease

In study III, Miniature Schnauzers were found to be affected by multiple
clinically and genetically distinct forms of PRA. A putative silencer variant
was found to be the likely cause of the earlier-onset type 1 PRA and a tentative
locus was mapped for the later-onset type 2 form. The results have multiple
important implications in medicine, veterinary medicine and genetics.

Based on the clinical presentation of the cases, multiple genetically distinct
types of PRA were suspected to affect MS. Tentatively, two distinctive groups
were formed: type 1 cases included a clinically homogenous group of MSs
that had clear clinical disease onset at four years of age, classical signs of PRA
(Parry, 1953) and became blind within the first year after diagnosis. Type 2
cases, in contrast, had more variable age of onset (with an average of seven
years) and disease progression. The type 2 phenotype was predominantly
expressed in male dogs, suggesting an X-linked mode of inheritance. GWAS
confirmed the two types to be genetically distinct, as the type 1 disease
mapped to CFA1S5, while analyzing the type 2 cases indicated a tentative
association to CFAX, concordant with the suspected X-linked mode of
inheritance. While the suggestive association in CFAX needs to be replicated
in a larger sample set, association of the type 1 PRA in CFAI15 was very
strong. Haplotype analysis of the locus indicated a 7.2-Mb critical region in
CFA15, shared by all the cases and, surprisingly, by one control MS as well.
This might result from either incomplete penetrance of the causal variant or
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from the fact that the causative variant is so recent that not all risk haplotype-
carrying dogs have it.

Analyzing whole-genome sequencing data from cases and controls
revealed a number of possibly pathogenic coding variants; however, all of
them had incomplete penetrance of 70-80%. Finally, after including
sequencing data from an obligate carrier MS homozygous for the risk
haplotype, a fully penetrant variant was found for type 1 PRA. This variant
resided in a conserved sequence within introns of HIVEP3 and a dog-specific
IncRNA gene (ENSCAFG00000035604), albeit kilobases away from exon-
intron boundaries. As expected, the variant did not have an effect on splicing.
A case-controls comparison of retinal HIVEP3 and ENSCAFG00000035604
expression did not show significant changes and, thus, other regulatory
functions of the variant site were studied. These revealed a predicted binding
site. of the HANDI1::TCF3 transcription factor complex, suggesting an
enhancer or silencer variant. The silencer function, as well as disrupted
silencer activity because of the variant, were supported in vitro using a dual
luciferase reporter assay, although formal confirmation would require further
experiments such as chromatin immunoprecipitation analysis, which 1is
ongoing for the revised version of the manuscript. Because of the role of
silencers in transcriptional activation, the six most promising retinal
HANDI::TCF3 target genes were prioritized for the quantitative retinal
expression analysis. As a result, significant overexpression of COLY9A2 and
EDN?2 were found in the affected retina, supporting the luciferase assay results
of a disrupted silencer leading to a gain-of-function pathology.

Although final conclusions of the disease mechanism are hindered due to
limited access of retinal samples from cases, some discussion about the two
overexpressed target genes is necessary. A loss-of-function variant in
COL9A2, encoding the collagen type IX alpha 2 chain, has been associated
with autosomal recessive Stickler syndrome, which is characterized by
multiple auditory, skeletal, orofacial and ocular abnormalities, including
degeneration of the retina (Baker et al., 2011). The PRA-affected MSs were
not reported to suffer from any other medical condition; however,
upregulation of COL9A2 could result in a different phenotype compared to the
one reported for the loss-of-function variant. EDN2, in turn, encodes
endothelin-2, which has been associated with angiogenesis, cell migration,
cell proliferation, and endothelial activation (Rattner, Nathans, 2005, Bridges
etal.,2010,Choietal.,2011, Howell et al., 2011, Bramall et al., 2013). Retinal
overexpression of Edn2 in mice inhibits the development of retinal vasculature
(Rattner et al., 2013), which might also explain the disease etiology in the
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affected MS as vascular attenuation is a hallmark feature in canine PRA
(Parry, 1953). Alternatively, the observed EDNZ2 overexpression might be
secondary to PRA, as it has been proposed to be a general stress signal from
photoreceptor damage (Rattner, Nathans, 2005, Samardzija et al., 2012). The
role of upregulated COL9A2 and EDN?2, and other possible retinal target genes
including HIVEP3, requires additional retinal samples from multiple affected
dogs, optimally sampled at disease onset, before definitive conclusions of the
disease mechanism can be made.

During the course of this study, a complex structural variant in PPT] with
incomplete penetrance was reported to cause PRA in MS (Murgiano et al.,
2018). That study indicated a suggestive association on the CFA15, where a
~5Mb critical interval was shared by some, but not all, affected dogs. Filtering
whole-genome sequencing data from cases and controls found also the same
intronic HIVEP3 variant described here, but its possible functional role was
not studied. Instead, the authors turned their focus to a complex structural
variant in PPT1 as some of the cases were homozygous for it, but wild-type
or heterozygous for the HIVEP3 variant. Further screening also revealed that
some of the confirmed controls were homozygous for the PPTI variant,
indicating incomplete penetrance of 79% (Murgiano et al., 2018). In contrast,
results from the study III shows that 1) MSs are affected with multiple
genetically distinct forms of PRA and that 2) the likely causative variant has
such a recent origin that not all risk haplotype-carrying dogs have it. These
observations are of fundamental importance as they explain the identification
of multiple candidate variants in the locus that seem to associate with the
phenotype, but have incomplete penetrance. In study III, only after including
whole-genome sequencing data from a healthy obligate carrier that was
homozygous for the risk haplotype, led to the identification of the fully
penetrant variant with 10 billion times stronger association than any of the
other seemingly associating coding variants, including that in the PPT].
Further analyses indicated putative regulatory role for this variant, which
should be used in genetic testing in future instead of the currently offered
commercial tests based on the PPT/ variant.

To our knowledge, in dogs, this is the first report of a putative silencer
variant causing PRA (Miyadera, 2018). In humans affected with RP, a single
report describing recessive retina-specific cis-regulatory variants in the CRX-
binding regions of SAMD?7 has been published (Van Schil et al., 2016),
underlining the underrepresented number of regulatory variants mapped in
disease genetics. Therefore, beyond veterinary medicine, the affected MSs
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provide an important spontaneous model to understand retinal gene regulation
and the causes of retinal degeneration in other species, too.

In conclusion, in study III, at least two clinically and genetically distinct
types of PRA were observed in MS. One confirmed and one tentative locus
were mapped, and a likely causative variant for earlier-onset (type 1) PRA was
discovered in the predicted binding site of the HAND1::TCF3 TFBS complex
with two of its putative target genes, COL9A2 and EDN2, overexpressed in
case retina. These results enable accurate gene test development for MSs and
establish the breed as a new spontaneous animal model to study the
corresponding phenotype, RP, in humans as well as.
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6 Conclusions and future prospects

Studies constituting this doctoral thesis were conducted during 2013-2019
and unraveled the likely genetic causes of three canine blinding eye disorders,
which currently have no available standardized curative treatment. The
studied phenotypes also affect humans, and therefore, the results can be
utilized in multiple scientific and translational ways in addition to
implementations in veterinary medicine.

As a direct result of this thesis, three new gene tests have already been
developed and are utilized worldwide by clinicians, breeders and dog owners.
With reliable genetic testing, veterinarians are able to diagnose and treat the
conditions earlier and give dog owners accurate information of the diagnosed
disease and its prognosis. Breeders, on the other hand, are now able to avoid
producing new affected dogs, while simultaneously preventing unnecessary
loss of genetic diversity, as they are able to detect the unaffected carriers and
combine them only with wild-type dogs. During this doctoral dissertation,
genetic tests have become a crucial part of everyday veterinary medicine. In
2013, individual genetic tests were offered, whereas currently utilized panel
tests include over a hundred single tests. To respond to the growing need for
up-to-date knowledge in genetics, an applied course on clinical veterinary
genetics is now offered on a yearly basis at the University of Helsinki as an
additional implementation of this doctoral dissertation and other ongoing
studies conducted in Finland and worldwide.

Methodologically, studies conducted as parts of this dissertation were
performed in a fascinating era, in which candidate gene approaches were
largely replaced by next-generation sequencing, which has finally become
cost-efficient and computationally feasible. New methods and softwares had
to be adopted but are now established and will promote future studies. In
addition, due to the discovered peculiarities of the detected variants in the
mode of inheritance (study I) and variant type and novelty (study III), the
approaches described in this thesis can be utilized as an example for similar
future projects. An important methodological implementation in clinical
veterinary ophthalmology is also the use of OCT imaging as part of phenotype
characterization in studies I and III, as it has not been utilized in Finland for
pet animals before, but through the established collaborations here, it is easily
available for any future studies. Moreover, all the hundreds of studied dogs in
this thesis were privately owned pet dogs of which owners and breeders
donated samples voluntarily, illustrating their strong motivation and
commitment to promoting canine health. Without their activity, and the
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clinicians diagnosing and sampling the dogs, successful biobanking would not
be possible. The collected samples here are also available for new studies, thus
contributing to the growing resources that enable successful discoveries in the
future as well.

Translationally, the obtained results have multiple potential applications
as the studied diseases also affect humans. Two of the associated genes,
ADAMTS10 and RBP4, have already been implicated in corresponding human
diseases, making the affected dogs new spontaneous animal models to study
disease pathology and new therapeutic interventions. Eye diseases have long
been favorite targets for gene therapies, which will hopefully become standard
treatment options for both humans and dogs in the future. In the course of this
doctoral dissertation in 2017, the United States Food and Drug Administration
(FDA) approved the first gene therapy for a genetic disease. The drug, called
Luxturna®, is designed for patients suffering from retinal degeneration termed
Leber’s congenital amaurosis resulting from recessive RPE65 defects (Hanein
et al., 2006). It contains the human RPE65 cDNA sequence that is delivered
to RPE cells with an adeno-associated virus serotype 2 (AAV2) vector using
a subretinal injection. Luxturna® was developed by Spark Therapeutics
(Philadelphia, Pennsylvania, USA) and is a result of long-lasting extensive
research in which Briard dogs suffering from similar RPE65 defects were
important in the preclinical development of the drug (Narfstrom et al., 2003,
Le Meur et al., 2007). Hopefully, this is only the beginning of a new era and
many more human and dog patients suffering from different genetic diseases
will have the opportunity for effective gene therapy in the coming years.
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SUMMARY

Maternally skewed transmission of traits has been
associated with genomic imprinting and oocyte-
derived mRNA. We report canine congenital eye
malformations, caused by an amino acid deletion
(K12del) near the N terminus of retinol-binding pro-
tein (RBP4). The disease is only expressed when
both dam and offspring are deletion homozygotes.
RBP carries vitamin A (retinol) from hepatic stores
to peripheral tissues, including the placenta and
developing eye, where it is required to synthesize
retinoic acid. Gestational vitamin A deficiency is
a known risk factor for ocular birth defects. The
K12del mutation disrupts RBP folding in vivo,
decreasing its secretion from hepatocytes to serum.
The maternal penetrance effect arises from an
impairment in the sequential transfer of retinol across
the placenta, via RBP encoded by maternal and
fetal genomes. Our results demonstrate a mode of
recessive maternal inheritance, with a physiological
basis, and they extend previous observations on
dominant-negative RBP4 alleles in humans.

INTRODUCTION

The microphthalmia, anophthalmia, and coloboma (MAC) spec-
trum of congenital eye malformations are important causes of
childhood blindness (Hornby et al., 2000). Anophthalmia refers
to the complete absence and microphthalmia to reduced size
of the ocular globe. Colobomas are notch-like defects in the
iris, chorioretina, and/or optic nerve head that result from incom-
plete closure of the axial optic fissure during development
(Onwochei et al., 2000). MAC disease has a worldwide incidence
of 1 per 5,300 live births (Morrison et al., 2002). Most cases are
isolated, with defects limited to the eye, but in one-third of pa-
tients the eye malformations occur as part of a syndrome (Verma
and Fitzpatrick, 2007). Potential mechanisms include primary

Cell Reports 23, 2643-2652, May 29, 2018 © 2018 The Author(s).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

failure of optic vesicle growth, optic cup invagination or lens
induction, or secondary degeneration of optic anlagen in utero
(Graw, 2003). In most cases, the etiology is unknown. Recent
reports implicate SOX2, OTX2, STRA6, and PAX6 (Fantes
et al.,, 2003; Ragge et al., 2005; Pasutto et al., 2007; Glaser
et al., 1994), with dominant SOX2 loss-of-function alleles being
the most common single-gene defect (Gerth-Kahlert et al,,
2013). Apart from gene mutations, various environmental risk
factors have been reported for human MAC disease, most
notably vitamin A deficiency (VAD) (Hornby et al., 2002). Vitamin
A (retinol) is a substrate for synthesis of retinoic acid (RA), a
potent paracrine-signaling molecule needed for proper develop-
ment of the vertebrate eye and other tissues (Hale, 1935; See
and Clagett-Dame, 2009). The eye is most sensitive among
organs to reduced RA levels during embryogenesis.

In recent years, the domestic dog has emerged as a powerful
model for study of simple and complex mammalian traits, due
to its unique genetic architecture and abundant genomic tools
(Lindblad-Toh et al., 2005). The canine eye more closely resem-
bles the human eye, anatomically and physiologically, than do
mouse or rabbit eyes and spontaneous hereditary eye diseases
are common (Vaquer et al., 2013). Microphthalmia has been re-
ported in several dog breeds, including Irish soft-coated wheaten
terriers (ISCWTs), in which microphthalmia, retinal coloboma,
hypoplasia of the choroid, and severe visceral malformations
were reported (Van der Woerdt et al., 1995). The ocular pheno-
types resemble the most severe features of collie eye anomaly
(CEA), but they are genetically distinct (Parker et al., 2007).

