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The neuronal ceroid lipofuscinoses (NCLs) are hereditary neurodegenerative diseases characterized by seizures
and progressive cognitive decline, motor impairment, and vision loss accompanied by accumulation of auto-
fluorescent lysosomal storage bodies in the central nervous system and elsewhere in the body. Mutations in at
least 14 genes underlie the various forms of NCL. One of these genes, CLN8, encodes an intrinsic membrane
protein of unknown function that appears to be localized primarily to the endoplasmic reticulum.Most CLN8mu-
tations in people result in a formof NCLwith a late infantile onset and relatively rapid progression. Amixed breed
dog with Australian Shepherd and Blue Heeler ancestry developed neurological signs characteristic of NCL
starting at about 8 months of age. The signs became progressively worse and the dog was euthanized at
21 months of age due to seizures of increasing frequency and severity. Postmortem examination of the brain
and retinas identified massive accumulations of intracellular autofluorescent inclusions characteristic of the
NCLs. Whole genome sequencing of DNA from this dog identified a CLN8:c.585GNA transition that predicts a
CLN8:p.Trp195* nonsense mutation. This mutation appears to be rare in both ancestral breeds. All of our 133 ar-
chived DNA samples from Blue Heelers, and 1481 of our 1488 archived Australian Shepherd DNA samples tested
homozygous for the reference CLN8:c.585G allele. Four of the Australian Shepherd samples tested heterozygous
and 3 tested homozygous for themutant CLN8:c.585A allele. All 3 dogs homozygous for theA allele exhibited clin-
ical signs of NCL and in 2 of themNCLwas confirmed by postmortem evaluation of brain tissue. The occurrence of
confirmed NCL in 3 of 4 CLN8:c.585A homozygous dogs, plus the occurrence of clinical signs consistent with NCL
in the fourth homozygote strongly suggests that this rare truncating mutation causes NCL. Identification of this
NCL-causing mutation provides the opportunity for identifying dogs that can be used to establish a canine
model for the CLN8 disease (also known as late infantile variant or late infantile CLN8 disease).

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

The neuronal ceroid lipofuscinoses (NCLs) are inherited progressive
neurodegenerative disorders characterized by accumulations of auto-
fluorescent lysosomal storage material in the central nervous system
aswell as inmany other organs and tissues [1,2]. Among the symptoms
of NCL are progressive cognitive decline and loss ofmotor functions, sei-
zures, and vision loss. The NCLs vary in age at onset of neurological signs
from infancy to adulthood, as well as in rates of disease progression and
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severity [1,2]. The majority of the NCLs have childhood onsets and are
ultimately fatal. The genetic bases of most cases of NCL have been iden-
tified and include a variety ofmutations in at least 14 different genes [3].
Some of these genes encode soluble lysosomal enzymes of known func-
tion, but the functions and even the subcellular localization of other NCL
proteins are unknown or are poorly understood.

In addition to occurring in people, naturally occurring NCLs have
been identified in many other species including cattle, sheep, cats and
dogs [1,2]. Canine genes harboring NCL-causing mutations have been
identified in American Bulldogs (CTSD), Australian Shepherds (CLN6),
Border Collies (CLN5), English Setters (CLN8), American Staffordshire
Terriers (ARSG), Tibetan Terriers (ATP13A2), and Dachshunds (both
TPP1 and PPT1) [4–10]. Mutations in the human orthologs of all these
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. (A) Littermates produced by breeding between an Australian Shepherd and a Blue
Heeler. A breeding between the dogs shown in (A) produced the dog shown in (B) that
was characterized in this study.
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genes except ARSG are known to cause NCL in people. The canine disor-
ders can serve as NCL models for studying disease pathogenesis and for
evaluating therapeutic interventions. For example, evaluation of en-
zyme replacement therapy in Dachshunds with a TPP1 null mutation
laid the groundwork for a human clinical trial to determine the efficacy
of this approach in children with NCL resulting from mutations in the
orthologous gene [5].

