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Canine RNF170 Single Base Deletion in a Naturally Occurring Model for Human
Neuroaxonal Dystrophy

Neuroaxonal dystrophy (NAD) is a group of inherited neurodegenerative disorders
characterized primarily by the presence of spheroids (swollen axons) throughout the
central nervous system. In humans, NAD is heterogeneous, both clinically and
genetically. NAD has also been reported to naturally occur in large animal models, such
as dogs. This study describes a newly recognized disorder in Miniature American
Shepherd dogs (MAS), consisting of slowly progressive neurodegenerative signs, that
was diagnosed as NAD via histopathology. Affected dogs were typically young adults and
displayed an abnormal gait characterized by pelvic limb weakness and ataxia. A genome-
wide association study and autozygosity mapping approach, followed by whole-genome
sequencing, identified a 1-base-pair deletion in RNF170 as the underlying genetic cause.
This deletion is predicted to create a frameshift (XM_038559916.1:¢c.367delG) and early
truncation of the RNF170 protein (XP_038415844.1:(p.Alal23GInfs*11)) and perfectly
segregates in an autosomal recessive pattern. RNF170 variants were previously
identified in human patients with autosomal recessive spastic paraplegia-85; this clinical
phenotype shows similarities to the dogs described herein. We therefore propose that this
novel MAS NAD could serve as an excellent large animal model for equivalent human
diseases, particularly since affected dogs demonstrate a relatively long lifespan, which
represents an opportunity for therapeutic trials.

animal model, hereditary spastic paraplegia, hereditary sensory ataxia 1, Miniature
American Shepherd, spheroids
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Kanine RNF170 Einzelbasen-Deletion in einem natirlichen Modell fir humane
Neuroaxonale Dystrophie

Neuroaxonale Dystrophie (NAD) ist eine Gruppe erblicher neurodegenerativer
Erkrankungen, die vor allem durch das Vorhandensein von Spharoiden (geschwollene
Axone) im zentralen Nervensystem gekennzeichnet ist. Beim Menschen ist NAD klinisch
und genetisch heterogen. NAD wurde auch in Tiermodellen wie Hunden beobachtet.
Diese Studie beschreibt eine neu erkannte Erkrankung in Miniature American Shepherds
(MAS), die durch langsam fortschreitende neurodegenerative Anzeichen charakterisiert
ist und histopathologisch als NAD diagnostiziert wurde. Betroffene Hunde waren meist
junge Erwachsene und zeigten einen auffélligen Gang mit Schwache und Ataxie der
Hinterbeine. Eine genomweite Assoziationsstudie und Autozygotiekartierung, gefolgt von
einer Sequenzierung des gesamten Genoms, identifizierte eine 1-Basenpaar-Deletion im
RNF170-Gen als die genetische Ursache. Diese Deletion fuhrt voraussichtlich zu einer
Leserahmenverschiebung (XM_038559916.1:¢.367delG) und vorzeitigen Verklirzung des
RNF170-Proteins (XP_038415844.1:(p.Ala123GInfs*11)) und folgt einem autosomal-
rezessiven Erbgang. RNF170-Varianten wurden bereits bei Menschen mit autosomal-
rezessiver spastischer Paraplegie-85 identifiziert, deren klinisches Bild den hier
beschriebenen Hunden ahnelt. Daraus folgend stellt diese neuartige NAD bei MAS,
insbesondere durch die lange Lebensspanne betroffener Hunde, ein exzellentes
Tiermodell fiir vergleichbare menschliche Erkrankungen und die Moglichkeit fur
therapeutische Studien dar.

Tiermodell, hereditare spastische Paraplegie, hereditdre sensorische Ataxie 1, Miniature
American Shepherd, Sphéaroide
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ABSTRACT: Background: Neuroaxonal dystrophy
(NAD) is a group of inherited neurodegenerative disorders
characterized primarily by the presence of spheroids (swol-
len axons) throughout the central nervous system. In
humans, NAD is heterogeneous, both clinically and geneti-
cally. NAD has also been described to naturally occur in
large animal models, such as dogs. A newly recognized
disorder in Miniature American Shepherd dogs (MAS), con-
sisting of a slowly progressive neurodegenerative syn-
drome, was diagnosed as NAD via histopathology.
Objectives: To describe the clinical and pathological
phenotype together with the identification of the underly-
ing genetic cause.