In this study, we report a retinol-binding protein (RBP4) defect
in a canine developmental eye disease; characterize its clinical,
genetic, and biochemical properties; and consider the physio-
logical implications of this unique recessive maternal penetrance
effect.

RESULTS
Microphthalmia and Other Developmental Eye Defects
in ISCWTs

An ISCWT breeder in Finland contacted us in 2011 after noticing
abnormally small eyes in three pups in a litter of six. Eye exams
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Phenotypes and confirmed DNA genotypes (n=67)

are indicated by inner and outer symbols, respec-

tively, as described in the inset legend. Dogs
[e][c][e][©] included in the GWAS are highlighted in yellow
[o] (12 cases and 17 controls). All 17 microphthalmic
dogs (H @) and their dams are RBP4 deletion
homozygotes (del/del). One deletion homozygote

with a homozygous dam had eyes of normal size,
with chorioretinal hypoplasia. Ten dogs without

before 10 weeks of age revealed bilateral microphthalmia with
scleral folding, chorioretinal hypoplasia, and retinal colobomas
in the affected dogs (Figure 1A; Table S1). A second affected
litter of eight was subsequently born in Poland. Eye exams
confirmed bilateral microphthalmia in six pups and chorioretinal
hypoplasia in one pup and unilateral retinal coloboma. Then
2 years later, another litter was born to the same dam with a
different sire. Three of eight pups had bilateral microphthalmia,
chorioretinal hypoplasia, and retinal colobomas; one had a uni-
lateral flat optic nerve head; and four were unaffected. In a fourth
litter, born in the Czech Republic, five of six pups had bilateral
microphthalmia and one had chorioretinal hypoplasia. The dam
and sire of each litter had normal eye exams. The dams were
fed high-quality commercial chow and no abnormalities were
noted during gestation.

For genetic analysis, our inclusion criteria for subject dogs
(cases) was bilateral microphthalmia (n = 17, with 11 males
and 6 females). Normal control dogs (n = 23), ascertained from
the same large ISCWT pedigree, were carefully examined by a
veterinary ophthalmologist before 10 weeks of age, as tapetal
pigmentation in older dogs can mask milder forms of chorioreti-
nal hypoplasia (Bjerkas, 1991).

Genetic Analysis Reveals an In-Frame 3-bp Deletion

in RBP4

The four affected litters are related in a single pedigree, with
a transmission pattern suggesting an autosomal recessive
mode of inheritance as several affected pups in different litters
were born to unaffected parents (Figure 1B). To map the disease
locus, we performed a genome-wide association study (GWAS)
with 12 cases, 17 controls, and 172,963 SNP markers. Statistical
analysis of genotype data by PLINK indicated a 15.7-Mb critical
region on canine chromosome 28 (paw = 8.04 X 107°, Pgenome =
1.00 x 1079), spanning nucleotides 287,714 to 16,036,936 bp
(CanFam 3.1), in which all cases shared a single homozygous
haplotype block (Figure 2). The localization was confirmed
by GenABEL analysis, using a full genomic kinship matrix to
adjust population structure and mixed model approximation
(Figure S1).
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microphthalmia (O O) were also genotyped as
homozygous (del/del), but they had heterozygous
(del/+, n = 9) or untyped (del/—, n = 1) dams.

See also Figure S2 and Table S1.

To identify the causative variant, we sequenced the entire
genome of one affected dog. A total of 470,800,949 reads
were collected, of which 98.7% were mapped to the reference
genome (CanFam 3.1). The mean read depth was 28.7x and
98.3% of mapped reads had >10x coverage. We identified
6,497,411 homozygous variants compared to the reference
sequence, and 37,291 of these remained after filtering variants
from 342 control dogs of breeds that lack the studied phenotype
(Table S2). Among the remaining variants, 81 were exonic, but
only one of these was located in the CFA28 critical region. This
variant is a 3-bp deletion (c.282_284del) in the gene encoding
RBP4 gene, resulting in the loss of a single lysine (AAG codon)
near the RBP amino terminus (p.K30del), in a charged segment
preceding the lipocalin B-barrel domain (Figure 3). This is the
12" amino acid in the mature protein (K12del), after cleavage
of the signal peptide, and it is highly conserved among
vertebrates. The secreted portions of dog and human RBP are
the same length (183 amino acids) and have 94.5% sequence
identity.

Maternal Inheritance Effect

To confirm that the RBP4 variant segregates with the disease
trait, we genotyped all available dogs (n = 46) from affected litters
and their close relatives (Figure 1B). As expected, the 17 cases
were homozygous for the K12 deletion, and the 23 clinically
confirmed controls were wild-type (WT) (+/+) or heterozygous
(del/+). However, the three dams of the four affected litters
were also homozygous for the deletion yet had normal eye
exams. Notably, their dams were heterozygous. These results
suggest a recessive mode of inheritance with reduced pene-
trance and a potential maternal genotype effect (Figure 1B).

To further evaluate the maternal effect on inheritance, we gen-
otyped all available ISCWT samples in our biobank (n = 248). This
analysis revealed 185 WT dogs (74.6%), 55 carriers (22.2%), and
8 homozygotes (3.2%), consistent with Hardy-Weinberg equilib-
rium (p = 0.32, %2 test, df = 2). Among these eight new K12del
homozygotes, three had normal fundus eye exams as adults,
four had normal general exams with no clinically apparent
microphthalmia, and one suffered from chorioretinal hypoplasia.
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Maternal genotypes are known for seven of these dogs; in each
case, the dam was heterozygous, except for the dog with cho-
rioretinal hypoplasia, whose dam was an RBP4 deletion homo-
zygote. These data demonstrate a striking maternal transmission
effect on inheritance (Table 1; p < 10~*, Fisher's exact test,
df = 1). Accordingly, the microphthalmia trait is manifest only
when both dam and offspring are homozygous for the deletion
(17/18). If the dam is heterozygous, her homozygous offspring
have grossly normal eye anatomy (9/9). The penetrance of the
microphthalmia trait in del/del dogs is thus 94% or 0%, respec-
tively, depending on the dam genotype.

Because some human RBP4 alleles have dominant pheno-
types (Chou et al., 2015), we investigated the clinical status of
del/+ carriers in detail. Among 71 heterozygotes in our study
cohort, 46 had thorough eye exams. Dam genotypes, deter-
mined for 37 of these 46 carriers, were as follows: 14 homozy-
gous (del/del), 11 heterozygous (del/+), and 12 WT (+/4). Two
carriers did have CEA-like findings (chorioretinal hypoplasia)
but no microphthalmia. These 2 dogs were littermates of
affected pups (Figure 1B) and their dams were deletion homozy-
gotes. All other del/+ carriers examined were normal. In partic-
ular, 8 of these 12 unaffected carriers born to del/del dams
had fundus exams before 10 weeks of age to reliably assess
choroidal anatomy (Bjerkas, 1991).

To exclude mild retinal pathology in dogs born to heterozy-
gous dams, we performed OCT (optical coherence tomography)
imaging on 11 ISCWTs with different genotypes (3 +/+, 4 del/+,
and 4 del/del). Whole retinal thickness (WRT) and photoreceptor
layer thickness (PRT) were within normal limits in every dog,
and no statistically significant difference was found between
genotype groups (Figure S2). Thus, for offspring to manifest
eye disease, the dam must be an RBP4 deletion homozygote,
with phenotypic severity depending on the offspring genotype
(p < 1075, Fisher’s exact test, df = 1). Deletion homozygotes
had microphthalmia with nearly complete penetrance (17/18)
or chorioretinal hypoplasia (1/18), whereas heterozygotes had
a milder condition, such as chorioretinal hypoplasia, with low
penetrance (2/14).

» BICF2S23334005

Dose-Dependent Decrease in Serum RBP and Vitamin A
Levels

RBP circulates in blood and transports vitamin A from hepatic
stores to peripheral tissues, such as the developing eye. In prin-
ciple, the K12 deletion, near the ligand-binding domain (Figures
3C-3E) may disrupt RBP folding, stability, or secretion; retinol-
binding activity; and/or interaction with the STRA6 receptor. To
investigate stability and retinol-binding effects, we measured
serum RBP and vitamin A levels in 17 adult ISCWTs, including
8 deletion homozygotes (3 with microphthalmia), 6 del/+ carriers,
and 3 WT dogs (Figure 4). Serum albumin and total protein were
assayed in parallel as a control. RBP levels were assessed by
western analysis, following denaturing gel electrophoresis
(SDS-PAGE) under reducing conditions, and were normalized
to wild-type. Relative RBP levels (+SD) were roughly halved in
heterozygotes (0.66 + 0.20) and greatly reduced in homozygotes
(0.24 + 0.10) compared to WT dogs (1.00 + 0.39). The mutant
protein is thus poorly secreted or rapidly cleared from the
bloodstream.

To assess the structure of circulating canine K12del RBP,
we performed western analysis on serum samples under non-
reducing conditions (Figure 4B). To maximize exposure of epi-
topes in native globular RBP after electrophoresis, SDS-PAGE
gels were treated with B-mercaptoethanol (BME) before transfer
(Zetterstrom et al., 2007). In these experiments, the K12del pro-
tein migrated as an apparent homodimer (42 kDa) in homozygote
sera, with little or no monomeric RBP. Presumably, the K12del
RBP variant folds abnormally in the hepatic endoplasmic reticu-
lum (ER) of mutant dogs, leading to the formation of intermolec-
ular disulfide bonds, which allows progression of the mutant
RBP to the Golgi compartment (Kaji and Lodish, 1993). The
mutant dimers were more antigenic than wild-type (WT) mono-
mers in non-reducing western blots, reflecting their partially
unfolded status in vivo (Figure S3). Consequently, the dimer
fraction of serum RBP was determined following in-gel reduc-
tion. In heterozygous dogs, the ratio of dimers to monomers
was 0.23 + 0.04, consistent with the overall decrease in serum
RBP (Figure 4A). These data, and the linear relationship between

Cell Reports 23, 2643-2652, May 29, 2018 2645

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

a0 A A A

GTCAAGAAGAACTTCGA GTCAAGAACWTCKWCRA GTCAA GAA'CTTCGACAA
wild type

carrier affected

(o

e C—— —
E E G H

D 1 10 20 30 40

Dog RBP4 1 MEWVWALVLLAALGSARAESDCRVSNFQVKKNFDKARFAGTWYAMAK 47
Human RBP4 1 ---MKWVWALLLLAALGSGRAERDCRVSSFRVKENFDKARFSGTWYAMAK 47

Mouse Rbp4 1 ---MEWVWALVLLAALGGGSAERDCRVSSFRVKENFDKARFSGLWYATAK 47
Opossum Rbp4 1 ---MOLASALLLLLALGACRAERDCRVDSFRVMENFDKARFSGTWYAMAK 47
Gallus Rbp4 1 MAYTWRALLLLALAFLGSSMAERDCRVSSFKVKENFDKNRYSGTWYAMAK 50
Danio Rbp4 1 -——--—- MLRLCIAVCVLATCWAQDCQVSNFAVOODFNRTRYQGTWYAVAK 44
conservation L + DC+V F V F + R+ G WYA+AK

K12A

E TTR contact loops

side

Figure 3. Pathogenic RBP4 Deletion

(A) p-K30del mutation. Genomic map shows the solitary coding variant iden-
tified in the critical region by whole genome sequencing, a 3-bp deletion in
exon 2 that removes lysine codon 30 from the RBP precursor. This residue
corresponds to K12 in the mature polypeptide, after signal peptide cleavage.
Coding (dark blue) and UTR sequences (light blue) are indicated.

(B) Sanger chromatograms showing the DNA sequence of PCR products
spanning the RBP4 deletion in wild-type (WT), carrier, and affected dogs. The
deletion removes one of two tandem lysine codons (AAG).

(C) Linear diagram of RBP showing the signal peptide (SS); 8 antiparallel
B sheets (A-H, blue arrows), which form the ligand barrel; 2 short a-helical
segments (cyan coils); 3 cysteine disulfide bonds, which stabilize the tertiary
structure; and the mutated K12 residue.

(D) Alignment of vertebrate RBP sequences showing evolutionary conserva-
tion of K12 among eutherians. The signal peptide (red), tandem lysines (K12-
K13, blue), and disulfide-linked cysteine (C4, green) are indicated. The N-ter-
minal segment preceding the B-barrel (10 of 21 residues) is highly charged.
(E) Tertiary structure of canine RBP (ribbon views), modeled from human apo
(1RBP) and holo (1BRQ) RBP X-ray data (Cowan et al., 1990; Zanotti et al.,
1993a, 1993b), showing K12 near the N terminus, within an a-helical region. By
shortening this segment, K12del may limit apposition of C4 and C160 side
groups in the ER, preventing formation of one disulfide bond in vivo and,
consequently, destabilizing the protein.

See also Table S2.

genotype and total RBP levels (Figure 4C), indicate that the
K12del protein does not significantly dimerize with WT RBP or
interfere with its secretion in vivo.

Vitamin A levels (+SD) were severely reduced in all deletion
homozygotes (0.06 + 0.02 mg/L), compared to WT (0.55 +
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Table 1. Eye Phenotypes and Maternal Genotypes of RBP4
p.K12del Homozygous Offspring

Microphthalmia in del/del Offspring

Dam Genotype Present Absent
Homozygote (del/del) 17 1@
Carrier (del/+) 0 9
Unknown (del/-) 0 1

Total 17 11

Sire genotypes were del/+ for 12 microphthalmic dogs and del/- for
5 dogs. For non-microphthalmic dogs, sire genotypes were del/+ for
7 dogs and del/- for 4 dogs. The skewed distribution of maternal geno-
types in this retrospective analysis is highly significant (p < 10~®, Fisher’s
exact test, df = 1).

3Chorioretinal hypoplasia with normal globe size.

