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Summary Neuronal ceroid lipofuscinoses (NCLs) are heterogenic inherited lysosomal storage diseases

that have been described in a number of species including humans, sheep, cattle, cats and a

number of different dog breeds, including Salukis. Here we present a novel genetic variant

associated with the disease in this particular breed of dog. In a clinical case, a Saluki

developed progressive neurological signs, including disorientation, anxiety, difficulties in

eating, seizures and loss of vision, and for welfare reasons, was euthanized at 22 months of

age. Microscopy showed aggregation of autofluorescent storage material in the neurons of

several brain regions and also in the retina. The aggregates showed positive staining with

Sudan black B and periodic acid Schiff, all features consistent with NCL. Whole genome

sequencing of the case and both its parents, followed by variant calling in candidate genes,

identified a new variant in the CLN8 gene: a single bp insertion (c.349dupT) in exon 2,

introducing an immediate stop codon (p.Glu117*). The case was homozygous for the

insertion, and both parents were heterozygous. A retrospective study of a Saluki from

Australia diagnosed with NCL identified this case as being homozygous for the same

mutation. This is the fourth variant identified in CLN8 that causes NCL in dogs.
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Introduction

Neuronal ceroid lipofuscinoses (NCLs) are heterogenic,

autosomal recessive lysosomal storage diseases that have

been described in a number of species including humans,

sheep, goats, cattle, horses and cats, as well as many

different breeds of dog. Disease onset in dogs varies from

around 9 to 18 months of age. Dachshund and Cane Corso

have a relatively early onset of disease, at around 9 months

of age (Awano et al. 2006a; Sanders et al. 2010; Kolicheski

et al. 2017). Time of onset in English Setters, Chihuahuas,

American Bulldogs, Golden Retrievers, Border Collies and

Australian Shepherds is around 12–18 months (Koppang

1992; Lingaas et al. 1998; Evans et al. 2005; Katz et al.

2005; Melville et al. 2005; O’Brien & Katz 2008; Gilliam

et al. 2015; Faller et al. 2016). Late onset forms have been

described in Tibetan Terriers and American Staffordshire

Terriers with age of onset around 5–7 years (Wohlke et al.

2011; Nolte et al. 2016). In Salukis, NCL has been observed

with progressive signs of lack of coordination from around

1 year of age (Appleby et al. 1982).

In humans with NCLs, high levels of allelic and locus

heterogeneity have been observed (http://www.ucl.ac.uk/

ncl/), and at least 14 genes are involved in different forms

(Mole & Cotman 2015; Nita et al. 2016). Among these 14

forms (NCL1–NCL14), disease-associated variants have

been identified in 13 (all except NCL9). The number of

known mutations in each gene varies from one (CLN12/14)

to at least 116 in CLN2 (http://www.ucl.ac.uk/ncl/; May

2015); thus, many patients may be compound heterozy-

gotes. Different forms of NCL also exist in a number of dog

breeds, and mutations in at least eight genes—CLN1

(Sanders et al. 2010), CLN2 (also known as TPP1; Awano

et al. 2006a), CLN5 (Melville et al. 2005; Guo et al. 2014;

Gilliam et al. 2015), CLN6 (Katz et al. 2011), CLN7 (also

known as MFSD8; Guo et al. 2015; Faller et al. 2016),

CLN8 (Katz et al. 2005; Guo et al. 2014; Hirz et al. 2017),

CLN10 (also known as CTSD; Awano et al. 2006b) and

CLN12 (also known as ATP13A2; Farias et al. 2011;

Wohlke et al. 2011)—have been associated with NCL in

dogs to date. Within dog breeds, there is very limited allelic
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heterogeneity within the relevant genes, and thus, dog

breeds could provide suitable large animal models for

investigating treatment of these diseases. In this study, a

case of a Saluki diagnosed with NCL is presented, and a

novel mutation is described as the genetic basis for disease.