Because of the potential value of caninemodels for developing treat-
ments for the NCLs, we undertake studies to determine whether dogs
exhibiting clinical signs that may be indicative of NCL harbor mutations
in any of the known NCL genes. One such dog of mixed Australian
Shepherd and Blue Heeler ancestry was recently reported to us. Studies
were undertaken to confirm that this dog suffered from NCL and to
identify the causative mutation.

2. Materials and methods

2.1. Subject dog — clinical signs and ancestry

A 20 month old 26.3 kg spayed female dog with mixed Australian
Shepherd/Blue Heeler ancestry presented toMetz Petz Veterinary Clinic
after a 3week history of severe vision loss culminating in blindness. The
owners noted that since puppyhood the dog had exhibited signs of visu-
al impairment characterized by difficulty in catching and locating tossed
treats and bumping into objects, even under bright light conditions. The
owners reported that over a period of 10 to 12 months prior to presen-
tation the affected dog exhibited a loss of housetraining, decreased re-
sponsiveness to voice commands, and increased sensitivity to noises.
She also exhibited compulsive circling and pacing behavior and a loss
of the ability to navigate stairs. The dog became progressively more
ataxic and exhibited periods of trance-like staring behavior. At presenta-
tion, the patientwas very anxious. She lacked amenace response in both
eyes. Pupillary light responses, both direct and consensual, were normal
in both eyes, and dazzle reflexes were positive in both eyes. The rest of
her cranial nerve and physical examination were within normal limits.
The pet was referred to the Ohio State University (OSU) Veterinary
Medical Center. While being transported the patient began exhibiting
signs of focal seizures with fly biting behavior, pawing at her face, shak-
ing her head, falling, and biting the air near her flank region.

Ophthalmic examination revealed no retinal abnormalities upon
fundic examination and normal tear film production and intraocular
pressures. Electroretinogram responses were within normal limits.
Within 24 h of presentation, the patient became very aggressive with
progressive seizure activity and high pitched barking. She presented
to an emergency clinic overnight and was started on Phenobarbital IV.
The patient continued to exhibit seizure activity laying in lateral recum-
bency and paddling the following day.

She presented to the OSU Neurology Service 48 h after the initial
clinical presentation for examination, magnetic resonance imaging
(MRI) and spinal cerebrospinal fluid collection and analysis. A complete
neurologic examination revealed inappropriately anxious behavior,
with absent menace responses, and decreased proprioceptive position-
ing bilaterally in both pelvic limbs. The remainder of the neurologic ex-
amination was normal. The complete blood chemistry analysis was
unremarkable with only mild alanine aminotransferase elevation. No
abnormalities were observed in the analysis of the cerebrospinal fluid.
MRI revealed diffuse brain atrophy but no localized lesions. To amelio-
rate seizure activity, treatment with Phenobarbital was continued.

She did well at home initially with no seizures but was dragging her
feet more, stumbling, and had difficulty keeping her balance to urinate
and defecate. The patient was polyuric, polydipsic, with an increased
appetite — known effects of phenobarbital administration. At 27 days
after initial presentation, the dog was again brought in for evaluation
due to increased anxiety, decreased responsiveness to sound stimuli,
and severe behavioral changes including aggression, disorientation,
and ataxia. Despite blood levels of phenobarbital being within the
therapeutic range, the dog's anxiety continued to worsen and by
51 days post-presentation the dog was exhibiting progressively more
frequent and severe seizure activity that was not ameliorated by
Diazepam administration. As a result of the intractable seizures, the
dog was euthanized at this time.

The affected dog was conceived from a breeding between two litter-
mates (Fig. 1) one ofwhose parentswas anAustralian Shepherd and the
other of which was a Blue Heeler (breed also referred to as Australian
Cattle Dog). The owners of both the grandparents and parents of the af-
fected dog were unwilling to provide DNA samples from their dogs and
we were unable to locate littermates of the affected dog.

2.2. Magnetic resonance imaging

The patient's brain was imaged with a 3 T Philips magnetic reso-
nance imaging instrument (Achieva, Cleveland OH). Several sequences
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were obtained including T2- and T1-weighted images (pre- and post-
contrast administrations) in the sagittal, transverse and dorsal planes.
Additionally FLAIR (fluid attenuated inversion recovery) and gradient
echo sequences were obtained in the transverse plane. Slice thickness
was 3 mm for all sequences with no interslice interval.