0.20 mg/L) and the normal canine reference range (0.3-
1.3 mg/L), regardless of phenotype (p < 0.0001; Figures 4C
and 4D). Vitamin Alevels in carriers were 0.34 + 0.13 mg/L, below
(n =2, 0.19 and 0.21 mg/L) or marginally within (n = 4, 0.31-
0.51 mg/L) the reference range. Serum albumin and total protein
were normal in 16 of 17 dogs but reduced in one affected dog
(Table S1). The vitamin A levels were thus directly correlated
with immunoreactive RBP across genotypes ( = 0.88; Fig-
ure 4D). Collectively, these results suggest that the K12del muta-
tion destabilizes RBP in vivo, preventing mobilization of vitamin A
from maternal liver stores to the embryo. Moreover, misfolded
K12del dimers are unlikely to interact effectively with retinol,
transthyretin, or STRA6 in vivo, given the behavior of human
pathogenic RBP4 missense alleles in vitro (Chou et al., 2015)
and steric constraints evident in the X-ray structure of holo
RBP-TTR, (Berni and Formelli, 1992). However, formally the pos-
sibility of the direct binding of the K12del mutant to STRA6 could
be tested, as described previously (Chou et al., 2015).

Mutant RBP dimers may be cleared from the bloodstream by
megalin (LRP2) or other receptors (Wyatt et al., 2011), but they
are unlikely to enter the urine in the absence of renal damage.
In normal mammals, holo RBP circulates bound to TTR tetra-
mers, which increases its effective molecular weight (>75 kDa)
and prevents filtration in the kidneys (Vahlquist et al., 1973). To
test this hypothesis, we measured RBP levels in urine (URBP)
samples from the 17 genotyped dogs whose serum data are
described above. We detected uRBP in only two samples, a
K12del homozygote and a K12del/+ carrier, at approximately
1/20" the mean WT serum level (Figure S4). These two dogs
are likely to have impaired renal function, as total urinary protein
was also elevated (data not shown).

The K12del Mutation Impairs Secretion of RBP
Monomers from Cultured HeLa Cells

As a further test of K12del effects, we compared the abundance
and structure of RBP polypeptides secreted into the conditioned
media (CMs) and retained in the cytoplasm of transfected HelLa
cells and their interactions with transthyretin (Figure 5). Plasmid
constructs expressing K12del or WT canine RBP or orthologous
human mutants (K12del or E13del) were generated (Table S3)
and tested in parallel, with human WT and mutant controls,
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(D) Scatterplot comparing serum vitamin A
(ng/mL, ordinate) and relative RBP (abscissa) for
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and DEL (white) dogs with normal eyes (circles)
and microphthalmic DEL dogs (white squares).
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K12del protein binds less retinol in vivo than WT. The homozygous DEL samples have similar RBP and vitamin A levels, regardless of phenotype (one-way
ANOVA, p = 0.18 for RBP and p = 0.45 for vitamin A, comparing 5 normal and 3 microphthalmic dogs).

See also Tables S1 and S3.

including stable (A55T) and unstable (G75D and I141N) patho-
genic isoforms (Chou et al., 2015). Western analysis of CMs
and cell lysates, performed under reducing and non-reducing
conditions (+BME), showed that secretion of Ki2del (and
E13del) mutants was significantly altered, with a striking
predominance of dimers. The dimer fractions for K12del and
WT canine RBP in CMs were 0.89 and 0.007, respectively
(Figure 5A, left), whereas the total amount of RBP secreted
was similar (Figure 5A, right). Likewise, human E13del, K12del,
G75D, and 141N mutants were secreted into CMs as >85%
dimers, compared to <1% for A55T and WT controls, and
secretion of human E13del and K12del was diminished. There
were at least two distinct RBP dimer species in CMs, indicated
by closely migrating 42-kDa products in the non-reducing west-
ern blot (Figure 5A). This conformational heterogeneity is likely to
reflect the formation of intermolecular disulfide bonds between
different cysteine pairs, with a variable degree of compactness.
In a previous study of RBP oxidative folding in HepG2 cells
in the presence of DTT, an ensemble of folding intermediates
was similarly identified by their heterodisperse migration in
non-reducing gels (Kaji and Lodish, 1993).

Western analyses of cell lysates + BME further showed that dog
K12del and human E13del mutant RBPs accumulated in cyto-
plasm, with normalized lysate-to-CMratios of 1.5and 6.0, respec-
tively, compared to WT (ratio = 1.0) (Figure 5C, right). The abun-
dance of RBP monomers in mutant cell lysates was notable,
given their paucity in CMs, and these proteins migrated as >2
different species (Figure 5C, left). Monomers comprise >50% of
RBP in lysates but <15% of RBP secreted into CMs by Hela cells
expressing dog K12del or human E13del mutants. In contrast,

monomers comprise >99% of WT RBP in cell lysates and CMs.
Together, these data suggest that the ISCWT mutation disrupts
the kinetics of RBP folding in vivo and slows secretion, with itera-
tive cycles of oxidative refolding or dimerization in the ER as a
likely rate-limiting step (Ruggiano et al., 2014).

To further assess mutant RBPs, we tested their interaction
with bovine transthyretin (TTR) in CM by immunoprecipitation
(Figure 5B). In these experiments, WT and stable mutant RBPs
bound TTR, but K12del and other mutants did not. The low levels
of serum RBP in mutant dogs may thus arise from decreased
hepatic secretion and increased renal or systemic clearance of
abnormal RBP dimers.

K12del Protein Can Fold as a Monomer and Bind

Vitamin A In Vitro

To evaluate how the mutation alters RBP structure more pre-
cisely, we expressed recombinant WT and K12del proteins in
E. coli strain Origami B(DE3), which has an oxidizing cytoplasmic
environment allowing disulfide bond formation, and we used gel
filtration (size exclusion chromatography [SEC]) as the final puri-
fication step (Kawaguchi et al., 2013). WT and K12del RBPs
eluted in the same fraction (volume 92 mL) in parallel columns,
indicating that both proteins have the same overall size and
monomeric form (Figure S5). The chromatograms also showed
small dimeric (elution volume 82 mL) and multimeric peaks,
which were similar for both variants. The extent of aggregation
depended on the concentration of purified proteins: both WT
and K12del RBPs were monomeric in concentrations under
0.8 mM but aggregated at higher concentrations, as indicated
by an increased nuclear magnetic resonance (NMR) line width.
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Figure 5. RBP Secretion and Transthyretin
Binding In Vitro
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A heteronuclear single quantum coherence (*°N-HSQC)
spectra of WT and K12del clearly showed that both variants
folded in vitro and that the deletion did not significantly disrupt
the overall structural integrity of RBP (Figures 6A-6D). As
expected, chemical shift perturbations (CSPs) between WT
and K12del were observed for residues that were spatially
close to the deletion site (K12). Chemical shift of cysteine
B-carbons is a reliable indicator of cysteine oxidation state
(Sharma and Rajarathnam, 2000; Mobli and King, 2010).
The observed cysteine B-carbon (CB) chemical shift
values for residues C4 and C160 were 38.6 and 40.7 ppm,
respectively, which are typical values for oxidized cysteine
residue. The corresponding chemical shift values for reduced
cysteines are 28.3 + 2.2 ppm (Sharma and Rajarathnam,
2000). These data strongly suggest that C4 and C160 are
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(A-C) LI-COR western analysis of (A) CM, (B) im-
munoprecipitates (IP) of CMs, and (C) radio-
immunoprecipitation assay buffer (RIPA) lysates
from transfected Hela cells expressing dog (WT
and K12del) or human (WT, K12del, E13del, A55T,
rat G75D, and 147N) "ARBPs, detected using anti-HA
anti-HA antibody. In (A) and (B), parallel gels were elec-
trophoresed under reducing (+BME, right) or non-
reducing conditions (no BME, left), with bovine TTR
and human a-tubulin as CM and lysate loading
controls, respectively.
(A) Recombinant "*RBPs are secreted as dimers
or higher multimers (K12del in both species; hu-
man E13del, G75D, and I41N) and monomers (WT
in both species, human A55T). The K12del dimers
secreted by Hela cells in vitro appear similar
to RBP dimers secreted by mutant dogs in vivo,
and presumably they reflect the exposure of
unpaired cysteines, which persist after intra-
molecular oxidative folding. The A55T, G75D, and
141N proteins behave as previously reported (Chou
et al., 2015).
(B) The RBP profiles of transfected cell lysates
and CMs generally correspond; however, mutant
monomers are notably more abundant (>50%) in
cell lysates than in CMs. These abnormal RBPs are
presumably retained in the ER and secreted
following dimerization.
(C) Co-immunoprecipitation showing that only
WT and stable A55T mutant "*RBPs interact with
bovine TTR present in the CMs.
See also Figure S3.

human

rabbit
anti-TTR

oxidized and establish a disulfide bond
within the recombinant K12del protein,
similar to WT.
We also compared retinol binding of
WT and K12del proteins using NMR spec-
troscopy. Retinol induced large CSPs
for some residues in the 'SN-HSQC
spectrum of RBP, making their identifica-
tion ambiguous, so we reassigned all
chemical shifts for retinol-bound RBP
(Greene et al., 2006). In this analysis, an equimolar ratio of
vitamin A induced CSPs in the same residues of both RBP
variants (Figures 6E and 6F). The K12 deletion thus does not
alter the intrinsic retinol-binding mechanism or affinity, as WT
and K12del RBPs synthesized in vitro-bound vitamin A similarly
under the conditions studied.

Thus, whereas K12del RBP produced by canine hepato-
cytes in vivo or Hela cells in culture is misfolded and secreted
as abnormal dimers with little or no retinol cargo, NMR data
clearly show that K12del RBP synthesized in a heterologous
E. coli environment, outside the mammalian ER lumen and
Golgi network, can fold properly at 16°C and form intra-
molecular disulfide bridges similar to WT RBP and bind to
vitamin A with the same interface and similar affinity as WT
RBP (Figure 6F).
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DISCUSSION

In this study, we demonstrate that deletion of a single amino
acid from the canine serum RBP causes severe congenital
eye malformations in ISCWTs using segregation, clinical, and
molecular data. The phenotype is transmitted as an autosomal
recessive trait with penetrance determined by the maternal
genotype. This unusual inheritance pattern is caused by the
disruption of vitamin A transport from maternal hepatic stores
to the developing fetal eye, in situations where functional
RBP is absent on both sides of the placenta. In WT mammals,
RBP transfers fat-soluble retinol bidirectionally, to (influx) and
from (efflux) cells at the materno-fetal interface, respectively,
via the STRA6 receptor (Kawaguchi et al., 2012). The resulting
deficiency of vitamin A in affected ISCWT embryos presumably
limits RA signaling during critical stages of eye development.
Two hits, maternal and fetal homozygous RBP4 mutations,
are evidently needed to reduce vitamin A levels below the
threshold for phenotypic expression in offspring. A genetically
similar recessive maternal effect has been noted in Rbp4-
knockout mice, but only when the dam is maintained on a
VAD diet after conception (Quadro et al., 2005), and it is pre-
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Figure 6. NMR Analysis of RBP Folding and
Retinol Binding In Vitro

(A and B) "®N-HSQC spectra of (A) apo WT RBP
(red) and (B) apo K12del RBP (blue) produced in
Origami B(DE3) E. coli. Both spectra are charac-
teristic for native folded proteins.

(C) Enlarged view of critical region (black box
in A and B) with WT and K12del spectra overlaid
for comparison. Large chemical shift perturbations
(CSPs) observed for 1107, K17, and R5 are denoted
by black arrows.

(D) Schematic ribbon diagram of WT canine
holo RBP showing the largest chemical shifts
changes caused by the K12del mutation (cyan).
The K12 side chain (blue), disulfide bridges (green),
C4-C160 disulfide bridge (red arrow), and all-
trans retinol (vitamin A, magenta) are marked. The
structure is modeled from human RBP coordinates
obtained from PDB: 1BRP (Zanotti et al., 1993b;
Mobli and King, 2010).

(E) Representative region of '>N-HSQC spectra
showing vitamin A binding to WT RBP (left panel,
apo [red] versus holo [magenta]) and K12del RBP
(right panel, apo [blue] versus holo [green]). The
congruent patterns suggest that the retinol contact
sites and binding affinities of WT and K12del RBP
are similar.

(F) Ribbon diagram showing the largest CSPs due
to vitamin A binding (yellow) in both variants, with
K12 and disulfide bridges marked as in (D).

See also Figure S5.

R5

K17

1107

dicted for human RBP4-null alleles
(Biesalski et al., 1999; Khan et al., 2017)
in the unlikely scenario where both
mother and child are homozyotes.
Maternally skewed expression of RBP4
defects has been reported in human
MAC pedigrees, but with dominant transmission and incom-
plete penetrance (Chou et al., 2015).

The difference in severity of Rbp4 and Stra6 phenotypes
between species has been puzzling. In particular, the relatively
mild developmental effects observed in mutant mice (Quadro
et al., 1999) compared to humans (Pasutto et al., 2007; Chou
etal., 2015) has led some to assert that the RBP-STRA6 pathway
is relatively unimportant for vitamin A homeostasis, apart from
retinal physiology (Berry et al., 2013). These discordant pheno-
types may reflect differences among mammals in placental anat-
omy and function, relative dependence on tonic RBP-mediated
vitamin A transport versus postprandial delivery of retinyl ester
in chylomicron particles (D’Ambrosio et al., 2011), or direct trans-
fer of vitamin A via uterine lumenal secretions (Suire et al., 2001).
The canine model confirms the importance of RBP and STRA6
for mobilizing vitamin A during fetal development and further
iluminates this pathway. Notably, the ISCWT phenotype
manifests without dietary restriction. While the exact cellular
interface for materno-fetal vitamin A transfer is poorly defined
(Marceau et al., 2007), the placentae of rodents and primates
are hemochorial, with direct contact between maternal blood
and trophoblast layers, whereas carnivores such as dogs have
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endotheliochorial placentae, with greater histocompartmental
separation between maternal and fetal circulation (Wooding
and Burton, 2008).