Material and methods

Clinical case description

A female, 22-month-old Norwegian Saluki had been

exhibiting progressive changes in behaviour for a prolonged

period, and the owner decided to have the dog euthanized.

The first clinical signs that had been observed by the owner

were anxiety and restlessness from around 10–12 months.

At 15–16 months of age, the dog had problems when

participating in lure coursing and developed signs of

impaired vision and hearing. At around 18 months of

age, the dog underwent a clinical eye examination, and the

ophthalmologist noted that

the dog appears confused, it collides with the door and seems

to use its nose for orientation. It is hard to come into contact

with the dog, it does not like being touched on the head, and

it needs sedation for further investigation. The dog has open

pupils and negative direct or indirect pupil-reflexes, and

negative menace response. The retina is normal, with a

normal distribution of blood vessels.

Central nervous system blindness was suspected. At

around 20 months of age, the dog showed obvious vision

problems when outside in the evenings. At this time,

episodes of epileptic-like seizures and shivering occurred

regularly and there was a loss of housetraining skills. From

about 21–22 months of age, the dog had considerable

difficulties when walking on a leash, developed problems

swallowing and lost weight. The dog was euthanized at

22 months of age.

Samples

Salukis

With the owners’ consent, blood samples (EDTA) were

collected from the affected dog and both its parents, and

DNA was extracted using standard commercial kits

(E.Z.N.A; Blood DNA Mini Kit; Omega). At necropsy,

samples from the brain and other tissues were collected

and fixed in 4% buffered formalin. Brain samples were also

snap-frozen in liquid nitrogen.

Through close collaboration with Saluki owners, we were

also able to collect blood samples from related and unrelated

Salukis in Norway, Sweden, Finland, UK, Australia and

some other countries (n = 99). During this work, we were

informed about two earlier cases of NCL from the same

litter, born in 2011 in Australia. Two male siblings in a

litter of eight puppies developed NCL and had been

euthanized at around 2 years of age. DNA samples from

one of these two Salukis, and also from several siblings from

the same litter, had been stored and were available for

analysis.

Other breeds

We also studied a cohort of 380 dogs of different breeds for

which the owners had approved that samples from their

dogs could be used in research projects. This sample

included 242 samples from 142 different breeds, along

with samples from 120 English Setters and 18 Gordon

Setters that had previously been genotyped for the specific

CLN8 variant existing in those breeds.

Post-mortem morphological investigations

Tissue samples collected from several brain regions (cerebral

cortex, midbrain, hippocampus and cerebellum) and the

retina were fixed in 4% buffered formaldehyde and embed-

ded in paraffin wax. Tissue sections were stained with

haematoxylin and eosin (HE), periodic acid Schiff (PAS) and

Sudan black B, and deparaffinized sections were examined

for autofluorescence using a fluorescence microscope with a

filter for green light (excitation filter BP 470/40; emission

filter BP 525/50).

Whole genome sequence analysis

Full genome sequencing was conducted on the DNA

obtained from the original case dog and both its parents.

PCR-free libraries were constructed (TrueSeq PCR-free, insert

size 350 bp). The samples were sequenced on an Illumina

Hiseq X5 at the Norwegian Sequencing Centre. Two samples

were run per lane and 125 bp paired-end sequencing was

used. The coverage was, on average, around 289. The

sequences obtained were submitted to the European

Nucleotide Archive (https://www.ebi.ac.uk/ena/; Accession

nos. ERS1799414, ERS1799415, ERS1799416).