2.3. Histopathology and electron microscopy

The affected dogwas euthanized at approximately 20 months of age
due to intractable seizures. The eyes were enucleated and the corneas
were removed before placing one of the globes in EM fixative (2%
glutarladehyde, 1.12% paraformaldehyde, 130 mM sodium cacodylate,
1 mM CaCl2, pH 7.4) and the other in immuno fixative (0.05% glutaral-
dehyde, 3.5% paraformaldehyde, 120 mM sodium cacodylate, 1 mM
CaCl2, pH 7.4). The brain was then removed from the skull. Slices of
the cerebral cortex parietal lobe and of cerebellum were each placed
in vials of the same fixatives. The remainder of the brain was placed in
10% phosphate-buffered formalin (Fisher Scientific SF93-4, Fair Lawn,
NJ).

After approximately 24 h at room temperature, the immuno-fixed
samples of cerebral cortex and cerebellum were transferred to 170 mM
sodiumcacodylate, pH7.4, inwhich theywere stored at 4 °C until further
processing. At the same time, the irises, lenses and vitreous bodies were
removed from the eyes, the remainders of which were then incubated
for another 24 h in the fixatives. The immuno-fixed eyecup was then
transferred to 170 mM sodium cacodylate, pH 7.4, and stored at 4 °C
until further processing. The EM-fixed tissues were incubated at room
temperature for at least 48 h and then stored in the fixative at 4 °C
until further processing. After incubation at room temperature for ap-
proximately 48 h, the formalin-fixed portion of the brain was stored at
4 °C until further processing.

Slices of the immuno-fixed cerebral cortex, cerebellum, and retina
from the posterior pole of the immuno-fixed eye were processed,
embedded and frozen for cryostat sectioning as previously described
[11]. Cryostat sections of each of these tissues were cut at a thickness
of 8 μm, mounted on Superfrost Plus slides (Fisher Scientific, Fair
Lawn, NJ) in 170 mM sodium cacodylate. The sections were examined
and photographed using fluorescence microscopy as previously de-
scribed [11].

After at least 48 h of incubation at room temperature, pieces of
the EM-fixed cerebral cortex, cerebellum, and retina from the posterior
pole of the EM-fixed eyewere post-fixed and embedded in epoxy resin.
Sections of the embedded tissue were cut on an ultramicrotome at
thicknesses of 0.5 to 0.8 μm, mounted on glass slides and stained with
toluidine blue. Areas of interest were identified by microscopic exami-
nation of these sections, and the blocks were trimmed to remove
tissue from outside the areas of interest. Sections were then obtained
from the trimmed blocks at thicknesses of 70 to 90 nm. The latter sec-
tions were mounted on 200 mesh copper thin-barred grids, stained
with uranyl acetate and lead citrate, and were then examined and
photographed using a JEOL 1400 transmission electron microscope.

Slices of the formalin-fixed cerebellum were embedded in paraffin.
For comparison, similar slices of cerebellum from two one-year-old
normal Beagles were collected, fixed in formalin, and embedded in
paraffin. Four μm-thick sections of these tissues were mounted on
positively charged glass slides, deparaffinized, and immunostained
with an antibody directed against glial fibrillary acid protein (GFAP).
For immunolabeling, the slide-mounted sections were steam treated
in a decloaking chamber (Biocare Medical, Concord, CA) at 98 °C for
30min in citrate target retrieval solution (Dako, Carpinteria, CA), cooled
at room temperature for 10min, rinsedwith distilledwater, then placed
on an IntelliPATH FLX autostainer for staining. Slides were treated with
3% H2O2 for 15 min, washed in buffer, and treated with Sniper block
(Biocare Medical) for 20 min. They were then incubated in primary
antibody (rabbit anti-GFAP, DakoCytomation, product # Nr.Z 0334) for
60 min. Control sections were treated with nonimmune rabbit IgG
(Sigma, St. Louis, MO) at a 1:1000 dilution for 60 min in place of the
primary antibody. The detection system was a rabbit anti-goat horse
radish peroxidase (HRP) kit (PK6105; Biocare Medical) with 30-min
incubations in link and label steps followed by a Tris-buffered rinse.
The sections were then incubated in romulin red (Biocare Medical) for
10 min. Slides were counterstained in hematoxylin (Biocare Medical)
at a 1:10 dilution for 5 min followed by a Tris-buffered rinse, dehy-
drated, coverslipped, and then imaged with light microscopy.