To fully understand the molecular effects of the ISCWT muta-
tion, we analyzed K12del RBP4 at three levels: as recombinant
protein purified from bacteria, as protein secreted in the CMs
of cultured Hela cells, and as canine sera in vivo. When
K12del RBP is expressed in the Origami B(DE3) E. coli strain un-
der favorable conditions at 16°C, in an oxidizing cytoplasm
created by double thioredoxin (trxB) and glutaredoxin reductase
(gor) mutations, it folds correctly, forms internal disulfide bonds,
and binds retinol similar to WT, with altered residue positions but
no obvious molecular strain. In contrast, when K12del RBP is ex-
pressed by eukaryotic cells, both canine hepatocytes and HelLa
cervical carcinoma cells, it misfolds, such that one or more inter-
nal disulfide bonds does not form within the ER lumen, during or
after translation and signal peptide cleavage, leaving unpaired
cysteines. The misfolded polypeptides with exposed thiol
groups are presumably retained and destroyed via the ERAD
(ER-associated protein degradation) pathway, following abortive
refolding cycles (Ruggiano et al., 2014), or they are linked to
other misfolded RBPs via intermolecular cysteine disulfide
bridge(s), passed by ER quality control (Vembar and Brodsky,
2008), and secreted as homodimers. During oxidative folding
of WT RBP in ER microsomes, facilitated by multiple chaper-
ones, the C120-C129 disulfide bond forms first and is most
critical to stability; the large C4-C160 and C70-C174 loops
form subsequently (Selvaraj et al., 2008). Assuming K12del and
WT alleles are transcribed and translated with equal efficiency,
our quantitative western analyses of dog sera suggest that
most K12del protein is degraded prior to secretion or rapidly
cleared from the bloodstream.

These disparate results are instructive. K12del folding must be
thermodynamically favored, as it occurs readily, in a heterolo-
gous E. coli environment. However, the folding funnel must
have altered topology, compared to WT (Dill and Chan, 1997).
As noted by Cowan et al. in their original RBP X-ray crystal
structure report, “residues which contribute to the formation
of the retinol-containing barrel start at residue 12. The methylene
groups of the lysine side chain of K12 help close off the barrel... ”
(Cowan et al., 1990). Consequently, K12del folding within the
mammalian ER lumen may be kinetically compromised; it pro-
ceeds too slowly to escape the ERAD pathway and allow secre-
tion of K12del RBP monomers. Misfolding occurs in K12del
mutant dogs in vivo, despite the presence of ample hepatic
retinol, which acts as a molecular chaperone to stimulate correct
RBP folding and co-secretion of the holo RBP-TTR complex
(Kawaguchi et al., 2013; Bellovino et al., 1996).

We believe the eukaryotic data best explain the clinical find-
ings and are most relevant and that the K12del mutation acts
as a null allele. Indeed, WT apo RBP, expressed in reducing
E. coli strains (e.g., BL21) and oxidized randomly in vitro with
glutathione (GSSG/GSH), exists as an ensemble of conformers,
including several products with non-native disulfide bonds, and
it must be further purified for biochemical assays (Kawaguchi
et al,, 2013). Moreover, an engineered RBP expressed in
E. coli with six cysteine-to-serine substitutions can fold correctly
in vitro and bind vitamin A in the absence of stabilizing disulfide
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bonds (Reznik et al., 2003), whereas similar mutant RBPs
expressed in isolated dog microsomes cannot (Selvaraj et al.,
2008). Finally, in a previous study of recessive human RBP4
alleles, G75D and 141N proteins expressed in E. coli were
reported to fold correctly, bind TTR and retinol, with reduced sta-
bility of the holo RBP complex (Folli et al., 2005), yet these pro-
teins were undetectable in patient serum (Biesalski et al., 1999)
and are secreted as aggregates from transfected HelLa cells
(Chou et al., 2015).

Together, our findings highlight a unique type of autosomal
recessive inheritance in mammals, a maternal effect on pene-
trance with a physiological basis in nutrient transport across
the placenta. Our study establishes a large animal model to
investigate RBP4 function and pathology and enables novel
treatment options.

EXPERIMENTAL PROCEDURES

Further details and an outline of resources used in this work can be found in the
Supplemental Experimental Procedures.

The Canine Study Cohort

The study cohort was established from privately owned purebred ISCWTs
with their owners’ consent and included 17 cases (11 males and 6 females)
from 4 closely related litters and 23 controls (9 males and 14 females). All
dogs were 6-10 weeks old at the time of clinical examinations, as described
in the Supplemental Experimental Procedures. DNA analysis was also
performed on 254 ISCWTs (111 males and 143 females) of different ages to
evaluate the carrier frequency of the mutation in the breed. Sample collection
and clinical studies were performed with approval from the Animal Ethical
Committee of the County Administrative Board for Southern Finland (ESAVI/
6054/04.10.03/2012), and all experiments were performed in accordance
with relevant guidelines and regulations.

Genetic Analyses

A GWAS and whole-genome sequencing were performed to map the
disease locus and to identify the causative variant followed by a popula-
tion screening by Sanger sequencing, as described in the Supplemental
Experimental Procedures.

Biochemical Studies

Serum and urine samples for RBP and vitamin A assays were collected from
17 dogs and vitamin A was measured. To assess the protein structure and
function immunoblot analysis of native canine RBPs and recombinant "*RBPs
expressed by cultured Hela cells as well as structural NMR studies in E. coli
were performed. Details of the biochemical studies are described in the
Supplemental Experimental Procedures.

Statistical Methods

Parametric tests and exact n values are provided in the respective
Experimental Procedures and Results sections. Statistical significance was
evaluated in relation to a threshold p value of 0.05 (for GWAS after 100,000
permutations).

DATA AND SOFTWARE AVAILABILITY

The accession number for the whole-genome sequencing data from an affected
ISCWT reported in this paper is NCBI Short Read Archive: SRP126148.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
five figures, and three tables and can be found with this article online at
https://doi.org/10.1016/j.celrep.2018.04.118.
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Abstract

Primary glaucoma is one of the most common causes of irreversible blindness both in humans and in dogs. Glaucoma is an
optic neuropathy affecting the retinal ganglion cells and optic nerve, and elevated intraocular pressure is commonly
associated with the disease. Glaucoma is broadly classified into primary open angle (POAG), primary closed angle (PCAG)
and primary congenital glaucoma (PCG). Human glaucomas are genetically heterogeneous and multiple loci have been
identified. Glaucoma affects several dog breeds but only three loci and one gene have been implicated so far. We have
investigated the genetics of primary glaucoma in the Norwegian Elkhound (NE). We established a small pedigree around the
affected NEs collected from Finland, US and UK and performed a genome-wide association study with 9 cases and 8 controls
to map the glaucoma gene to 750 kb region on canine chromosome 20 (p;aw =4.93x10"¢, Pgenome = 0.025). The associated
region contains a previously identified glaucoma gene, ADAMTS10, which was subjected to mutation screening in the
coding regions. A fully segregating missense mutation (p.A387T) in exon 9 was found in 14 cases and 572 unaffected NEs
(Prisher=3.5%10"27) with a high carrier frequency (25.3%). The mutation interrupts a highly conserved residue in the
metalloprotease domain of ADAMTS10, likely affecting its functional capacity. Our study identifies the genetic cause of
primary glaucoma in NEs and enables the development of a genetic test for breeding purposes. This study establishes also a
new spontaneous canine model for glaucoma research to study the ADAMTS10 biology in optical neuropathy.
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Introduction (NTF4) [9], optineurin (OPTN) [10] and WD repeat domain 36
. . ) . ) (WDR36) [11] have been associated with POAG. Three loci [6]
Glaucoma is an optic neuropathy affecting the retinal ganglion and the two genes cylochrome P450 1BI (CYPIBI) [12] and

cells and optic nerve. Elevatec'l intraocular pressure (IOP). S Jatent transforming growth factor beta binding protein 2 (LTBP2)
commonly associated with the disease. However, normal tension [13] have been associated with PCG. Three loci have been

glaucoma is diagnosed as well [1]. Human glaucomas form a
heterogeneous group of diseases, which are broadly classified into
primary open-angle (POAG), primary closed-angle (PCAG) and

associated with PCAG, in which separate markers showed
significant association after replication on human chromosomes
! ' : 1, 8 and 11 [14]. Only one causative gene ATP-binding cassette,
primary congenital glaucoma (PCG) [2]. POAG is the most sub-family C (CFTR/MRP), member 5 (ABCC5) has been
common form m humans [2]. In POAG, .the .1r1doco.rncal angle associated with PCAG [15]. Furthermore, multiple genes and loci
(ICA) 15 open with an elevated IOP, which is considered as a ;00 peen associated with syndromes and other ocular conditions

significant risk factor for the disease. PCAG results from the accompanied by glaucoma [6]. However, glaucoma is considered
collapse of the ICA structures, elevated IOP and subsequent death a multifactorial disease and although several variants have been

of the retinal cells [3]. Elevated IOP is caused by the blockage of identified for familial cases, the glaucoma genetics remains
the aqueous humor outflow due to a shallow anterior chamber controversial [16-17]

combined with the obstruction of the iris-trabecular meshwork in In dogs, POAG and PCAG have been described in several
the iridocorneal angle of the eye, [4]. PCG occurs within the first breeds [18’]. Clinical features resemble human glaucoma, includ-
few years of life and is characterized by abnormalities in the ing loss of the retinal ganglion cells and elevatgd 0P
anterior chamber angle and elevated IOP [4]. ABnormalities in the pectina‘te ligament (PL) structure are

In human, several loci [5-6] and several genes including idered k . .
. ’ o L y S t ; PCAG [19-24]. Th
contactin 4 (CNTN4) [7], myocilin (MYOC) [8], neurotrohin 4 considered as a Tk facton 1 camine [ ] ¢
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pectinate ligament forms the internal boundary of the canine ICA
and 1s presented as pillar of tissue. It project from the base of iris to
the peripheral Descemet’s membrane. It provides support for the
iris to the posterior cornea [25]. Although structural abnormalities
are considered a risk for the disease, not all dogs affected with PLD
develop glaucoma, suggesting other genetic risk factors.

Despite the presence of glaucoma in many breeds the genetic
etiology of glaucoma is almost completely unknown in dogs. A
novel locus was mapped in Dandie Dinmont Terriers [19] and two
loci were suggested for the Basset Hound [26] with PCAG. In a
research colony of Beagles a recessive mutation (p.G661R) in the
ADAM metallopeptidase with thrombospondin type 1 motif, 10
(ADAMTS10), has been found in a research colony of Beagles
with POAG has been suggested as causative [27]. The early
clinical signs in the affected Beagles include open ICA that
narrows as the disease progresses, gradual increase in IOP that
eventually leads to retinal ganglion cell death, optic nerve atrophy,
and irreversible blindness [28]. The age of onset in Beagles varies
from 8 to 16 months [29].

In addition to Beagles, Norwegian Elkhounds are also affected
with POAG [30-31]. Unlike the Beagle, the disease in NEs is
commonly diagnosed in middle-aged or elderly dogs when it starts
to affect the dogs hunting capabilities [30]. However, the actual
disease onset may be much earlier. Early clinical signs in NEs
include a slightly elevated IOP with a normal opening of the ciliary
cleft [30]. The peripheral vision is commonly affected. At the later
stages of the disease, the narrowing of the ciliary cleft contributes
to the elevation of IOP. This may lead to secondary subluxation of
the lenses in some cases. The vision deterioration continues to
expand due to optic nerve atrophy and cupping. The retina
appears funduscopically normal until the late stages of the disease.
Other clinical signs include Haabs striae, cataract, and buphthal-
mos [30].

We aimed to find the genetic cause of primary glaucoma in NEs
in this study to better understand the molecular pathogenesis, to
establish a large, spontanecous canine model for POAG research,
and to develop a genetic test for breeding purposes. We discovered
a novel missense mutation in the ADAMTS10 gene.

Materials and Methods

Study cohort

Blood samples from 596 NEs, including 16 glaucoma affected
dogs from Finland, Norway, Sweden, United Kingdom and
United States were collected to the canine DNA bank at the
University of Helsinki, Finland with owners consent and under the
permission of the Animal Ethical Committee of County Admin-
istrative Board of Southern Finland (ESAVI/6054/04.10.03/
2012). All affected dogs were examined by a certified veterinary
ophthalmologist. The clinical diagnoses indicated bilateral primary
glaucoma with significantly elevated IOP, between 25-86 mmHg
(normal 10-20 mmHg), and no detectable underlying cause. In
addition, various degrees of optic nerve atrophy and cupping were
reported. In addition, a progressive vision loss was detected in the
affected dogs leading to complete blindness. Other, secondary
clinical signs included lens luxation, corneal stromal edema, Haabs
striae, keratitis, vitreal syneresis and retinal degeneration. The
average age at the time of diagnosis was 6.5 years.

Genomic DNA was extracted from EDTA blood using
Chemagic Magnetic Separation Module I (MSM I) (Chemagen
Biopolymer-Technologie AG, Baeswieler, Germany) according to
the manufacturer’s instructions. DNA from buccal swabs (Euro-
tubo Cytobrush, sterile, 200 mm, Danlab, Helsinki, Finland) was
extracted using QJAamp DNA Mini Kit (Qiagen).