Methods: Clinical and postmortem evaluations, together
with a genome-wide association study and autozygosity
mapping approach, followed by whole-genome
sequencing.

This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits
use and distribution in any medium, provided the original work is prop-
erly cited, the use is non-commercial and no modifications or adapta-
tions are made.
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Results: Affected dogs were typically young adults and
displayed an abnormal gait characterized by pelvic limb
weakness and ataxia. The underlying genetic cause was
identified as a 1-bp (base pair) deletion in RNF170
encoding ring finger protein 170, which perfectly segre-
gates in an autosomal recessive pattern. This deletion is
predicted to create a frameshift (XM_038559916.1:
¢.367delG) and early truncation of the RNF170 protein
(XP_038415844.1:(p.Ala123GInfs*11)). The age of this
canine RNF170 variant was estimated at ~30 years,
before the reproductive isolation of the MAS breed.

Conclusions: RNF170 variants were previously identified
in human patients with autosomal recessive spastic
paraplegia-85 (SPG85); this clinical phenotype shows
similarities to the dogs described herein. We therefore
propose that this novel MAS NAD could serve as an
excellent large animal model for equivalent human
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diseases, particularly since affected dogs demonstrate a
relatively long lifespan, which represents an opportunity
for therapeutic trials. © 2024 The Author(s). Movement
Disorders published by Wiley Periodicals LLC on behalf
of International Parkinson and Movement Disorder
Society.

Key Words: animal model; hereditary spastic paraple-
gia; hereditary sensory ataxia 1; Miniature American
Shepherd; spheroids

Neuroaxonal dystrophy (NAD) is a group of rare,
inherited neurodegenerative diseases characterized by
the presence of swollen axons (spheroids) throu-
ghout the central, and rarely peripheral, nervous
system.'"NAD has been described in humans® and
spontaneously in domestic mammalian species, includ-
ing dogs,> cats,* horses,’ cattle,’ and mice.” While all
types of NAD share the histopathological hallmark
of axonal spheroids and neuronal degeneration, there
is a great clinical and genetic heterogeneity within
species.®’

In humans, multiple types of NAD are differentiated
based on the clinical and morphological findings and
underlying genetic defects. Some types of NAD are asso-
ciated with increased iron accumulation in the basal
ganglia (globus pallidus and substantia nigra) and are
also classified as neurodegeneration with brain iron
accumulation (NBIA)."” The most common types of
human NAD that also fall under the NBIA classification
include pantothenate kinase-associated neurodegene-
ration (PKAN or NBIA1; OMIM 234200), caused by
variants in the PANK2 gene; early-onset infantile
neuroaxonal dystrophy (INAD; OMIM 256600)
or PLAN/NBI2A, caused by variants in PLA2G6;
mitochondrial kinase-associated neurodegeneration
(MPAN or NCBIA4; OMIM 614298), due to variants
in C190rf12; and B-propeller protein-associated neu-
rodegeneration (BPAN or NBIAS; OMIM 300894)
with variants in WDR45."°

Canine NAD has previously been reported in
both mixed breed and purebred dogs.®''™'* To date,
four breed-specific forms have the underlying genetic
cause identified. NAD in Papillons, which has a very
early age-of-onset, is caused by a missense variant in
PLA2G6. The homolog of this gene has been associ-
ated with human infantile neuroaxonal dystrophy and
the affected Papillons were proposed as a valuable ani-
mal model for human NAD, especially since these
patients demonstrate clinical signs within the first
4 months of life.'® The other known causal variants
for canine NAD comprise variants in tectonin beta-
propeller repeat-containing 2 (TECPR2) in Spanish
Water dogs,® vacuolar protein sorting 11 (VPS11) in
Rottweilers,'! and mitofusin 2 (MFN2) in a colony of
Schnauzer-Beagle crosses.'® The existence of NAD in
various dog breeds presents a unique opportunity to
uncover novel genes linked to the disease, which could

have implications not just for dogs, but also as poten-
tial candidates for understanding unexplained human
cases.