2.4. Molecular genetic analyses

A DNA sample from the affected dog was used with the Illumina
TruSeq DNA PCR-Free Sample Preparation Kit to prepare 2 paired-end
libraries: one with a fragment size of approximately 350 bp and the
other with a fragment size of approximately 550 bp. The 2 libraries
were sequenced with an Illumina HiSeq 2000 sequencer at the Univer-
sity of Missouri DNA Core Facility. Adapter sequences were trimmed
from the sequence reads with custom Perl scripts and the adapter-
trimmed reads were error corrected using MaSuRCA v1.9.5 software
[12]. NextGENe software (Soft Genetics) was used to align the error
corrected reads to the CanFam3.1 reference genome assembly and to
categorize sequence variants. Variant calls were further processed
using custom Perl scripts to remove likely false positives. The remaining
sequence variants were uploaded to a custom PostgreSQL database
which contained the variant calls for an additional 101 canid sam-
ples. These control whole genome sequences included: 43 genomes
from our group; 15 wild canid genomes provided by the University of
California, Los Angeles; 28 genomes from the Institute for Translational
Genomic Research; 10 genomes provided by investigators at North
Carolina State University; and, 5 genomes provided by investigators at
theUniversity of Pennsylvania. CustomSQL scriptswere used to identify
variants that fit an autosomal recessively inherited rare disease model
such that the case is homozygous for an allele not observed in either
heterozygous or homozygous state in any of the similarly generated
101 canid whole genome sequences in our data set. The candidate
variant list was further filtered to include only variants predicted to
alter the primary structure of gene products. A detailed description of
the data processing pipeline is in preparation and will be published
elsewhere.

An apparent CLN8:c.585GNA sequence variant (GenBank accession
NM_001012343) was verified by PCR amplification with primers 5′-
GGCAGTAAGTCTTCCTCAAAGTG-3′ and 5′-TGCTGACCAGACCGTCCCA-3′
and automated Sanger sequencing. A TaqMan allelic discrimination
assay [13] was used to genotype DNA samples from individual dogs at
CLN8:c.585GNA. For this assay, the PCR primer sequences were 5′-
GGTCCGAGTCTCTGTTTTGGAA-3′ and 5′-CGGCAGTGGAACATGTGGAT-3′
and the competing probes were 5′-VIC-TGAACCAGTGGCTGATG-MGB-3′
(reference allele) and 5′-FAM-TGAACCAGTGACTGATG-MGB-3′ (mutant
allele).

3. Results

3.1. Magnetic resonance imaging

T-2weightedMR imaging of the brain revealed ventriculomegaly, as
well as abnormally prominent cortical sulci (Fig. 2). The folia of the cer-
ebellum were also abnormally prominent. No localized brain lesions
were observed.

3.2. Histopathology and electron microscopy

A defining feature of theNCLs is the accumulation of autofluorescent
lysosomal storage material in the central nervous system as well as in
many nonneuronal tissues and organs [1,2]. Unless the causative muta-
tion is known and can be screened for, the onlyway to definitively diag-
nose NCL in a dog exhibiting signs of these disorders is to examine



Fig. 2. T2 weighted MRI in the sagittal (A), dorsal (B) and transverse (C) planes from the
affected dog. Cerebrospinal fluid (CSF) is white and brain parenchyma gray. Diffuse
brain atrophy is indicated by increased CSF surrounding the folia of the cerebellum
(A arrow), enlargement of the lateral ventricles (B & C asterisks), and widening of the
sulci of the cerebral cortex (B & C arrowheads).