PLOS ONE | www.plosone.org
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Genome wide association study

A genome-wide association study (GWAS) was performed using
Ilumina’s CanineHD BeadChip array (San Diego, CA, USA) with
9 cases and 8 controls (Fig. 1). The control dogs were at least 8
years of age without any clinical signs of glaucoma. Genotyping
was performed at the Geneseek (Lincoln, NE, USA) and the
genotyping data was analyzed using PLINK 1.07 analysis
software. A total of 173,662 markers were initially included for
the analysis. No individual were removed for low genotyping
success of 95%. Missingness test of 95% removed 17,484 SNPs. A
total of 72,715 SNPs had minor allele frequency of less than 5%
and were removed. None of the SNPs deviated from Hardy-
Weinberg equilibrium based of HWE test of P<=0.0001. After
frequency and genotyping pruning, 89,277 SNPs remained in the
analysis. A case-controls association test was performed using
PLINK software to compare the allele frequencies between cases
and controls (Fig. 2A). Identity-by-state (IBS) clustering and
CMH meta-analysis (PLINK) were used to adjust for population
stratification. Genome-wide corrected empirical p-values were
determined applying 100,000 permutations to the data. Besides
PLINK the data was analyzed with compressed mixed linear
model [32] implemented in the GAPIT R package [33] and with
R-implemented GenABEL [34] software (data not shown). The
GWAS data is publicly available at dbSNP database (http://www.
nchi.nlm.nih.gov/projects/ SNP/).

Candidate gene sequencing

The coding regions of the best candidate gene in the associated
region, ADAMTS10, were first sequenced in four NE cases, in
four NE controls (unaffected >8 years) and in one unaffected
Rough Collie samples. The identified candidate mutation was then
validated in 596 NEs, including 7 additional cases. In addition, the
mutation was studied in 71 dogs from 17 other breeds affected
with POAG, PCAG or PLD and in 115 unaffected dogs from 6
breeds (Table S1).

Primer pairs (Table S2) were designed for the ADAMTSI0
gene to amplify the coding regions and splice sites by standard
PCR (Table S2). PCRs were carried out in 12 pl reactions
consisting of 1.2 U Biotools DNA Polymerase (Biotools, Madrid,
Spain), 1.5 mM MgCl, (Biotools, Madrid, Spain), 200 pM dN'TPs
(Finnzymes, Espoo, Finland), 1 x Biotools PCR buffer without
MgCl, (Biotools, Madrid, Spain), 0.83 uM forward and reverse
primer (Sigma Aldrich, St. Louis, USA) and 10 ng template
genomic DNA. Reaction mixtures were subjected to a thermal
cycling program of 95°C: for 10 min, followed by 35 cycles of 95°C
for 30 s, 30 s at the annealing temperature and 72°C for 60 s and
a final elongation stage of 72°C. for 10 min. ExoSap purified PCR
fragments were Sanger sequenced in our core facility the FIMM
Technology Center using ABI 3730x] DNA analyzer (Applied
Biosystems, Foster City, California, USA). Sequence data analysis
was performed using the Sequencher software (Gene Codes, Ann
Arbor, MI, USA). Build 3.1 of the canine genome reference
sequence was applied in the study.

Results

We established a global sample cohort including glaucoma
affected (n=16) and unaffected NEs (>570) to map the disease
locus, to identify the causative gene and to validate the segregation
of the mutation. We performed a GWAS in a small pedigree of 9
cases and 8 controls. Statistical analyses revealed a 750 kb locus on
CFA20 with 23 most highly associated SNPs between
53070684 bp to 53816416 bp  (Praw =4.93%10"%, Puenome =
0.025) (Fig. 2B, C). A mild population stratification was identified
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Figure 1. Pedigree of glaucoma affected Norwegian Elkhounds. The pedigree constructed around affected dogs indicates a likely recessive
mode of inheritance as the affected dogs are born to unaffected parents and there are multiple affected littermates in some litter. The squared dogs
were included in the GWAS. Individuals marked with yellow background were genotyped as obligatory carriers and were all heterozygous for the

mutation.
doi:10.1371/journal.pone.0111941.g001

in the study cohort by genome wide IBS clustering (genomic
inflation factor A = 1.1) (Fig. $2), but it did not affect the result as
two mixed model approaches (GenABEL and GAPIT) that better
control for population stratification, gave the same results (data not
shown).

A pedigree constructed around the affected dogs using GenoPro
genealogy software (http://www.genopro.com) suggested a reces-
sive. mode of inheritance as the affected dogs are born to
unaffected parents and there are multiple affected littermates in
some litters.

The identified locus contains 35 genes including a known canine
POAG gene, ADAMTS 10 (Fig. 2D). It was selected for mutation
screening in the coding regions and splice sites in four affected and
five control dogs. Sequencing identified altogether ten variants; a
non-synonymous variant c.1441G>A, p.A387T in the exon 9
(Fig. 3A, B), five synonymous and four non-coding variants
(Table S3). Only one out of the five synonymous variants,
p-P171P, co-segregated with the non-synonymous variant. How-
ever, it was not suspected to be in the exonic enhancer region
when analyzed by the ESE-finder [35]. Instead, the non-
synonymous variant was predicted to be pathogenic based on
the bioinformatics prediction tools Polyphen2 [36] and SIFT [37].
The mutation affects a highly conserved residue (present in 75
species, Fig. S1) in the metalloprotease domain of ADAMTSI10
protein (Fig. 3C).

To gather further evidence for the p.A387T segregation, we
genotyped seven additional NE primary glaucoma cases and four
obligatory carriers (Fig. 1) and 572 randomly selected unaffected
NEs. All but two of the cases were homozygous for the mutation.
Unfortunately, we have a limited access to the health records and
history of these two affected dogs and they may have had a
secondary glaucoma with a primary underlying cause such as
inflammation being missed at the end stage of disease when the
animals were presented to the veterinary ophthalmologist. All four
obligatory carriers were heterozygous. Genotyping of the 572 NEs
indicated a 25.3% carrier frequency (151/596) and revealed one
additional homozygous dog. This genetically affected dog is now 5
years old without signs of glaucoma yet but needs to be followed
up since the average age of diagnosis in the breed is at 6.5 years of
age. Collectively, these results support a segregation of a mutation

PLOS ONE | www.plosone.org 3

in clinically confirmed primary glaucoma cases with a highly
significant association between the mutation and disease when
comparing genotyped genetically affected dogs (n=16) and
unaffected using Fisher’s exact test (Pyishe,‘:3.5><10727). The
breed-specificity of the p.A387T mutation was indicated by
excluding it from 71 glaucoma or PLD affected dogs from 17
breeds and from 115 unaffected dogs from six breeds.

Discussion

Our study has identified a novel recessive mutation in the
ADAMT1I0 gene in the NEs affected with primary glaucoma using
genome wide association analysis and candidate sequencing
strategies. We mapped the disease to a known canine POAG
locus including the ADAMTS10 candidate gene and subsequently
identified a missense mutation in the exon 9 of the ADAMTS10
gene. This is consistent with the previously reported POAG
phenotype of primary glaucoma in this breed [30-31]. The
recessively segregating mutation results in an alanine to threonine
change (p.A387T) in a highly conserved functional metallopro-
tease domain of the protein (Fig. 3C), which likely impairs
ADAMTSI10 function, leading to POAG in the homozygous dogs.

ADAMTSIO0 is a secreted glycoprotein [38] and belongs to a
family of metalloproteinases that contribute to the dynamics of the
extracellular matrix (ECM) composition and microfibril function
[38-40]. It may have a role in the storage and activation of latent
transforming growth factor beta (TGFp), which regulates the
collagen turnover [41-43] as well as in the remodeling of the
mesenchymal and basement membranes [44].

The members of the ADAMTS family share the same structural
organization including catalytic metalloprotease domain, followed
by a disintegrin-like, and cysteine-rich domains, a thrombospondin
repeat and a spacer region (Fig. 3C). ADAMTSI10 differs from
the others having five thrombospondin type 1 repeats and a PLAC
domain in the C-terminal [44].

ADAMTSI0 interacts with fibrillin-1 and localized to fibrillin-1
microfibril bundles [39]. It maintains the lens in its position via
lens ligaments, which are comprised primarily from fibrillin-1 [43].
Microfibrils localize and activate TGFg [45]. Fibrillin-1 is
expressed in the outflow pathway of the aqueous humor and
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doi:10.1371/journal.pone.0111941.g002
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defect in the fibrillin-1 may lead to impaired aqueous humor flow
[46-48].

In dogs, a missense mutation (p.G661R) in the ADAMTSI0
gene has been previously associated with POAG in a research
colony of Beagles. The Beagle mutation is positioned in the
cysteine rich domain and is hypothesized to disrupt protein folding
leading to instability [27].

The NE mutation is different from the Beagles and may result in
a different pathogenesis. NE mutation changes a highly conserved
residue in the metalloprotease domain, which plays a role in the
remodeling of the connective tissue (Fig. 3C) [44]. Human
metalloprotease domain mutations have revealed abnormalities
in the cellular cytoskeleton [44], suggesting abnormal interactions
with the ECM. These abnormalities may eventually result in

PLOS ONE | www.plosone.org

defective microfibrils and glaucoma through alterations in
biomechanical properties of tissue and/or through effects on
signaling through TGFg, which is known to be elevated in the
aqueous humor of glaucoma patients [49]. Unfortunately, we did
not have access to any tissue samples from the affected dogs to
further investigate the functional consequences of the mutation for
ADAMTSI10 and its pathway. Secondary lens luxation diagnosed
in the affected NEs may be due to abnormal fibrillin-1 functions as
the ADAMTSI10 and fibrillin-1 interaction may be impaired
causing disruption of the lens ligaments.

Dagoneau et al. identified three causative mutations in the
metalloprotease domain of ADAMTS10 in human WMS patients
[44]. When studying patient fibroblasts they noted that abnor-
mally large bundles of actin were present, which were reflection of

November 2014 | Volume 9 | Issue 11 | e111941



cytoskeleton abnormalities as a result of impaired connections
between cytoskeleton and ECM [44].

Mutations in ADAMTS10 [44], [50], ADAMTS17 [50] and in
fibrillin 1 (FBNI) [51] have been associated with a Weill-
Marchesani syndrome (WMS) (OMIM 277600). WMS is a
connective tissue disorder and characterized by several eye defects
including glaucoma, myopia, ectopia lentis, microspherophakia
and other features such as short stature, brachydactyly, joint
stiffness in the hands, restricted articular movements and some
facial features [52]. Glaucoma is diagnosed in WMS patients, but
ectopia lentis is the more prevalent clinical sign [53]. In WMS
patients the ectopia lentis and dysgenesis of the lens ligament is
suspected to be caused by abnormal biogenesis of fibrillin-1 [39].
The same is likely true for ADAMTS17-mutant dogs [54] and
ADAMTS10-mutant Beagles [27]. Interestingly, none of our
affected NE dogs presented with signs of primary lens luxation,
although this should be expected. Histologic analyses of the lens
zonules would be very helpful to identify possible signs of zonular
dysplasia. Another difference in the affected NE dogs relates to the
lack of severe non-ocular signs, which are commonly present in the
WMS patients with mutation in the ADAMTSI0 and
ADAMTS17 genes. Further studies are warranted to investigate
whether the observed breed- and species—specific differences are
due to alternate mutations in the metalloproteinase domains or
possible other factors.

In summary, we have discovered the genetic cause of primary
glaucoma in the NEs by identifying a missense mutation in
ADAMTSI0. This study implicates the significant role of
ADAMTSI10 in canine POAG by identifying the second mutation
in the same gene in dogs. Our affected dogs establish a new model
to study ADAMTSI10 biology in the microfibrillin theory of the
glaucoma [49]. Importantly, given the high frequency of the
mutation in the NE breed, our study is a breakthrough for the NE
breeders, who will benefit from the genetic test to reduce the
disease frequency in future populations.

Supporting Information

Figure S1 ADAMTSI10 protein alignments. ADAMTSI10
sequence alignment between different species. The mutation is
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Abstract

Retinitis pigmentosa (RP) is the leading cause of blindness with nearly two million people affected
worldwide. Many genes have been implicated in RP, yet in 30-80% of the RP patients the genetic
cause remains unknown. A similar phenotype, progressive retinal atrophy (PRA), affects many dog
breeds including the Miniature Schnauzer. We performed clinical, genetic and functional
experiments to identify the genetic cause of PRA in the breed. The age of onset and pattern of
disease progression suggested that at least two forms of PRA, types 1 and 2 respectively, affect the
breed, which was confirmed by genome-wide association study that implicated two distinct
genomic loci in chromosomes 15 and X, respectively. Whole-genome sequencing revealed a fully
segregating recessive regulatory variant in type 1 PRA. The associated variant has a very recent
origin based on haplotype analysis and lies within a regulatory site with the predicted binding site
of HAND1::TCF3 transcription factor complex. Luciferase assays suggested that mutated regulatory
sequence increases expression. Case-control retinal expression comparison of six best HAND1::TCF3
target genes were analyzed with quantitative reverse-transcriptase PCR assay and indicated
overexpression of EDN2 and COL9A2 in the affected retina. These results suggested that the
regulatory variant disrupts a silencer site but needs to be confirmed in a larger sample set. Defects
in both EDN2 and COL9A2 have been previously associated with retinal degeneration. In summary,
our study describes two genetically different forms of PRA and identifies a fully penetrant variant in
type 1 form with a possible regulatory effect. This would be among the first reports of a regulatory
variant in retinal degeneration in any species, and establishes a new spontaneous dog model to
improve our understanding of retinal biology and gene regulation while the affected breed will
benefit from genetic testing.

Author summary
Retinitis pigmentosa (RP) is a blinding eye disease that affects nearly two million people worldwide.
Several genes and variants have been associated with the disease, but still 30—-80 % of the patients
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lack genetic diagnosis. There is currently no standard treatment for RP, and much is expected from
gene therapy. A similar disease, called progressive retinal atrophy (PRA), affects many dog breeds.
We performed clinical, genetic and functional analyses to find the genetic cause for PRA in Miniature
Schnauzers. We discovered two forms of PRA in the breed, named type 1 and 2, and show that they
are genetically distinct as they map to different chromosomes, 15 and X, respectively. Further
genetic, bioinformatic and functional analyses discovered a fully penetrant recessive variant in a
putative silencer region for type 1 PRA. Silencer regions are important for gene regulation and we
found that two of its predicted target genes, EDN2 and COL9A2, were overexpressed in the retina
of the affected dog. Defects in both EDN2 and COL9A2 have been associated with retinal
degeneration. This study provides new insights to retinal biology while the genetic test guides better
breeding choices.