Here, we report on Miniature American Shepherds
(MAS) with a slowly progressive neurodegenerative dis-
order affecting the gait in young adult dogs primarily
characterized by pelvic limb weakness and ataxia. His-
topathologically, the syndrome is characterized by the
presence of axonal spheroids and tissue changes indica-
tive of neuronal degeneration and secondary gliosis.
The aim of this study was to describe the clinical and
pathological phenotype together with the identification
of the underlying genetic cause. Ultimately, a 1-bp (base
pair) deletion in RNF170 was identified, with homozy-
gous mutant dogs demonstrating clinical and pathologi-
cal phenotypes strikingly similar to autosomal recessive
spastic paraplegia-85 (SPG8S5) in RNF170-deficient
human patients.

Methods

Ethics Statement

All examinations and animal experiments were
carried out after obtaining informed written consent
for participation by the owner and in accordance
with local laws, regulations, and ethical guidelines.
Sample collection was ethically approved by Purdue
University’s Institutional Animal Care and Use
Committee (IACUC) (#1901001840) and the Can-
tonal Committee for Animal Experiments (Canton of
Bern; permit BE 71/19). All dogs in this study were pri-
vately owned pet dogs.

Animal Selection, and Definition of Breed
and Phenotype

This study was performed with DNA samples from a
total of 937 dogs (485 MAS, 321 Australian Shepherds,
127 MAS, and 4 Toy Australian Shepherds; Table S1)
originating either from the College of Veterinary
Medicine, Purdue University (n = 151) or the Vetsuisse
Biobank at the University of Bern (n = 786).

Each dog was assigned to one of three phenotypic
categories. The neurological phenotypes were classified
by a board-certified neurologist based on neurological
examination, clinical reports, or videos of the dogs sub-
mitted by the owners. Twenty-five dogs were classified
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as “neurological, clinical signs compatible with NAD”
by the presence of hind limb weaknesses with or with-
out ataxia, abnormal gait, scuffing of paws/dragging
of digits, and kyphosis. All affected dogs exhibited a
pacing/ambling gait (atypical ipsilateral movement of
limbs) when gait could be adequately visualized. Six neu-
rological dogs with signs that differed from the above
mentioned were classified as “neurological, other.” The
remaining 906 dogs were used as controls. More
detailed information on the 937 dogs is compiled in

Table S1.

MODEL

Clinical Examinations

A proportion of affected dogs were evaluated
clinically by board-certified veterinary neurologists
(n =10 of 23 cases that ultimately were homozygous
delldel at the discovered deletion variant, RNF170:
XM_038559916.1:¢c.367delG; Table S1), with a
complete neurological evaluation performed. The
remaining 13 cases were variably under the care
of general practice veterinarians. Following a call
for screening of NAD in the breed, additional
affected dogs were submitted to the study but not
evaluated in person by a veterinary clinician. In this
scenario, owners typically submitted videos of the
dogs’ gait, and these videos were reviewed by a
board-certified neurologist (n = 9 of 23 delldel cases;
Table S1). The remaining four del/del cases were
submitted with clinical descriptions only provided by
the owners.

Pathological Examinations

Necropsy reports were available for two neurologi-
cally affected MAS dogs (Case #3/Dog #79 and Case
#4/Dog #139, Table S1), which were euthanized at the
owner’s discretion under the care of their general prac-
titioner veterinarian, due to severely diminished quality
of life.

A complete necropsy with harvesting and evaluation
of all the major organs, the brain, and the spinal cord
was performed on both cases. The tissues were
fixed for 48-72 hours in 10% neutral buffered formalin
and routinely trimmed and processed. Paraffin-
embedded tissues were sectioned at 4-5 microns and
stained with hematoxylin and eosin.

Additional sections of the central nervous system were
mounted on charged slides (ProbeOn™ Thermo Fisher
Scientific) and were used for immunohistochemistry
staining for glial cells, including glial fibrillary acidic
protein (GFAP) for astrocytes, and ionized calcium-
binding adapter molecule 1 (Ibal) for microglia/
macrophages (see Supplemental Methods in Data S1).
Normal canine brain and spinal cord sections from
a young, unaffected, mixed-breed dog were used as
positive controls.

OF

RNF170 NEUROAXONAL DYSTROPHY

DNA Extraction and Exclusion of PNPLAS8

Genomic DNA was isolated from the EDTA blood
samples or buccal swabs.