Candidate genes/variant calling

We followed the GATK (McKenna et al. 2010) best practice

recommended workflows for sequence preprocessing and

variant discovery. We focused on the 13 known candidate

loci CLN1–CLN8 and CLN10–CLN14 (Nita et al. 2016). In

addition to the ‘official’ 14 NCL-loci, we also included a

variant in CLCN6 (Poet et al. 2006), the SGSH gene (Sleat

et al. 2009) and the ARSG gene, for which a variant has

been observed in American Staffordshire Terriers (Abitbol

et al. 2010). The sequence reads were aligned to Can

Fam3.1 (Assembly: GCA_000002285.2, CanFam3.1) using

BWA (Li & Durbin 2009) and GATK for sequence analysis

(McKenna et al. 2010). We used SAMTOOLS (http://www.
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htslib.org/doc/samtools.html) to export sequence regions

from the affected dog and both parents from the 13 known

human NCL genes and the three other potentially associ-

ated loci according to the chromosome-positions given in

Table S1.

Results

Morphological verification of diagnosis

At autopsy, the brain and cerebellum were inspected and

appeared normal without evidence of macroscopic changes.

Extensive deposits characterized as ceroid lipofuscin were

found mainly in neuronal cell bodies in the cerebrum,

hippocampus, cerebellum and retina (Figs 1 & S1, S2). The

abundant abnormal granular material in the cytoplasm

was autofluorescent, PAS positive and demonstrated black

granular staining with Sudan Black B. Some neuronal cells

in the cerebral cortex showed signs of ongoing necrosis

(Fig. 1b). These morphological findings, in conjunction with

the clinical signs, provided supportive evidence that the dog

had NCL.

Pedigree analysis

With help from owners/breeders of Salukis worldwide and

the Saluki breeding archive (https://saluki.breedarchive.

com/animal/), we studied an extended pedigree. Both

parents of the Norwegian affected dog could be traced back

to common ancestors about five to six generations back

(Fig. S3).

Both cases reported from Australia, for which the clinical

signs were reported as being similar to those of the

Norwegian case, came from a litter that could be traced

back to the same founders as the Norwegian proband, with

the same number of generations. We also received

unsubstantiated information about a Swedish litter with

possible NCL, and that also could be traced back to the same

founders (Fig. S3).

Molecular genetic findings

We performed variant calling on each of the 13 candidate

genes and the three additional loci (Table S1) using GATK,

filtering for variants for which both parents were heterozy-

gous and the affected offspring was homozygous variant.

We then inspected the short read alignments using the

Integrated Genomics Viewer (IGV) (Thorvaldsdottir et al.

2013). We focused on coding regions and splice sites. In

general, we observed very limited variation in the regions

searched in the three dogs: the Norwegian euthanized case

of NCL and the parent dogs. Only one variant was identified

according to the criterion of both parents being heterozy-

gous and the euthanized case homozygous. This was an

insertion of 1 bp (T) in the CLN8 gene (Fig. S2) in a short T

repeat, thereby changing the stretch of 9 T’s to a stretch

consisting of 10 T’s. The exact position of the inserted base

could obviously not be verified, given that this was an

insertion of a single base in a stretch of nine repeats of the

same base (CFA37:g.30874628–30874636). According to

the recommended nomenclature, the T insertion was noted

as a T duplication in the T farthest in the 30 direction

(g.30874636dupT; c.349dupT). The sequence alignments

in this gene region from the two parents and from the

affected offspring are shown in Fig. S4.

The presence of the genomic insertion in the homozygous

state was confirmed by PCR and Sanger sequencing (Fig. 2).

The sequencing results in both sequencing directions in the

heterozygous parents, in the euthanized dog diagnosed with

NCL and in an unaffected and unrelated control

(g.30,874,636dupT) are shown in Fig. 2a. In both

heterozygous parents, the Sanger sequence became ‘double’

(a) (b) (c)

Figure 1 (a) The cytoplasm of cell bodies of large neurons (arrows) in the grey matter lamina of the cerebral cortex with autofluorescent,

granular material. Similar material was also present in smaller cells, probably glia (arrowheads). (b) The granular material in the large neurons (arrows)

and in small cells with dark, shrunken, irregular nuclei, probably necrotic neurons (inset), also stained positive with PAS. (c) Purkinje neurons

(arrows) and small neurons in the granular layer (arrowheads) of the cerebellum had accumulated large amounts of fluorescent granular material. Bar:

20 lm.
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after the T stretch, depending on sequence direction (Fig. 2a,

yellow arrow), illustrating the 1-bp shift of the strand with

the insertion compared with the other. The T insertion

introduces a nonsense codon (TGA), changing a glutamic

acid (Glu/E) to a stop (*) at amino acid 117 (of the predicted

total 288 amino acids; p.Glu117*). The consequence of this
mutation and comparison with other known variants in the

canine CLN8 gene are shown in Fig. 2b.