Introduction

Retinitis pigmentosa (RP) is a heterogeneous group of inherited retinopathies with varying genetic
background and highly variable clinical consequences. RP is the leading cause of irreversible
blindness in man with a worldwide prevalence of one in 4,000 people [1]. The disease first manifests
as impaired vision in dim light (nyctalopia) resulting from progressive loss of the rod photoreceptor
cells. As the disease progresses, complete blindness is expected due to cone photoreceptor
degeneration accompanied by changes in the retinal pigment epithelium (RPE), the retinal
vasculature, the glial cells and neurons of the inner retina. To date, 67 genes and loci have been
implicated to nonsyndromic RP according to the Retinal Information Network RetNet
(http://sph.uth.edu/retnet/) [2]. In the majority of cases, the mode of inheritance is autosomal
recessive, although some autosomal dominant and X-linked RP exist [2]. Despite a large number of
implicated genes and variants, 30-80% of the patients have RP of unknown genetic cause and thus
many genes remain still to be discovered [3].

RP is incurable at the moment and much is expected from gene therapy to treat this disease.
Different eye diseases have been favorite targets of gene therapy for several reasons, including
relatively easy access to treat and monitor the target organ. A recent study described patient
derived induced pluripotent stem cell (iPSC) treatment with clustered regularly interspersed short
palindromic repeats (CRISPR/Cas9) to treat a RP affected patient with an X-linked point mutation in
the retinitis pigmentosa GTPase regulator (RPGR) gene [4] in addition to other attempts to treat
retinal dystrophies. As a known genetic cause of disease is obligatory to any gene therapy and still
many RP related genes remain unknown, continuous attempts are needed to discover new
causative variants and understand the underlying biology.

The domestic dog (Canis familiaris) has emerged as a powerful model to study human inherited
diseases as its unique genetic architecture facilitates gene discoveries and many inherited diseases
occur spontaneously in different breeds [5]. More than 220 genes have been implicated in various
conditions over the past few years (www.OMIA.org) and the discovery rate is expected to remain
high due to higher-resolution approaches and available genomic tools combined with the growing
canine DNA biobanks worldwide [6,7]. Importantly, the dog presents an excellent model for human
eye diseases, as the canine ocular globe bears more resemblance to the human eye, both
anatomically and physiologically, than the eyes of the commonly used model organisms such as the
mouse (Mus musculus) or the rabbit (Oryctolagus cuniculus) [8,9].
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A similar phenotype to RP affects many dog breeds and is referred to as progressive retinal atrophy
(PRA) [10,11]. Clinical findings in PRA include gradual loss of vision, tapetal hyperreflectivity and
attenuation of the retinal blood vessels, which result from the degeneration of the photoreceptor
layer in the retina — the pathology has great similarities to RP [10,12]. PRA affects over 100 dog
breeds and currently 19 genes and 24 variants in 58 dog breeds have been implicated [13]. As with
RP, the majority of the PRA related gene variants are autosomal recessive [13], but one dominant
[14] and three X-linked variants [15-18] have been reported as well. In many dog breeds the
causative variants have remained unknown, including the Miniature Schnauzers (MSs) in which the
clinical findings have been previously described while the genetic background is undefined [19-22].
Recently, a genetic association was reported between a variant in PPT1, a well-known candidate
gene for neuronal ceroid lipofuscinosis (NCL), and PRA in MS [23]. However, as the reported variant
had very low penetrance for a recessive disease (0.79) and as the affected MSs did not present with
neurological signs seen in the NCL patients [23], the true causality of the variant remains elusive.

With a series of clinical, genetic, bioinformatic and biochemical experiments, we describe here two
genetically different forms of retinal degeneration in the MS breed mapping to chromosomes 15
and X. We identify a novel fully penetrant recessive silencer variant in chromosome 15 with a
possible gain-of-function effect resulting in overexpression of two retinal target genes, EDN2 and
COL9A2. Our results provide a new spontaneous dog model for retinal pathophysiology and insights
to retinal biology and gene regulation. The affected breed will benefit from a genetic test for
veterinary diagnostics and breeding advice.

Results

Ophthalmologic examinations reveal two types of retinopathy

To examine the PRA status of the study group of 85 MSs, careful eye examinations were performed
with inclusion criteria for cases being bilateral PRA findings with tapetal hypo- and hyperreflectivity,
vessel attenuation and pale optic nerve heads. The control dogs were free of any eye diseases at
the age of seven years or older. This phenotyping approach resulted in a cohort of 18 cases and 67
controls. The clinical findings categorized the affected dogs to two distinctive groups: 12 dogs were
diagnosed with severe PRA findings including total blindness before the age of five years (defined
as type 1 in this study) while six of the cases had milder symptoms, slower progression with some
visual capacity left at the time of examination and an average age of onset seven years. Of the type
1 affected dogs, five were females and seven males. Of the type 2 cases, only one was female while
five were males, suggesting a possible sex-predisposition or X-linked mode of inheritance. Control
group included 33 female and 34 male MSs.

To evaluate the photoreceptor degeneration more precisely, OCT imaging was performed to a
clinically blind, type 1 PRA case. The imaging showed complete loss of the photoreceptor layer (Fig
1) and thus confirmed the diagnosis. The clinical findings and the age of onset of the type 1 cases
closely resemble the results of the previous study [22]. Type 2 dogs were not available for the OCT
study.
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Fig 1. PRA confirmation by optical coherence tomography (OCT). OCT assessment of a
healthy control (left hand side) and a four-year-old MS with severe type 1 PRA findings (right
hand side). Whole retinal (a) and photoreceptor inner and outer segment and outer nuclear
layer thickness (b) measurement showed total loss of the photoreceptor cell layers in the
affected dog (orange arrow).

Genome-wide association study confirms two genetically distinctive types of PRA in MS

A pedigree was drawn around the 18 affected dogs suggesting a recessive mode of inheritance, as
affected dogs were born to unaffected parents (Fig 2). To map the disease associated chromosomal
region, a genome-wide association study (GWAS) was conducted first with 16 cases (including 10
type 1 and six type 2 cases) and 33 controls. This analysis suggested a PRA locus on the canine
chromosome 15 (praw=4.70x107, pgenome=0.19, A=1, S1 Fig A). In-depth analysis of the genotypes in
the locus showed that all of the type 1 cases shared a homozygous haplotype block of 7.2 Mb from
213,416 bp to 7,403,217 bp that was present neither in the 32 out of 33 control dogs nor in any of
the type 2 cases. This result supports the hypothesis of the presence of two genetically distinct types
of PRA in the MS breed. Interestingly, the homozygous risk haplotype block was present also in one
control dog (S1 Fig B). As all the other control dogs, this one had been eye examined at seven years
of age without any clinical signs of PRA, suggesting either incomplete penetrance of the risk
haplotype, or that the causative variant is recent and not all the risk haplotype carrying dogs have
it.

Fig 2. Pedigree of the study cohort. Pedigree analysis suggests a recessive mode of
inheritance as affected dogs were born to unaffected parents. Squares indicate males and
circles females. Individuals marked with black are type 1 cases, while type 2 cases are marked
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with red. Dogs with yellow background were genotyped and included in GWA study. Black
arrows mark the whole-genome sequenced dogs.

We then analyzed the genotyping data of the two PRA types separately. When comparing only the
type 1 cases (n=10) to the control dogs (n=33), the same CFA15 locus and homozygous haplotype
block was associated (Figs 3A and 3B), but with a stronger statistical significance (praw=2.08x107,
Pgenome=2.40x10"4, A=1.17). In addition, comparison of the type 2 cases (n=6) and controls (n=33)
suggested an association to chromosome X (praw=7.06x107, pgenome=0.17, A=1.19), compatible with
the suggested X-chromosomal sex pattern. In this locus, three of the six affected dogs shared a
homo- or hemizygous haplotype block of 15.4 Mb from 38,294,920 bp to 53,726,107 bp that was
absent in the controls and the rest of the type 2 cases (Figs 3C and 3D). As the number of type 2
cases was small, replication of the GWAS result in chromosome X in a larger sample cohort is needed
to confirm the locus before further genetic analyses are performed. RPGR, the known canine PRA
gene in CFAX, is not located in the preliminary locus [15-18].
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Fig 3. Mapping PRA loci in MSs. (A) Genome-wide comparison of allele frequencies in type
1 cases (n=10) and controls (n=33) indicated a locus on the CFA15 (praw=2.08x107,
Pgenome=2.40x10). (B) A shared homozygous haplotype block was seen in all the type 1 cases
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and one control and absent in 32/33 controls. Each row represents a single animal while
genotypes at each SNP (columns) are marked with dark (reference), intermediate
(heterozygotes) or light grey (affected haplotype). The critical region of 7.2 Mb spans from
213,416 bp to 7,403,217 bp and upper and lower limits of it were determined by appearance
of heterozygous SNPs in the case dogs. (C) GWAS in type 2 cases (n=6) and controls (n=33)
suggests a locus on CFAX (praw=7.06x10"7, pgenome=0.17). (D) A shared homo- or hemizygous
haplotype block of 15.4 Mb (spanning nucleotides 38,294,920-53,726,107 bp) is present in
3 out of 6 type 2 cases and absent in the controls and the rest of the type 2 cases.

Whole-genome sequencing reveals four candidate variants

To identify the disease-causing variant in the associated chromosomal region for type 1 PRA in MSs,
we performed whole-genome sequencing on three MSs including two type 1 cases with the risk
haplotype and one control with opposite haplotype. In total, 467,778,694-512,026,483 reads were
collected of which 99.5 % were mapped to the reference sequence. Over 97 % of the reference had
>10X coverage while the mean read depths were 29-31. Filtering was done under recessive model,
i.e., assuming that the cases were homozygous for the variant and at least 99% of the controls
homozygous for the reference allele. The controls included one MS described above and 267 dogs
of various breeds and without the studied phenotype (S1 Table). Of the controls, 141 were whole-
genome sequenced and available also for a mobile element insertion (MEI) analysis, while 127
where exome-sequenced and therefore available only for analyzing single nucleotide variants and
small insertions and deletions.

The two type 1 cases shared 2,149,016 common homozygous variants. After filtering against control
dogs, 5,235 variants were left, of which 233 resided in the CFA15 locus (S2 Table). Of these, two
were located in exons and two in splice sites (Table 1). These four variants were validated in the
study cohort of 18 cases, including 12 type 1 PRA cases, and 67 control MSs. All the type 1 cases
were homozygous for all the four variants, indicating association between the variants and the
phenotype. However, there were also controls homozygous for the variants (n=4 for the variant in
DLGAP3 and 2 for the other three variants), indicating either incomplete penetrance or that none
of these variants are truly causative. We screened also the recently published variant in PPT1 [23]
in the cohort, although it was not caught by filtering. All type 1 cases were homozygous for the
variant, while five type 2 cases were wild-type and one heterozygous. Of the 67 control dogs, 41
were wild-type, 22 heterozygous and four homozygous, accounting for an association between the
type 1 disease and the PPT1 variant (p=1.6x10"13). However, this association was 10 to 100 times
weaker than that with the other four variants in the same cohort (Table 1). MEI analysis revealed
altogether 12 shared homozygous variants in the two cases in the locus, but none of them proved
case-specific after filtering. No case-specific large structural variants were detected when analyzing
the locus with IGV.

Table 1. Coding or splicing variants resulting from filtering the whole-genome sequencing data did
not segregate with the phenotype.

LG i Gl Gene Variant type Variar.1t Transcript p-valueb
(bp)2 allele allele (protein)
603,169 T C C15H1o0rf50 nonsynonymous SNV p.M1V XM_539558.4 2.1x107-15
603,940 G C P3H1 splicing (c.477+13G=C) - XM_843477.4 2.1x1017-15
2,064,277 C T SLFNL1 splicing (c.852+7C=T) - XM_022427740.1 2.1x107-15
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7,077,805 CACCAC del DLGAP3 nonframeshift deletion  p.227_228del XM_014119248.2 7.0x107-14

aCoordinates refer to the CanFam 3.1 annotation.
PAssociation of the variant with type 1 PRA in initial study cohort of 85 MSs

Sequencing an obligate carrier reveals a fully segregating regulatory variant

The whole-genome sequencing results together with the fact that one of the control dogs in GWAS
carried also the homozygous risk haplotype suggested that the causative variant for type 1 PRA in
MSs is recent and not all the risk haplotype carrying dogs have it. To test this hypothesis, we
performed whole-genome sequencing to an additional control MS, which was homozygous for all
the four previously validated variants, but was unaffected still at the age of 10 years. In addition,
this dog had a type 1 PRA affected offspring and thus was an obligate carrier for the causative variant
(Fig 2). Altogether 456,191,937 reads were collected of which 99.3% were mapped to the reference
sequence. Over 97% of the reference had >10X coverage and the mean read depth was 28. Filtering
was performed as described above but by defining this sample as an obligate carrier. This approach
reduced the case-specific variant list to five candidates including one intronic and four intergenic
variants (Table 2). Three of the five variants appeared to be miscalled during validation by Sanger
sequencing and IGV visualization. The two variants left, an intergenic 5-bp deletion
(g.1,887,878_1,887,882del) and an intronic SNV (g.1,432,293G>A) in the transcription factor
encoding the ortholog of human immunodeficiency virus type | enhancer binding protein 3 gene
(HIVEP3, Figs 4A and 4B) were validated in the study cohort of 18 cases and 67 controls. Again, all
type 1 cases were homozygous for both of the variants. The intergenic 5-bp deletion was found to
be homozygous in 12 of the 67 control dogs, thus excluding it from further analysis. The variant in
HIVEP3, however, indicated complete penetrance as out of the 67 controls, 58 were wild-type, nine
heterozygous and none homozygous. Thus, this variant segregated completely with the disease and
the association with the type 1 phenotype was more than 10 billion times stronger than any other
variants in the region (p=4.0x10%°).