Due to the close relatedness of MAS to Australian
Shepherds and the overlap of clinical signs in
affected dogs, the previously-published PNPLA8:XM_
005630935.2:¢.1169_1170dup variant, discovered in
Australian Shepherds with hereditary ataxia, OMIA
variant ID1470'? was first tested and excluded in a sub-
set (n = 16) of the MAS dogs.

SNV Genotyping

Genomic DNA from a total of 54 dogs was gen-
otyped on the Illumina CanineHD BeadChips con-
taining 220,853 markers (Neogen, Lincoln, NE, USA)
(as designated in Table S1). All SNV positions reported
herein correspond to the UU_Cfam_GSD_1.0/CanFam4
assembly.

GWAS

GWAS was performed with 54 samples (24 cases
and 30 controls). Quality control of the SNV geno-
type data was performed using PLINK v.1.9.2° After
pruning, 54 dogs and 156,213 markers remained in
the analysis and were used for the GWAS using the
linear mixed model implemented in the GEMMA
software (v0.94.1). Bonferroni correction was used
to estimate the genome-wide significance threshold
at P =0.05/156,213 = 3.2 x 10~ 7. Manhattan- and
QQ-plots were created using the qgman package
in R.*"?? The raw SNV genotype data are available
in Supplementary File S1.

Autozygosity Mapping

The genotype data of 22 dogs that were homozygous
for the disease-associated allele at the best associated
marker were used for autozygosity mapping. Addition-
ally, a tped file with all markers from chromosome
16 was created. Visual inspection of this file in an Excel
spreadsheet was performed to exactly determine the
shared homozygous haplotype in the 22 cases.

Whole-Genome Sequencing, Variant Filtering,
and Copy Number Variant Analysis

A polymerase chain reaction (PCR)-free genomic
DNA library was prepared from Case #9/Dog #161
and whole-genome sequencing at 24.8x coverage was
performed on an Illumina Novaseq 6000 instrument
(llumina, Zurich, Switzerland). Reads were mapped to
the UU_Cfam_GSD_1.0 reference genome assembly
and variant calling was performed as described in
Jagannathan et al. (2019).>* SnpEff software (Cingolani
et al., 2012)** together with National Center for Bio-
technology Information (NCBI) annotation release

Movement Disorders, 2024 3
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106 for the UU_Cfam_GSD_1.0 genome reference
assembly was used to predict the functional effects of
the called variants. The sequencing data of this single
affected dog was compared against 960 control
genomes of different breeds to filter for private variants
(Table S2). Copy number variants within the mapped
region were analyzed using Delly2* software. The out-
put was filtered, keeping variants marked “PASS,” and
compared against the control genomes.

PCR and Sanger Sequencing

The candidate variant RNF170:XM_038559916.1:
¢.367delG was genotyped by direct Sanger sequencing
of PCR amplicons. The resulting Sanger sequences
were analyzed using the Sequencher 5.1 software

(GeneCodes, Ann Arbor, MI, USA).

Post-hoc Linkage Mapping

Affected dogs from both Europe and North America
were connected via one large pedigree (Fig. S1). A
post-hoc logarithm of the odds (LOD) score was calcu-
lated in LAMP software.”® The recessive genetic model
option was used, and disease prevalence was set at 2%.

Estimation of Age of Mutation

Runs of homozygosity encompassing the identified
variant in RNF170 were identified and linkage map
positions across the region were approximated.”” The
distance from the presumed causal variant and decay of
homozygosity in either direction was calculated. The
variant was dated using a previously described method-
ology®® specifically designed for SNV array data from
small datasets.

Consent to Participate

All dog owners provided written consent when
donating samples from their dog(s).

Consent for Publication

Weritten consent for publication was obtained and is
on record from the owner of the dog shown in the
Supplemental Video.