Fig. 3. Fluorescence micrographs of cryostat sections of the cerebellum (A), parietal lobe of the
was abundant in all 3 tissues. In the cerebellum the Purkinje cells (PC) showed the most pron
contentwasmost abundant in the ganglion cells (GC), along the outer limitingmembrane (OLM
(A) and (B).
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neural tissues for the presence of this autfluorescentmaterial. In the dog
that was evaluated for this study, massive amounts of autofluorescent
material with the fluorescence spectral characteristics of NCL-specific
storage substance were observed in the cerebellum, cerebral cortex,
and retina (Fig. 3).

The storage bodies that accumulated in the brain and retina con-
sisted of membrane-bounded intracellular inclusion bodies (Fig. 4).
The most prominent feature of the contents of these inclusion bodies
from all cell types examined were multilamellar structures composed
of stacks of membrane-like rectilinear structures (Fig. 4). A minor
component of the storage bodies in the retinal ganglion cells had a cur-
vilinear appearance (Fig. 4C). The storage bodies along the retinal outer
limiting membrane appeared to be present primarily in the Mueller
cells.

The NCLs are characterized by astrogliosis throughout the central
nervous system as demonstrated by the presence of large numbers of
astrocytes that exhibit immunohistochemical staining for GFAP
[14–17]. GFAP immunohistochemical staining of the cerebellum from
the affected dog revealed the presence of a dramatically larger number
of GFAP-positive cells, primarily in the medulla, than were present in
the same brain areas of two normal one-year-old Beagles that were ex-
amined (Fig. 5). In those cells that did exhibit GFAP immunostaining in
the cerebellums of the normal dogs, the staining intensity was much
lower than in cells from the same region of the cerebellumof the affected
dog (Fig. 5).

3.3. CLN8 mutation identification

DNA from the NCL-affected dog was used to generate a 20-fold
average coverage whole genome sequence which contained 6.1 million
sequence variants (differences from the canine genome reference
sequence). Of these, 83 sequence variants remained after filtering to
retain only the variants that were homozygous in the target sequence,
predicted to alter the amino acid sequence of the gene product, and ab-
sent from 101 other canid whole genome sequences (Table S1). Among
cerebral cortex (B), and the retina (C). Accumulation of autofluorescent storage material
ounced accumulation of storage material. In the retina autofluorescent storage material
), and in the retinal pigment epithelium (RPE). Bar in (B) indicatesmagnification for panels

image of Fig.�2
image of Fig.�3


Fig. 4. Electron micrographs of the storage material from a cerebellar Purkinje cell (A), a cerebral cortical neuron (B), a retinal ganglion cell (C), and a cell adjacent to the retinal outer
limiting membrane (D).
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these 83 sequence variants, a CLN8:c.585GNA transition that predicts a
CLN8:p.Trp195* nonsensemutation (Fig. 6A) was consideredmost like-
ly to be causal because it was the only variant in a canine ortholog of a
gene associated with human NCL and because it is predicted to encode
a truncated protein missing the 93 C-terminal amino acids. The CLN8:
c.585GNA transition was verified by automated Sanger sequencing
(Fig. 6B).

Since the affected dog was a member of the F2 generation from
an Australian Shepherd crossed with a Blue Heeler, we genotyped ar-
chived DNA samples from each breed to identify the most likely source
of the CLN8 nonsense mutation. All of our 133 DNA samples from Blue
Heelers tested homozygous for the reference CLN8:c.585G allele. Of
our 1488 Australian Shepherd samples, 1481 tested homozygous for
the CLN8:c.585G allele, 4 were heterozygous, and 3 tested homozygous
for the mutant CLN8:c.585A allele. One of the CLN8:c.585A homozygous
DNA samples came from an Australian Shepherd with a history of sei-
zures. No postmortem histopathological data are available from that
dog. The other two DNA samples had been extracted from paraffin em-
bedded formalin-fixed brain from NCL-affected littermates character-
ized in an earlier study [18].