Diagnostic PCR was performed on genomic DNA from all

available family members (parents and siblings) of the

affected dog. Both parents were heterozygous, but none of

the five healthy siblings were homozygous for this mutation.

After discovering the 1-bp insertion/nonsense variant in

CLN8 in the Norwegian litter, we genotyped all available

individuals related to the two Australian dogs that had

developed NCL. We discovered the same bp insertion in both

these siblings, which had been euthanized, and also, as with

the parents of the Norwegian dog, that both the parent dogs

in Australia were heterozygous carriers. However, none of

the other relatives (siblings/grandparents) were homozy-

gous for the insertion, being either homozygous free or

heterozygous carriers of the variant.

From samples provided by helpful Saluki owners, we

typed a total of 99 Salukis, about half of which were

samples from random dogs from the global Saluki popula-

tion and about half of which were from siblings, other

relatives and related breeding lines of the dogs known to

have developed NCL. We found no homozygote T insertions

Figure 2 (a) Sanger sequencing of heterozygous parents, the affected dog and a homozygous normal dog. Note the double sequence after the

T-stretch due to the 1-bp displacement in one strand. (b) Predicted consequence of the T insertion in Saluki CLN8 (c.349dupT) and comparison with

the known variants in English Setter and a mixed-bred dog (Katz et al. 2005; Guo et al. 2014).
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in these dogs. Similarly, no heterozygous dogs were

identified among the random dogs from the population.

However, of the siblings and other dogs in close pedigrees of

the NCL dogs, 14 were discovered to be carriers of the

mutant allele. The pedigree and inheritance analysis

support a recessive inheritance, which is common for

lysosomal storage diseases.

Analysis of 380 dogs from different breeds did not reveal

this variant occurring in any of these dogs.

Discussion

The clinical signs reported in the Norwegian clinical case

Saluki, in combination with the morphological findings

(abundant granular autofluorescent, PAS- and Sudan black

B-positive material in neuronal cell bodies in a range of

brain areas and the retina), support the diagnosis of NCL in

the Norwegian proband. That a dog from an Australian

litter diagnosed with NCL shares the homozygous T

insertion and has common ancestors with the Norwegian

proband, also supports the diagnosis.

More than 440 genetic variants have been reported in

human NCLs, all available in the openly accessible NCL

mutation database (www.ucl.ac.uk/ncl/). To date, all

known human variants associated with NCL occur in one

of 13 known loci. Similarly, most NCL-associated mutations

in dogs have been identified in known CLN genes.

A high level of locus and allelic heterogeneity is

observed in human NCLs (Mole & Cotman 2015). With

respect to CLN8 in humans, a phenotypic heterogeneity

in patients with the same mutations is also seen

(Mahajnah & Zelnik 2012). The most common variants

are missense mutations (www.ucl.ac.uk/ncl/), but smaller

and larger deletions are also common. So far, insertions

in CLN8 have not been reported in the database. In dogs,

clinical NCL cases have been associated with a CLN8

missense mutation in English Setters (Katz et al. 2005). A

nonsense variant was found in a mixed breed dog with

NCL (Guo et al. 2014) and NCL in two Alpenl€andische

Dachsbracke dogs was suggested to be caused by deletion

of the entire CLN8 gene (Hirz et al. 2017). The present

report adds a further novel defective allele variant to the

list of possible mutations associated with NCL, due to a 1-

bp insertion that introduces a stop codon in the second

half of exon 2.