Results

Clinical Phenotype

Clinical history of the first proband entailed a 2-year-
old female intact MAS with slowly progressive hind
limb weakness and incoordination (Case #9/Dog #161,
Table S1). Initial signs of weakness were reported to
have occurred at around 2 years of age. Poor perfor-
mance during dog agility events also developed
over time. Neurological evaluation identified normal
mentation and cranial nerve responses. Behavior was

abnormal with excessive anxiety and fear of strangers.
Ambulatory paraparesis with hindlimb ataxia was
evident. Segmental spinal reflexes were normal. Mild
hypermetria (with hyperextension) in the thoracic limbs
was also observed. There was no evidence of pain.
The integrity of the sensory innervation was difficult to
ascertain in light of the dog’s fearful behavior. The neu-
roanatomical localization was to the T3-L3 spinal cord
segments. A multifocal neuroanatomical localization
including the T3-L3 spinal cord segments, C1-CS5 spinal
cord segments (thoracic limbs hypermetria), and fore-
brain (excessive anxiety) were not excluded. Magnetic
resonance imaging (MRI) of the brain, spinal cord and
cerebrospinal fluid (CSF) analysis only identified a mild
coning of the cerebellum in the foramen magnum.

This dog’s sibling also demonstrated ambulatory par-
aparesis with hindlimb ataxia and was evaluated by the
same neurologist (Case #11/Dog #183, Table S1). For
this dog, neither anxiety nor thoracic limb hypermetria
was evident. Neuroanatomical localization was to the
T3-L3 spinal cord segments. The clinical presentation
started at a similar age as in the previously examined
sibling and was similarly progressive. No MRI was per-
formed on the second dog.

Review of the videos (see Video S1 for an example)
of other affected dogs demonstrated that a majority
had varying degrees of hind limb weakness and ataxia,
together with scuffing of the nails/dragging of digits.
Kyphosis and a pacing/ambling gait were commonly
reported. A cerebellar gait was also noted in several
dogs. A few dogs had a reported change in behavior.
Seizures were only reported in one dog, albeit no video
footage of the event was available.

Overall, in the present cohort of MAS dogs from a
wide international genetic pool, the onset of clinical
signs was typically around the second year of life,
although this varied somewhat between dogs; this vari-
ability, to an extent, depended on the astuteness of the
owner’s observations. Slowly progressive T3-L3 mye-
lopathy signs were observed as the most common clini-
cal presentation, with possible cervical, cerebellar, or
forebrain signs also developing. Neither pain nor ves-
tibular signs were reported in affected dogs. Gait
abnormalities were always more obvious during the
walk compared to faster gaits.

Histopathological Phenotype

In both necropsied cases (Case #3/Dog #79 and Case
#4/Dog #139, Table S1) the evaluation of the brain and
spinal cord showed widespread and bilateral neu-
roaxonal degeneration throughout the gray and white
matter with the lateral cuneate nuclei in the brainstem
being most severely affected (Fig. 1A). The neuroaxonal
degeneration consisted of variable numbers of large,
swollen, and hypereosinophilic axons (spheroids),
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FIG. 1. Central nervous system pathology of affected dogs. Widespread neuroaxonal degeneration and gliosis are observed. (A) Brainstem, at the level
of the lateral cuneate nucleus. The neuroparenchyma demonstrates high numbers of degenerated axons and spheroids along with increased glial cells
and dead neurons (inset). Hematoxylin and eosin. (B) and (C) Immunohistochemistry for IBA-1 (B) confirms the marked increase in density of microglial
cells in the affected regions with formation of Iba-1-positive cell aggregates (B, inset). Immunohistochemistry for glial fibrillary acidic protein (GFAP)
(C) only shows a modest increase in astrocytes. Controls (D-F) obtained from a young, unaffected, intact male mixed-breed dog. 4x scale bar:
150 pm; insets: 40x, scale bar: 60 pm. [Color figure can be viewed at wileyonlinelibrary.com]

dilated myelin sheaths, degenerated or dead neurons,
and mixed gliosis (Fig. 1A, inset). The gliosis was fur-
ther highlighted by GFAP and Ibal immunohistochem-
istry stains (Fig. 1B,C), which showed increased density
of glial cells in the affected regions and occasional for-
mation of glial cell aggregates. No other significant
changes were seen in any of the organs evaluated.