4. Discussion

We investigated amixed-breed dogwith a progressive neurodegen-
erative disease and a medical history that included blindness, seizures,
cognitive decline, behavioral changes, ataxia, and brain atrophy similar
to the disease signs seen in human and in other canine NCLs [1,2]. In
addition to these signs, the presence of autofluorescent cytoplasmic
inclusions in unstained sections of the dog's brain and retina and
astrogliosis in the cerebellum supported a diagnosis of NCL [4,5,7,9,10,
19,20]. Storagematerialwith similarfluorescence properties (lipofuscin)
accumulates in many postmitotic cells during normal aging, but the
amount of this material in the brain and retina of the young affected
dog was dramatically higher than would have accumulated as a result
of aging alone. In the retina, lipofuscin normally accumulates only in
the RPE; the presence of autofluorescent material in the ganglion and
Mueller cells and elsewhere in the neural retina is diagnostic of NCL
[5,9,19,21]. In addition, themulitlamellar rectilinear ultrastructural fea-
tures of the storage material in the affected dog brain are similar to
those of the storage materials that accumulate in the cells of human
subjects with some late infantile forms of NCL [22–25] and does not
contain lipid-like components that are typical of lipofuscin [26]. The la-
mellar appearance of material within the storage bodies is suggestive of
membrane fragments which may not be properly degraded in this
disease.

Because the canineNCLs are rare recessive diseases, we searched the
whole genome sequence from the affected dog for homozygous se-
quence variants that were predicted to alter the amino acid sequences
of the gene products but absent from the whole genome sequences of
101 control canids. Among the 83 sequence variants that met these
criteria, the only one that involved an ortholog of a gene associated
with human NCL was CLN8:c.585GNA, which predicts a nonsense muta-
tion, p.Trp195*. The function of CLN8, the protein encoded by CLN8, has
not been clearly identified, although there is some evidence that CLN8
may be involved in ceramide biosynthesis [27] and vesicular and
membrane trafficking [28]. CLN8 appears to be an intrinsic membrane
protein localized primarily to the endoplasmic reticulum (ER) and ER-
Golgi intermediate compartment [29]. It belongs to a family that in-
cludes 15 other mammalian proteins encoded by CLN8 paralogs, each
containing a TRAM-LAG-CLN8 (TLC) domain comprised of 5 putative
transmembrane helices [30,31]. The CLN8:c.585GNA transition predicts
a CLN8:p.Trp195* nonsense mutation and a truncated protein product

image of Fig.�4


Fig. 5.GFAP immunostained sections of the cerebellarwhitematter (medulla) from a one-
year-old normal Beagle (A) and from the dog with NCL (B). The density of GFAP-positive
cells and the amount GFAP staining per cell was much higher in the affected dog than in
the dog that did not suffer from NCL.
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missing the 93 C-terminal amino acids. Truncated CLN8 is unlikely to be
functional because it lacks 2 of the 5 predicted transmembrane helicies
of the TLC domain. A potentially functional C-terminal endoplasmic
retriculum retrieval signal [29] is also predicted to be missing from
the truncated CLN8. Even missense mutations both within and out-
side of the TLC domain of CLN8 result in late infantile onset NCL in peo-
ple [32], so it is unlikely that the nonsense mutation observed in the
Fig. 6. (A) Sequence reads from themixed-breed dog whole-genome sequence aligned to a seg
tomated Sanger sequence confirms the GNA transition in CLN8 in DNA from the mixed-breed d
affected dog would be benign and very likely that it is themolecular ge-
netic cause of the dog's NCL.

Our assertion that the homozygous CLN8:c.585A allele is a cause of
canine NCL was further supported when we genotyped more than
1600 archived Australian Shepherd and Blue Heeler DNA samples at
CLN8:c.585. Only 3 of these samples were from c.585A homozygous
dogs. Little is known about the clinical history of one of these dogs
except that it had recurrent seizures (a prominent clinical sign of the
mixed breed dog). The other two CLN8:c.585A homozygous samples
were extracted from formalin-fixed brains that were collected from
Australian Shepherd littermates with well-documented NCL of un-
known etiology [18]. The clinical histories and neuropathologic lesions
of the Australian Shepherd littermates were almost identical to those
of the mixed-breed dog reported here. Thus, 3 of the 4 dogs known to
be homozygous for the rare CLN8 nonsense mutation also shared a
rare clinical condition (and the fourth dog had a scant clinical history
suggestive of this condition). We conclude that the CLN8 nonsense mu-
tation is almost certainly the cause of the neurological disorder in these
dogs.