The extended pedigree of the Norwegian proband indi-

cates a potential common ancestor for both parents of the

affected litter that may have been the source of the

mutation. The parents of the cases in Australia could also

be traced back to these same dogs, and another suspected

litter (in Sweden) also apparently had the same lineage.

Thus, the pedigrees support the theory that a single variant

has been spread to all the affected dogs. The youngest

common ancestor of the affected dogs was born in 1972.

Due to the frequent exchange of breeding dogs between

countries, it seems likely that the same mutation might also

have caused the disease in two Salukis in the UK, as

described in 1982 (Appleby et al. 1982).

Our studies on a wider selection of dog breeds indicate

that this genetic variant is specific for Salukis and may have

originated in a litter from around 1972 (or earlier),

thereafter spreading in Salukis due to breeding dogs being

frequently used across national borders. Our data from non-

related Salukis also suggest that the frequency of this allele

is relatively low in Salukis; however, our random material

was not sufficient to provide reliable estimates. Neverthe-

less, those Salukis that were identified as being heterozy-

gous for the allele all fit into the extended pedigree and thus

their variants could have been derived from the potential

common ancestor.

The CLN8 gene is postulated to function in lipid synthesis,

transport or sensing. In humans, mutations in this gene are

associated with progressive epilepsy with mental retarda-

tion, which is a subtype of NCL (Vantaggiato et al. 2009).

The CLN8 gene encodes a transmembrane protein that

localizes to the endoplasmic reticulum (ER) and may recycle

between the ER and ER–Golgi intermediate compartment. It

contains a TLC (TRAM-LAG1-CLN8) domain of 200 amino

acids (62–262 aa) found in a family of membrane-

associated proteins that are proposed to have a role in

sensing, biosynthesis and metabolism of lipids (Lonka et al.

2000; Winter & Ponting 2002). The missense variant in the

English Setter model (p.Leu164Pro), the nonsense variant

in the mixed breed dog (p.Trp195*) and the insertion/

nonsense variant in Salukis presented here (p.Glu117*) are
all in this region. The Saluki nonsense variant results in the

loss of the last 172 of the 288 predicted amino acids, which

is 78 more amino acids than observed in the mixed-bred

NCL dog. The fact that the insertion/stop is in this region

supports the suggestion that this mutation is the cause of

NCL in Salukis. Despite the different types and sites of

mutations in CLN8 in dogs, the clinical signs and age of

disease onset are relatively similar. Dogs in all breeds with

NCL often present with impaired vision, increased sensitivity

to noise, signs of anxiety, problems in walking on stairs, loss

of housetraining skills and, in the later stages, with seizures

(Koppang 1973; Guo et al. 2014). In humans, there is a

phenotypic heterogeneity with two distinct phenotypes:

progressive epilepsy with mental retardation with age of

onset from 5 to 10 years and a late infantile variant (Kousi

et al. 2012) with earlier onset (2–7 years), both character-

ized by frequent seizures. Epileptic seizures, a prominent

feature of the human variants, do not seem to affect mice

(Ranta et al. 1999), which suggests that the canine model

may be more similar to the human forms in some aspects.

Studies on the neurobiological function of CLN8 (Vantag-

giato et al. 2009) indicate that CLN8 plays a role in cell

proliferation during neuronal differentiation and in protec-

tion against cell death. Thus, the neuronal necrosis

observed in the present study could be caused by the
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accumulation of ceroid-lipofuscin, a defective CLN8-gene

product or a combination of these putative causes.

In conclusion, in this work we identified a CLN8 insertion

that causes an immediate stop and was likely to be the

cause of NCL in a Norwegian Saluki; the same genetic

variant was also identified in distantly related cases of NCL

from Australia. A gene test is available and can be used by

breeders to minimise the risk of affected dogs being born in

the future.
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