Genetic Investigation

As the clinical and pathological examinations were
highly suggestive of an inherited disease, we compiled
pedigree information on the available cases, ultimately
generating a pedigree spanning both European and
North American cases (Fig. S1). The pedigree was com-
patible with a monogenic autosomal recessive mode of
inheritance. For the identification of the causal genetic
variant, we initially performed a GWAS with 24 dogs
classified as “neurological, clinical signs compatible
with NAD” and 30 unaffected controls. This analysis
yielded a clear association signal on chromosome
16 exceeding the Bonferroni significance threshold
(P =3.25 x 1078 Fig. 2A). Autozygosity mapping rev-
ealed that 22 of the GWAS-cases shared an identical

~2.69 Mb homozygous haplotype. The first heterozy-
gous markers on either side of the homozygous region
defined an exact critical interval for the NAD variant,
Chr16:21,289,584-23,975,245 (all positions reported
in UU_Cfam_GSD_1.0/CanFam4) (Fig. 2B, Table S3).

We sequenced the genome of one case (Case #9/Dog
#161, Table S1) and compared the data to 960 control
genomes (Table 1, Tables S2 and S4). Variant filtering
revealed only two private homozygous variants in the
critical interval. One was a deep intronic SNV in
SH2D4A that was not further investigated, as it was not
predicted to have any deleterious effects (Table S4). The
remaining variant was a 1-bp coding deletion in the
RNF170 (ring finger protein 170) gene and can be desig-
nated as Chr16:23,653,872delG (UU_Cfam_GSD_1.0
assembly), located in the critical interval (Fig. 2C,
Table S4). This variant, XM_038559916.1:c.367delG, is
predicted to lead to a frameshift and truncation of 48% of
the wild-type open reading frame, XP_038415844.1:
(p-Ala123Glnfs*11) (Fig. S2). The Chr16:23,653,872delG
variant is also absent from the most recently published
Dogl0K dataset comprising 2075 genetically diverse
canids.”” Copy number variants within the mapped region
were excluded via Delly2.>
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FIG. 2. Mapping of the Miniature Australian Shepherd dog (MAS) neuroaxonal dystrophy (NAD) locus. (A) Manhattan plot of a genome-wide association
study (GWAS) using 24 neurological dogs and 30 controls showed a clear association signal on chromosome 16 with the best associated marker at
21,740,477 bp (base pairs). The inset shows the QQ-plot. (B) Autozygosity mapping in 22 NAD cases. Each horizontal line indicates the genotypes on
chromosome 16 for one dog. Identical homozygous haplotypes are indicated in red. The shared segment defines the critical interval. (C) National
Center for Biotechnology Information (NCBI) annotation release 106 lists 20 genes in the critical interval. Additionally annotated LOCs are not shown.
The RNF170 gene is highlighted in red. [Color figure can be viewed at wileyonlinelibrary.com]

We next genotyped a large cohort of 937 dogs,
including the original GWAS cases, for the RNF170
single base deletion. This revealed 27 dogs as homozy-
gous for the deletion, 98 heterozygous carriers, and
813 dogs homozygous for the wild-type allele. Some
23 of the 27 homozygous mutant dogs showed clinical
signs compatible with NAD (~85%). The remaining
four dogs did not show any signs of NAD. However,
these four discordant dogs were relatively young (6, 19,
27, and 43 months of age, respectively). The cohort
also comprised six dogs with neurological signs differ-
ing from the NAD phenotype. These dogs were either

TABLE 1 Results of variant filtering in a neuroaxonal dystrophy
(NAD)-affected Miniature Australian Shepherd (MAS) dog against 960
control genomes

Homozygous
Filtering step variants
All variants in the affected MAS dog 2,428,434
Private variants in whole genome 434
Protein-changing private variants in whole 2
genome
Private variants in the critical interval 2
Protein-changing private variants in the 1
critical interval
Located in functional candidate genes for 1

similar phenotypes in other species

homozygous (n = 35) or heterozygous (n = 1) for the
wild-type allele. Two additional neurological dogs
whose clinical signs were indistinguishable from the
other NAD cases also did not carry the mutant
RNF170 allele (Table 2).

Post-hoc linkage mapping calculated a LOD score of
9.70 for the identified RNF170 deletion in an extended
pedigree (Fig. S1), demonstrating significant linkage
between the genotype and NAD phenotype.