Table 2. Applying an obligate carrier to filtering decreased the number of variants to five, of which
the intronic variant in HIVEP3/ENSCAFG00000035604 had complete penetrance and strong
association with the type 1 PRA in MSs.

Position Ref. Alt. e Gene

(bp)? allele allele
223,405 C del intergenic* ENSCAFG00000039839—-ENSCAFG00000002484
405,398 A C intergenic* ENSCAFG00000002491-ENSCAFG00000040650
1,432,293 G A intronic HIVEP3, ENSCAFG00000035604
1,887,878 AAAAT del intergenic ENSCAFG00000038329-SCMH1
3,716,531 TTTCTT del intergenic* MACF1-NDUFS5

aCoordinates refer to the CanFam 3.1 annotation.
*Miscalled, excluded by Sanger sequencing and IGV.
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Fig 4. Schematic representation of the variant (g.1,432,293G>A) site and RT-qPCR results
of HAND1::TCF3 target genes. (A) The HIVEP3 and ENSCAFG00000035604 gene structures
with coding regions indicated in dark and non-coding in light green. The intronic variant (red)
is located kilobases away of the exon-intron boundaries in both genes. (B) Sanger
chromatograms showing the DNA sequence in wild-type, carrier and homozygous dogs with
the mutated nucleotide marked with red background. (C) Alignment of different mammalian
species showed that the sequence surrounding the variant site is highly conserved, but the
variant nucleotide itself (highlighted in red) is not. JASPAR motif scanning indicated that TFBS
of HAND1::TCF3 overlaps exactly the variant site (highlighted in yellow). (D) RT-gPCR of
retinal samples from a type 1 affected MS and four control retinal samples wild-type for the
variant and without the studied phenotype showed case-specific over-expression of EDN2
and COL9A2. The comparative AAC" method was used to determine relative expression [24]
and error bars are determined as standard deviation of the mean AC'.

HIVEP3 has been reported to be expressed ubiquitously, including the human retina, but it has not
been implicated to retinal disease in any species [25]. The canine HIVEP3 (XM_003431951.4) spans
from 1,302,964 to 1,626,834 bp and includes 12 exons with protein coding sequence in exons 6—12
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(Fig 4A). The associated variant in HIVEP3 is located in the third intron: 105,943 bp downstream to
the third and 32,572 bp upstream to the fourth untranslated exon. The surrounding sequence is
ultraconserved (Figs 4B and 4C). There is also a predicted dog-specific long non-coding RNA (IncRNA)
ENSCAF00000035604 at the variant locus (Fig 4). This IncRNA is antisense to HIVEP3 and consists of
two exons and an intron. The variant is located 32,566 bp downstream of the first and 42,855 bp
upstream to the second exon.

To further validate the intronic variant in HIVEP3 in the MS breed, we genotyped all the available
MS samples (n=514) from our dog DNA bank, including three additional PRA cases and 118 dogs
that were examined to have healthy eyes at the age of five or older. Of these, 456 (88.7%) were
wild-type, 55 (10.7%) heterozygous and three (0.58%) homozygous for the variant. The identified
three homozygotes were the PRA cases in the breed screening cohort and were clinically identical
to type 1 cases as described above. These results in the breed screening cohort indicate again a
complete penetrance of the intronic variant in HIVEP3 and strong association with the type 1
phenotype (p=8.7x10"13). Combining the results of the initial study cohort and the breed screening
cohort resulted in a very strong association (p=1.1x10%?) with the type 1 phenotype and was the
only one of the validated variants with complete penetrance. The variant was not found from 735
genomes of different breeds available through The Dog Biomedical Variant Database Consortium
dataset, which agrees with our hypothesis of a recent variant. No variants in the corresponding
position in the human genome have been reported in the Genome Aggregation Database gnomAD
[26].

Associated variant is located within a putative silencer with HAND1::TCF3 transcription factor
binding motif

The sequence surrounding the variant site is ultraconserved (Fig 4C), suggesting functional
importance. The possible effect of the intronic variant on the splicing of the HIVEP3 and IncRNA
ENSCAFG00000035604 transcripts was investigated by Sanger sequencing the retinal cDNAs from a
case dog homozygous for the variant, but indicated no changes compared to the wild-type transcript
and thus ruled out splicing defects.

To further explore the functional significance of the associated variant, the syntenic site in the
human genome was investigated, revealing that the variant is located in a peak of ENCODE DNasel
hypersensitivity cluster, which indicates an open chromatin environment and a possible regulatory
site [27]. To gather further evidence, we next explored the JASPAR database to search for
transcription factor binding sites (TFBSs) that could bind the sequence in the variant site. This search
resulted in the discovery of a putative HAND1::TCF3 complex TFBS, overlapping exactly the variant
location (Fig 4C).

The possible regulatory function was studied by performing a dual luciferase reporter assay in MDCK
cells transfected with wild-type, mutant, or empty vector constructs (S3 Table). The wild-type and
mutant constructs contained 250 bp of upstream and downstream sequences from the variant site.
Relative luciferase activity was significantly lower in cell lines transfected with the wild-type than
with the empty vectors (p<0.05), thus indicating silencer activity in the variant site. The PRA
associated variant seems to disrupt the silencer activity as cells transfected with the mutant
constructs showed significantly higher reporter gene expression compared to the wild-type
constructs (p<0.05).
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Fig 5. Reporter assay indicates the variant site might be a silencer. Dual luciferase assay
with MDCK cells transfected with wild-type (WT), mutant (MT) and empty vectors indicated
robust reduction in relative luciferase activity when comparing the wild-type constructs to
empty vector, supporting the putative silencer activity (p<0.05). Relative luciferase activity
was significantly increased in mutant versus wild-type constructs (p<0.05), indicating the
type 1 PRA associated variant disrupts the putative silencer activity, but might not prevent
it completely.

Retinal overexpression of EDN2 and COL9A2 in the affected dog

We next investigated whether the silencer variant has any effect on the expression of its target
genes. Quantitative reverse-transcriptase PCR (RT-qPCR) with retinal samples from a type 1 PRA
case and four unaffected dogs (wild-types for the variant) was performed for a selected set of target
genes. As silencers can act from a distance, the presence of the HAND1::TCF3 motif was screened
in the promoters of the flanking genes +/- 1.25 Mb from the variant site. Altogether 714 predicted
HAND1::TCF3 binding sites were found in the promoter regions in 60 genes (5S4 Table). Due to limited
amount of available case-specific retinal RNA, six candidate genes were prioritized, including
HIVEP3, IncRNA (ENSCAFG00000035604), COL9A2, EDN2, KCNQ4 and NFYC. Prioritization was based
on the motif scanning score, known expression in retinal tissues in FANTOMS5, Human Protein Atlas
data [28,29] and retinal expression data from our STRT sequencing data from five dogs (S2 Fig). The
RT-gPCR results indicated that retinal expression of EDN2 was increased by over 16-fold (p=0.0023)
and COL9A2 by over 4-fold (p=0.049). Retinal expression of KCNQ4 was increased by over 10-fold in
the case retina, but the change was not statistically significant (p=0.065), because of the large
differences between retinal samples of the right and left eyes of the affected MS. Retinal NFYC
expression was also not significantly changed (p>0.05).

Discussion

RP is the leading cause of blindness in humans and nearly 70 genes have been implicated in various
forms of the disease. However, the genetic origin remains still elusive in many cases [3]. We report
here clinical and genetic characterization of a canine RP model (PRA), which provides new insights
into the accumulating evidence of regulatory variants in the development of retinal disease.

The key findings of the study have several scientific and medical implications. We demonstrate the
presence of at least two clinically and genetically different forms of PRA in the MS breed. The type
1 PRA with a homogeneous onset at 4 years of age mapped to chromosome 15, while the type 2
PRA, with an overrepresentation of affected males and a wider range of age of onset, mapped to
chromosome X. While the tentative association in chromosome X needs to be replicated with
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additional cases, the association of the type 1 PRA in chromosome 15 was very strong. The origin of
the causative variant was suspected to be very recent, since the homozygous risk haplotype was
also present in unaffected dogs. Sequence analyses in the 7.2-Mb critical region associated with the
type 1 PRA revealed a number of possibly pathogenic coding variants, however, all of them had
incomplete penetrance (~¥80%). The incomplete penetrance of the many coding variants was
consistent with the suspected recent origin of the actual causative variant. Indeed, the only fully
penetrant variant resided in a conserved sequence within HIVEP3 and a IncRNA gene, in the
predicted binding site of the HAND1::TCF3 TF complex, suggesting a regulatory variant. The silencer
function was supported in vitro with an increased transcriptional activity of the reporter gene in the
mutant recombinant. Finally, given the role of silencers in transcriptional activation, six most
promising retinal HAND1::TCF3 target genes within 1.25 Mb distance up- or downstream from the
variant site were prioritized for the quantitative measurement of transcripts. Expectedly,
overexpression of EDN2 and COL9A2 was found in the affected retina, suggesting a gain-of-function
variant. Further studies with larger sample sets are needed to confirm the functional aspects of the
variant. In addition, to formally confirm the silencer role and the binding repressor(s), chromatin
immunoprecipitation and EMSA gel shift assays are required.

Recently, a complex structural variant in PPT1 was proposed to cause PRA in MS [23]. This study,
using lower resolution genotyping array, found a suggestive GWAS signal on the CFA15 with a ~5Mb
critical interval that some, but not all, cases shared. Whole-genome sequencing approach identified
the same intronic HIVEP3 variant described here, but its potential functional properties were not
studied and the focus was turned to the complex structural variant in PPT1 as it was homozygous in
some of the affected dogs that were wild-type or heterozygous for the HIVEP3 variant. Additional
screening found also some of the controls to be homozygous for the PPT1 variant, accounting for a
penetrance of 79% [23]. In contrast, our data shows that the breed is affected with multiple
genetically distinct forms of PRA and that the causative variant has such a recent origin that not all
risk haplotype-carrying dogs have it. This leads to the identification of many candidate variants in
the critical interval that seem to, misleadingly, associate with the phenotype, but have incomplete
penetrance. In contrast, in our cohort, the predicted silencer variant located in the HIVEP3 intron,
has complete penetrance and 10 billion times stronger association with the type 1 PRA.

To our knowledge, this is only the second report of a potential regulatory RP variant in any species
and provides an important spontaneous model to understand retinal gene regulation and the causes
of RP. Previously, recessive non-coding retina-specific cis-regulatory variants in the CRX-binding
regions of SAMD7 have been suggested in human patients with atypical RP [30]. Our risk variant is
located in the intron of HIVEP3 transcription factor and a IncRNA ENSCAFG00000035604, however,
kilobases away from any predicted splice sites. Interestingly, expression of neither HIVEP3 nor
IncRNA (ENSCAFG00000035604) was significantly changed in the affected retina. Instead, two more
distant proposed target genes, the EDN2 and COL9A2, were upregulated. Although our conclusions
about the disease mechanisms are limited because of access to only one set of affected retinas from
an 11-years-old type 1 affected MS, and should be therefore interpreted very cautiously, some
discussion about the two target genes is warranted. EDN2 encodes endothelin-2, which has been
implicated in various cellular functions such as angiogenesis, cell migration, cell proliferation, and
endothelial activation [31-35]. Overexpression of Edn2 in the mouse retina inhibits retinal vascular
development [36], which might also explain the etiology of the disease in MS type 1 cases as
attenuation of retinal vessels is a hallmark feature in canine PRA [10] and was also observed in the
cases here. However, EDN2 overexpression might also function as a general stress signal from
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photoreceptor damage, and therefore it cannot be distinguished here, whether the observed
overexpression of EDN2 reflects the primary etiology of the retinal degeneration in type 1 PRA or
the secondary stress reaction to the photoreceptor damage [31,37]. A loss-of-function variant in
COL9A2 has been associated to autosomal recessive Stickler syndrome, in which vitreoretinal
degeneration is one of the symptoms together with other ocular, auditory, skeletal and orofacial
abnormalities [38]. To our knowledge, the affected MSs manifested only retinal phenotype,
however, upregulation of COL9A2 could result in a more limited phenotype compared to the loss-
of-function variant phenotype. Overall, the role of upregulated EDN2 and COL9A2, and possible
other retinal target genes in the type 1 PRA locus including HIVEP3, requires additional retinal
samples from the affected dogs for further conclusions.

To summarize, we have identified two forms of retinal degeneration in a dog breed and showed
that these phenotypes are distinct both clinically and genetically. We mapped two new loci and
identified a type 1 disease-specific recessive variant in a putative silencer located in predicted
HAND1::TCF3 TFBS with two of its target genes overexpressed in the affected retina sample. These
results establish the MS dog breed as a spontaneous large animal model to study human RP and
provide a new potential regulatory variant to understand the retina in health and disease. For
veterinary medicine, a gene test has been developed to aid diagnostic and breeding programs. This
is important since the earlier description of the PPT1 variant in the breed is not fully penetrant, as
opposed to our variant, and its current diagnostic use leads to confusing results to the breeders.

Materials and methods

Ethics statement

All dogs used in this study were privately owned pet dogs. EDTA blood samples (3 ml) from all the
dogs and tissue samples from six dogs (euthanized because of severe diseases, described in detail
below) donated to research were collected under the permission of animal ethical committee of
County Administrative Board of Southern Finland (ESAVI/343/04.10.07/2016) and all experiments
were performed in accordance with relevant guidelines and regulations and with owners’ written
consent.