Many different CLN8 mutations have been identified in human
NCL patients (http://www.ucl.ac.uk/ncl/CLN8mutationtable.htm) [32,
33]. These patients have shown either of two distinct disease pheno-
types. A large cohort of Finnish patients with a CLN8:c.70CNG missense
mutation exhibited an atypical juvenile-onset NCL sometimes called
Northern epilepsy [34]. In these patients, the first seizures occur at 5
to 10 years of age [34,35]. A progressive psychomotor deterioration
becomes apparent a few years later; however, disease progression
is markedly slower in Northern epilepsy patients compared to patients
with the other forms of childhood-onset NCL. Northern epilepsy
patients have a near normal life expectancy and retain their eyesight
[34,35]. More than 10 different CLN8 mutations have been found in
the other disease phenotype, often referred to as late infantile CLN8 dis-
ease, or variant late infantile NCL (vLINCL) (http://www.ucl.ac.uk/ncl/
CLN8mutationtable.htm) [32,33]. In these patients, seizures may begin
as early as 3 years of age. There is rapid psychomotor deterioration
and visual impairment or loss [32,36,37]. The NCL of the CLN8:c.585A
homozygous dogs more closely resembles the vLINCL disease pheno-
type in that there is visual loss, rapid disease progression and amarked-
ly decreased life expectancy.

In our survey of CLN8:c.585GNA genotypes in archived DNA, all of the
samples from Blue Heelers were homozygous for the reference CLN8:
c.585G allele, whereas 4 of the Australian Shepherd samples were
c.585A/G heterozygotes and 3 were homozygous for the mutant CLN8:
c.585A allele. This distribution of genotypes could have occurred be-
cause 92% of the samples in the surveywere fromAustralian Shepherds.
While we cannot be certain about the source of the c.585A alleles in the
ment of canine chromosome 37 showing the homozygous GNA transition in CLN8. (B) Au-
og with NCL.

http://www.ucl.ac.uk/ncl/CLN8mutationtable.htm
http://www.ucl.ac.uk/ncl/CLN8mutationtable.htm
http://www.ucl.ac.uk/ncl/CLN8mutationtable.htm
image of Fig.�5
image of Fig.�6
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mixed breed dog, we know that this allele has occurred in purebred
Australian Shepherds. The samples from the 7 Australian Shepherds
harboring 1 or 2 c.585A alleles were acquired over a span of 10 years
and the 2 homozygous siblings had the only known family relationship
among these 7 dogs. Thus, the c.585A allele appears to be rare, butwide-
spread among Australian Shepherds. Previously, English Setters were
found to develop NCL as a result of a CLN8:c.491CNT transition that
predicts a CLN8:p.Leu164Pro amino acid substitution [7]. Dogs with
this mutation were maintained for many years in research colonies
[38–40]; however, it is doubtful that any descendants of the English
Setters with the CLN8:c.491CNT mutation still survive. The existence of
dogs with the CLN8:c.585GNA mutation may provide an opportunity to
establish a new canine NCL model to investigate the functions of CLN8
and evaluate therapies that could prove helpful to human vLINCL pa-
tients with CLN8 mutations.

In conclusion, we have identified a CLN8 nonsense mutation that is
most likely the cause of NCL in a mixed breed dog and also the cause
of previously described NCL in unrelated Australian Shepherds. This
missense mutation was found by prioritizing the sequence variants in
the whole genome sequence of a single affected dog. Similar whole ge-
nome sequencing strategies have been used to identify CUBNmutations
in Border Collies and Beagles with Imerslund-Gräsbeck syndrome, a
COL11A2mutation in Labrador Retrievers with disproportionate dwarf-
ism, a SUV39H2 mutation in Labrador Retrievers with hereditary nasal
parakeratosis, and a KCNJ10 mutation in Jack Russell Terriers with
spinocerebellar ataxia and myokymia [41–45]. As the costs for generat-
ing whole genome sequences decrease and software for data analysis
improves,we expectwhole genome sequencing to becomemorewidely
used for identifying themutations responsible for many other heritable
diseases in domestic animals.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.ymgme.2014.05.014.
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