Estimation of the age of the mutation indicated that
the variant arose approximately 13.7 generations ago
(95% CI 2.9-25.1), under a “correlated genealogy”
model (a model allowing for more than one common/
shared ancestor, which is nearly always the case in

TABLE 2 Association of the genotypes at RNF170:c.367delG variant
with phenotype in 937 dogs

Phenotype group G/G G/del del/del

Neurological, clinical signs 2 - 23
compatible with neuroaxonal
dystrophy (n = 25)

Neurological, other (n = 6) 5

Controls, Miniature/Toy 485 97 4
American/Australian Shepherd
dogs (n = 586)

Controls, Australian Shepherd dogs 320 = =
(n = 320)

*These four dogs were all younger than 43 months at the time of writing.
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[ CANINE
purebred dogs). Given a generation interval of 2 years,
the mutation event is predicted to have occurred
~27.4 years ago.

MODEL

Discussion

In a highly unique situation, three different
research laboratories (Purdue University, University
of Bern, and University of Pennsylvania) all inde-
pendently identified the RNF170 variant in NAD-
affected dogs using slightly different approaches.
After realizing that all three groups worked on the
same disease and a related set of dogs, we combined
the data to produce the present comprehensive report
characterizing neuroaxonal dystrophy in the MAS, a
new autosomal recessively inherited canine neuro-
logic disease.

Histopathological examination of affected dogs dem-
onstrated abundant large, irregularly-shaped spheroids,
particularly in the brainstem, which is consistent with
neuroaxonal dystrophies.>® Although these spheroids
can be found throughout the brain, they are usually
found in the gray matter of brainstem nuclei and spinal
cord (dorsal column nuclei), which is considered the
characteristic distribution for NAD.®3*° The neuro-
histopathological diagnosis of NAD corroborates the
genetic findings in these dogs.

A hypothesis-free genetic analysis identified a deletion
predicted to cause a frameshift in the RNF170 gene as
the most likely causal variant. RNF170 encodes an E3
ubiquitin ligase located in the endoplasmic reticulum
membrane (ER) that mediates ubiquitination-dependent
degradation of inositol 1,4,5-triphosphate receptors
(IP3Rs) via the ER-associated protein degradation
(ERAD) pathway.’'** Activation of IP3Rs leads to
Ca’" efflux from the ER into the cytoplasm. After acti-
vation, RNF170 is recruited by the ERLIN1/ERLIN2
complex and enables the proteasomal degradation
of IP3 receptors, thus having an impact on Ca*"
homeostasis.>*>>  Dysregulation of Ca*" homeo-
stasis and signaling have been implicated in various
neurodegenerative diseases such as Alzheimer’s and
Huntington’s disease.”*>° Variants in key genes
encoding components of the ERAD pathway, such as in
ERLIN1, ERLIN2, or RNF170, have been reported to
cause hereditary spastic paraplegia (HSP) in humans
(MIM #615681, MIM #611225, MIM #619686).%°7?
Human RNF170 variants are further associated with
autosomal dominant sensory ataxia-1 (SNAX1) (MIM
#608984).0-!

HSP comprises a genetically and clinically hete-
rogenous group of rare, neurodegenerative, motor
neuron disorders.*> More than 80 genes have been
associated with HSP,** and the clinical and genetic
heterogeneity can make the diagnosis challenging.**

OF

RNF170 NEUROAXONAL DYSTROPHY
To date, seven different variants in RNF170 were
identified in human patients with early to adolescent-
onset HSP.?”**=*¢ Even among patients with known
RNF170 variants underlying their HSP, the clinical
picture can vary.>’

SNAX1 in humans is caused by a heterozygous
RNF170 variant (R199C), and affected individuals
experience adult-onset, slowly-progressive gait ataxia
and clumsiness, together with distal sensory loss.***”
Interestingly, however, the SNAX1 RNF170:p.R199C
variant does not affect the ubiquitination of activated
IP3R.*® Given this, and the fact that heterozygous car-
riers of nonsense variants in RNF170 have been shown
to be unaffected,’”***” it has been hypothesized that
the age-dependent gait problems of human SNAX1
patients might be due to toxic gain-of-function of
mutant RNF170 proteins, independent from endoge-
nous RNF170 function.*”

A murine model (Rnf170~") also demonstrated later
onset (~12 months) and progression of clinical signs
over time.*” In mice, the Rnf170~~ gait abnormality
was suggested to be specifically associated with inter-
limb coupling and step sequence mechanisms, rather
than a secondary effect.