Study cohort

This study included altogether 599 privately owned purebred MSs, including a discovery cohort of
85 dogs and a population screening cohort of 514 dogs. The discovery cohort included 18 cases and
67 control dogs, which all were eye examined by veterinary ophthalmologists board-certified by the
European College of veterinary ophthalmologists. The eye examination included basic neuro-
ophthalmic examination, slit-lamp biomicroscopy to evaluate the adnexa and anterior segment and
indirect ophthalmoscopy to examine the posterior parts of the eye. Topical tropicamide (Oftan
Tropicamid 1%, Santen, Tampere, Finland) was used to achieve mydriasis. Optical coherence
tomography, OCT, (Heidelberg’s Spectralis, Heidelberg Engineering GmbH, Heidelberg, Germany)
was performed to one PRA affected MS. Inclusion criteria for cases were bilateral severe PRA
findings. Controls did not show any symptoms of eye disease and were minimum of seven years old
at the time of the examination. Population based variant screening was performed in 514 MSs of
which three were affected with type 1 PRA and 118 were eye examined healthy at the age five or
older by veterinary ophthalmologists as described above. EDTA blood samples (3 ml) from all the
dogs and tissue samples from six euthanized dogs donated to research were collected under the
permission of animal ethical committee of County Administrative Board of Southern Finland
(ESAVI/343/04.10.07/2016) and all experiments were performed in accordance with relevant
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guidelines and regulations. Genomic DNA was extracted from the white blood cells using a semi-
automated Chemagen extraction robot (PerkinElmer Chemagen Technologie GmbH, Baeswieler,
Germany) according to the manufacturer’s instructions. DNA concentrations were measured using
Qubit fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Nanodrop ND-
1000 UV/Vis Spectrophotometer (Nanodrop technologies, Wilmington, Delaware, USA) and
samples were stored at —20 °C.

Genome-wide association study

A genome-wide association study, GWAS, was performed using Illumina’s CanineHD BeadChip
arrays with 172,963 markers (San Diego, CA, USA). Genotyping was performed in GeneSeek
Laboratory (Neogen Genomics, Lincoln, NE, USA) to 16 cases and 33 controls. After quality control
procedures, only SNPs which conformed to Hardy-Weinberg expectations P<0.0001, had >95%
genotyping rate and minor allele frequency of >5 % were included in the analysis, resulting in the
total number of 102,661 SNPs when analyzing all the cases and controls and 100,501 and 102,286
when comparing separately the type 1 cases and type 2 cases to controls, respectively. The
differences in allele frequency between cases and controls were calculated using the PLINK 1.07
software [39]. Corrected empirical p-values were calculated with 100,000 permutations and
genomic control adjusted significance values based on the estimation of the inflation factor.

Whole-genome sequencing

Whole genome sequencing was performed to two cases and two controls using the [llumina HiSeq
X ultra-high-throughput sequencing platform with 30X target coverage (paired-end reads, 2x 150
bp) (Novogene Bioinformatics Institute, Beijing, China). Mapping the reads to the dog reference
genome (assembly CanFam 3.1) was performed using the Burrows-Wheeler Aligner (BWA) version
0.7.15 [40]. The reads were sorted and duplicate reads marked using the Picard tools
(http://sourceforge.net/projects/picard). Post-alighment processing includes local realignment
around known INDELs and base quality scores recalibration to reduce erroneous variant calls [41].
Variant calling was done using the HaplotypeCaller in Genome Analysis Tool Kit GATK version 3.7.
Functional annotation of the variants was done in ANNOVAR using Ensembl, NCBI and Broad gene
databases. Mobile element insertions were detected in the three whole-genome sequenced
samples using the Mobile Element Locator Tool (MELT) [42]. The reference sequences of the
transposons for MEI discovery were retrieved from Repbase database [43]. The detected variants
were stored in Genotype Query Tools (GQT) [44] variant database and variant filtering was
performed using our in-house pipeline assuming recessive mode of inheritance, i.e. the cases were
homozygous for the alternative alleles. The variant data from whole-exome (n=127) and whole-
genome sequenced (n=140) dogs without the studied phenotype and from various breeds were
used in filtering as controls (S1 Table). A maximum of 1 % of the controls were allowed to be
heterozygotes of the alternative allele, while the rest were set to be homozygous for the reference
allele.

Sanger sequencing and TagMan genotyping

Sanger sequencing was utilized to perform segregation analyses for the variants found in filtering
the whole-genome sequencing data. Segregation analysis of the PPT1 structural variant was
performed utilizing the consecutive markers (g.2,872,023 2,872,024del and g.2,872,103G>A)
confirmed to be consistent with the actual complex structural variant in the original study [23] and
which was also validated in our whole-genome sequenced MS samples. All other variants were
directly sequenced. Primers (S5 Table) were designed using the Primer3 program [45] and PCR
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products amplified using Biotools DNA Polymerase (Biotools B&M Labs, S.A., Valle de Tobalina,
Madrid, Spain). The PCR products were treated with exonuclease | and shrimp alkaline phosphatase
and capillary sequenced in the Institute for Molecular Medicine Finland (Helsinki, Finland). The
Sanger sequence data were analyzed using Sequencher 5.1 (Gene Codes Corporation, Ann Arbor,
Ml, USA) and Unipro UGENE 1.31.1 (UniPro, Novosibirsk, Russia). Variant screening in the MS breed
cohort with 514 dogs was performed using Custom TagMan SNP Genotyping Assay (S5 Table)
chemistry (ThermoFisher Scientific, Waltham, MA, USA) and CFX96 Touch Real-Time PCR Detection
System (BioRad, Hercules, CA, USA).

In-silico analysis of transcription factor binding sites and target gene prioritization

The UCSC liftOver tool was utilized to convert the corresponding variant site in the human genome
version GRCh38. The overlapping TFBS motif (HAND1::TCF3) was obtained from the JASPAR
database [46]. Motif scanning was done using “searchSeq” function of TFBSTools package (v.1.20)
under R programming language [47] on the +/-500 bp regions surrounding the TSSs of CanFam3.1
Ensembl genes version 94 [48]. Target gene prioritization was performed based on motif scanning
score and confirming retinal expression in canine STRT sequencing data and in the FANTOMS5 [28]
and the Human Protein Atlas [29] databases. STRT RNA-sequencing was performed to retinal
samples collected from five dogs: a 3-year-old female Swedish Elkhound, 5- and 6-year-old male
Rottweilers, a 6-year-old female Finnish Lapphund and a 6-year-old male Border Collie that were all
wild-type for the type 1 PRA associated variant and without the studied phenotype. The dogs were
privately owned pets. The Swedish Elkhound and the Border Collie were euthanized because of
epilepsy, the Rottweilers due to gastrointestinal disease and the Finnish Lapphund due to
intervertebral hernia. Samples were collected within 15 minutes after death and treated with
Invitrogen RNAlater Stabilization Solution (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
for 24 hours and stored in —80 °C. RNA was extracted using the RNeasy Mini Kit (Qiagen, Venlo,
Netherlands) according to manufacturer’s instructions. Integrity of RNA was evaluated with Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA) and concentration measured
with Qubit fluorometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Nanodrop
ND-1000 UV/Vis Spectrophotometer (Nanodrop technologies, Wilmington, Delaware, USA). 20 ng
of RNA was used for multiplex 48 sample RNA-seq libraries, which were prepared using modified
STRT method with unique molecular identifiers [49,50]. The modifications included longer UMI’s of
8 bp, addition of spike-in ERCC control RNA for normalization of expression, and use of Globin lock
method [51] with LNA-primers for canine alpha- and betaglobin genes. The libraries were sequenced
with lllumina NextSeq 500, High Output (75 cycles). Reads were mapped to CanFam3.1 genome
annotation using HISAT1 mapper version 2.1.0 [52]. Gene level quantification was done using
featureCounts version 1.6.2 [53] and the counts were then normalized to the library size and
transcript length. The expression levels of 60 flanking genes (Table S4) was then visualized using the
ComplexHeatmap package [54].

Dual luciferase reporter assay

To verify the predicted silencer role and to study whether the found variant has an effect on its
function, constructs containing the wild-type and mutated canine sequence (CanFam 3.1, 250 bp
+/- of the variant site) were generated (S3 Table) and cloned into the pNL3.2[N/ucP/minP] NanoLuc
luciferase vector (Promega, Madison, WI, US). The pGL4.54[luc2/TK] firefly luciferase was used as a
co-transfection control vector (Promega, Madison, WI, US). For transfection assay, 3 x 10° MDCK
cells were seeded per well in 96 well cell culture microplate with white walls (CellStar, Greiner bio-
one, Germany) 24h prior to transfection, using Gibco Advanced MEM medium (Thermo Fisher
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Scientificc, Waltham, Massachusetts, USA) supplemented with 10% FBS, 100 U
penicillin/streptomycin and Glutamax. Cell transfection was performed using Lipofectamine3000
(Invitrogen, Carlsbad, US) according to manufacturer instructions. The co-transfection was
performed using 10 ng wild-type, mutated or empty experimental vector, 10 ng control vector and
90 ng carrier DNA per well. Luciferase activities were measured after 48 h using the Nano-Glo® Dual-
Luciferase® Reporter Assay System (Promega, Madison, WI, US) according to the manufacturer’s
instructions and luminescence was detected using the Enspire 2300 instrument (PerkinElmer
Chemagen Technologie GmbH, Baeswieler, Germany). Luminescence values were normalized by
calculating the ratio between experimental (NanoLuc) and control (firefly) reporter. Statistical
significance of the results was assessed by one-way ANOVA and Bonferroni approach as post-hoc
test and p-value < 0.05 was considered significant. The assays were performed twice with 4 to 6
replicates per treatment.

Retinal target gene expression analysis

Retinal samples from both eyes were collected from a 11-year old male MS affected with type 1 PRA
and homozygous for the intronic variant in HIVEP3. Control retinal samples were collected from a
2-year-old female German Pinscher, a 3-year-old female East-European Shepherd, a 5-year old male
Smooth Collie and a 5-year-old male Rottweiler that were all wild-type for the variant and without
the studied phenotype. The dogs were privately owned pets. The MS was euthanized because of
congestive heart failure, the Rottweiler due to inflammatory bowel disease and the German
Pinscher, Smooth Collie and the East-European Shepherd due to behavioral problems. Samples were
collected and treated as were the ones used for the STRT experiment described above. Reverse
transcription from RNA to cDNA was performed to equal amounts of sample RNA with High Capacity
RNA-to-cDNA Kit (Applied Biosystems, Waltham, Massachusetts, USA). Primer3 program [45] was
used to design the primers (S4 Table) for the six target genes (HIVEP3, ENSCAFGO0000035604,
COL9A2, EDN2, KCNQ4, NFYC) and the two house-keeping genes (GAPDH and YWHA?Z), that were
used as normalization controls. Forward and reverse primers were positioned in different exons to
avoid genomic DNA contamination. Primer efficiencies were determined from a seven-point dilution
series and the comparative AAC" method was used to determine relative expression [24]. Real-time
guantitative PCR (RT-gPCR) was performed with SsoAdvanced Universal SYBR Green Supermix
(BioRad Hercules, CA, USA) and the CFX96 Touch Real-Time PCR Detection System (BioRad,
Hercules, CA, USA) according to manufacturer’s instructions. Three technical replicates were used
for all reactions. Error bars were determined as standard deviation of the mean AC'.
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Supporting information captions

S1 Fig. Initial mapping approach for PRA locus in MSs. (A) Genome-wide comparison of allele
frequencies in all cases regardless of the disease type (n=16) and controls (n=33) suggested a locus
on the CFA15 (praw=4.70x10"®, pgenome=0.19). (B) A shared homozygous haplotype block was seen in
all the type 1 cases and absent in all the type 2 cases and in 32/33 controls, indicating the two
clinically distinct types are indeed genetically different. Interestingly, the risk haplotype was also
present in one of the confirmed controls, indicating either incomplete penetrance of the risk
haplotype, or that the causative variant is recent and not all the risk haplotype carrying dogs have
it. Each row represents a single animal while genotypes at each SNP (columns) are marked with dark
(reference), intermediate (heterozygotes) or light grey (affected haplotype). The critical region of
7.2 Mb spans from 213,416 bp to 7,403,217 bp and upper and lower limits of it were determined by
appearance of heterozygous SNPs in the case dogs.

S2 Fig. Heat map from the canine retinal STRT sequencing experiment. Retinal samples from five
dogs wild-type for the type 1 PRA associated variant and without the studied phenotype were STRT
sequenced to examine retinal gene expression of the 60 target genes for HAND1::TCF3 TFBS.
Columns indicate individual samples (SE = Swedish Elkhound, RW = Rottweiler, FL = Finnish
Lapphund, BC = Border Collie), rows each target gene. Darker green color indicates stronger
expression in the retina (TPM = transcripts per million). The six genes prioritized by several factors
for RT-gPCR were all expressed in the canine retina (ENSCAFG00000002576, HIVEP3;
ENSCAFG00000002827, NFYC; ENSCAFG00000035604, lincRNA; ENSCAFG00000002579, EDN2;
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ENSCAFG00000002997, COL9A2; ENSCAFG00000002814, KCNQ4).

S1 Table. Filtering the whole-genome sequencing data: controls. Control dogs used for filtering the
whole-genome sequencing data (numbers per breed).

S2 Table. Filtering the whole-genome sequencing data: results. Filtering the whole-genome data
from two type 1 PRA cases against 268 controls resulted in 233 variants.

S3 Table. Dual Luciferase reporter assay. The construct sequences used for MDCK cell
transfections.

S4 Table. Motif search results. Motif search found 714 predicted HAND1::TCF3 binding sites
(Sheetl) in the promoter regions (+/- 500 bp TSS) of 60 genes (Sheet2) flanking the variant site.

S5 Table. Primer sequences. Primer sequences for Sanger sequencing, RT-qPCR and Tagman assay.
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