The naturally occurring MAS canine model of
NAD in the present study clearly demonstrates auto-
somal recessive inheritance, together with a predicted
loss-of-function  variant, thus mimicking human
RNF170-related HSP conditions. However, clinically,
the affected dogs may share more similarities with the
typical presentation of RNF170 SNAX1 in humans,
including post-adolescent age of onset. Although not
fatal per se, affected MAS dogs eventually develop
more severe disabilities, leading to poor quality of life
and frequent euthanasia. HSPs in people have histori-
cally been classified as “pure” and “complex/compli-
cated” forms, with the former characterized primarily
by spasticity without other significant findings and the
latter being associated with additional features, such
as seizures, neuropathies, short stature, visual abnor-
malities, and others.’® Today, such clinical classifica-
tions have been largely superseded by genetic
classifications.>”

Long-term outcome information for NAD-affected
MAS is currently limited, as many of these dogs are still
alive. The T3-L3 myelopathy was the most evident find-
ing; whether or not the thoracic limb hypermetria and
behavioral changes (and reported seizures in a single
case) are NAD-related is unclear but could suggest
these dogs experience a more “complex/complicated”
phenotype rather than a “pure” form of the disease.
This highlights the need for further studies over longer
time frames. Crucially, the lifespan of NAD-affected
MAS is not markedly decreased, representing an oppor-
tunity for therapeutic trials in this large animal model.
There is currently no treatment for NAD in affected
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dogs; the findings in the present study provide a foun-
dation for potential future studies investigating treat-
ment options.

One limitation to this study was our inability to
carry out either mRNA or protein investigations for con-
firming the predicted loss-of-function effect of the identi-
fied RNF170 variant; such work was precluded by the
lack of sample availability (affected dogs still alive and liv-
ing as pets in individual homes) and may become possible
with future postmortem samples. Second, while the associ-
ation of the genotypes at the RNF170:c.367delG variant
with the NAD phenotype was very strong, it was not per-
fect. We observed a total of six discordant dogs in a cohort
of 937 dogs. Four dogs that were homozygous for the
deletion did not show clinical signs. Two of them were
younger than 2 years of age and thus below the typical age
of onset for NAD in our cohort. The other two were
27 and 43 months old and thus of an age when clinical
signs were noticeable in most of the other cases. We specu-
late that the NAD phenotype in these two dogs was partic-
ularly mild or had a delayed age of onset. This underscores
the importance of genetic testing in order to stop further
propagation of the disease. We also cannot exclude the
possibility of incomplete penetrance. Two other dogs
showed clinical signs indistinguishable from NAD but had
a wild-type genotype. This most likely points to genetic
heterogeneity and the potential existence of additional
inherited, degenerative neurological diseases in the MAS.

We observed the mutant allele only in MAS and
related breeds, but not in standard Australian Shep-
herds. This may indicate that the deleterious allele arose
only recently after the separation of the populations.
Estimation of the age of the deletion variant predicts
the mutation event occurred approximately 27 years
ago, or around the early- to mid-1990s. The first parent
breed club and registry for North American MAS was
formed in 1990 (https://mascusa.org/breed/history,
accessed January 20, 2024). Therefore, we cannot
definitively rule out the presence/absence of this
deletion in the Australian Shepherd breed; instead, we
recommend confirmation by testing additional repre-
sentative standard Australian Shepherd dogs from dif-
ferent countries before a general all-clear signal is given
to this breed.

Importantly, the disease allele frequency specifically in
the MAS control cohort was found at 8.3% (this does
not include the standard Australian Shepherds), which
corresponds to a carrier frequency of 16.6%. While
these numbers may overestimate the true frequencies due
to biased sampling for our study, they clearly warrant
genetic testing and a targeted breeding program to avoid
future carrier x carrier matings for these dogs.

In conclusion, the clinical and pathologic picture
presented by MAS affected with RNF170-related NAD
is strikingly similar to the phenotypic spectrum (HSP,
SNAX1) seen in human patients with RNF170 variants.

Thus, NAD in the MAS represents an excellent, sponta-
neously occurring large animal model for RNF170 con-
ditions in people. ®
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