
Article Not peer-reviewed version

Neuronal Ceroid Lipofuscinosis-Like

Disorder in a Dachshund with Sequence

Variants in Lysosome-Related Genes

Joan R. Coates , Kristen Keyes , Rebecca E.H. Whiting , Juri Kuroki , Brandie Morgan-Jack ,

Tendai Mhlanga-Mutangadura , Keiichi Kuroki , Martin L. Katz *

Posted Date: 2 April 2026

doi: 10.20944/preprints202604.0064.v1

Keywords: lysosomal storage disease; lipofuscin; neurodegeneration; whole genome sequencing;

autophagy; canine

Preprints.org is a free multidisciplinary platform providing preprint service

that is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0

license, which permit the free download, distribution, and reuse, provided that the author

and preprint are cited in any reuse.

https://sciprofiles.com/profile/5216717
https://sciprofiles.com/profile/187156
https://sciprofiles.com/profile/4663214
https://sciprofiles.com/profile/5216758
https://sciprofiles.com/profile/4451331
https://sciprofiles.com/profile/5217485
https://sciprofiles.com/profile/2638801
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


 

 

Article 

Neuronal Ceroid Lipofuscinosis-Like Disorder in a 

Dachshund with Sequence Variants in  

Lysosome-Related Genes 

Joan R. Coates 1, Kristen Keyes 1, Rebecca E.H. Whiting 2, Juri Kuroki 1, Brandie Morgan-Jack 2, 

Tendai Mhlanga-Mutangadura 3, Keiichi Kuroki 3 and Martin L. Katz 2,3,* 

1 Department of Veterinary Medicine and Surgery, College of Veterinary Medicine, University of Missouri, 

Columbia, MO, 65211, USA 

2 Department of Ophthalmology, School of Medicine, University of Missouri, Columbia, MO, 65212, USA 

3 Department of Pathobiology and Integrative Biomedical Sciences, College of Veterinary Medicine, 

University of Missouri, Columbia, MO, 65211, USA 

* Correspondence: katzm@health.missouri.edu; Tel.: 573-882-8480 

Abstract 

Background/Objectives: Among the most common hereditary neurodegenerative disorders in people 

are the neuronal ceroid lipofuscinoses (NCLs), a subgroup of lysosomal storage disorders. For most 

cases of NCL, the genes containing the causative variants have been identified. NCLs also occur in 

dogs, and in most instances variants responsible for the canine NCLs occur in genes orthologous to 

those associated with the human disorders. An adult Miniature Dachshund presented with clinical 

signs consistent with NCL. Studies were undertaken to determine whether the disease phenotype 

supported classification of the disease as an NCL and to identify potential causal DNA sequence 

variants. Methods: The proband underwent complete neurologic and ophthalmological examinations 

followed by euthanasia. Tissues were examined for NCL-like pathology. Whole genome sequence 

analysis (WGS) was performed. Results: The clinical signs and tissue pathology were consistent with 

those of NCL disease, although with some features distinct from previously described forms of canine 

NCL. The proband was uniquely homozygous for variants in 5 genes associated with lysosomal 

function, 4 of which have not previously been associated with the NCLs. Conclusion: The proband 

suffered from a novel NCL-like disorder. Determining whether one or a combination of more than 

one of the 5 potentially causal DNA sequence variants was responsible for the disease will require 

evaluation of additional cases. 

Keywords: lysosomal storage disease; lipofuscin; neurodegeneration; whole genome sequencing; 

autophagy; canine 

 

1. Introduction 

Among the most common progressive hereditary neurodegenerative disorders in people are the 

neuronal ceroid lipofuscinoses (NCLs), of which there are multiple forms [1,2]. There is a substantial 

variability in disease signs within this group of disorders, but all forms are characterized by a base 

set of neurological signs. These include brain atrophy and progressive loss of motor and cognitive 

skills. Other common features include loss of vision due to retinal degeneration and seizures. A 

unifying histopathological feature of the NCLs is the accumulation of autofluorescent lysosomal 

storage bodies in neurons and other cell types. Most forms of NCL are ultimately fatal. 

Historically, the human NCLs were classified based on clinical signs, including age of onset, rate 

of disease progression, and patterns of clinical signs. However, with advances in molecular genetics, 

the genetic variants that underlie most forms of NCL have now been identified, and the diseases are 

now classified based on the gene that contains the causal variant. There are currently 13 genes that 
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are widely recognized as containing variants associated with a form of NCL [2,3]. However, variants 

in a number of additional genes have also been associated with NCL-like disorders [4–15]. 

Naturally occurring NCLs have been identified in species that include mice, sheep, monkeys, 

cats, and dogs [16–24]. Among dogs presenting with NCL-like signs, at least 23 causal variants in 12 

genes have been identified [4–7,24–41]. Dogs exhibiting signs consistent with NCL can now be easily 

screened for these known variants. Many cases still occur in which a dog presents with NCL-like 

signs but does not have any of the known causal variants. In these cases, whole genome sequencing 

(WGS) can be used to screen for potential disease variants. 

In this study, a Miniature Dachshund that presented with a late-onset disorder suggestive of 

NCL was evaluated. Analyses were performed to characterize the disease phenotype and WGS was 

performed to identify potential causal DNA sequence variants. 

2. Materials and Methods 

2.1. History and Physical and Neurological Examination 

A 6 year and 3-month-old male neutered dapple miniature Dachshund presented to the 

University of Missouri Veterinary Health Center (MU VHC) for suspected signs of recurrence of 

hepatic encephalopathy. A thorough history was provided by the pet owner. A complete physical 

examination was performed on the dog. A neurologic examination was performed by a board-

certified veterinary neurologist and resident in training. The neurologic examination consisted of 

observation of mentation, posture and gait, cranial nerve evaluation, postural reaction testing, spinal 

reflexes, spinal palpation and pain assessment. The pet owner consented to additional diagnostic 

procedures. 

2.2. Magnetic Resonance Imaging of the Brain 

Magnetic resonance imaging (MRI; Canon Vantage Titan 3T MRI system, Canon Medical 

Systems USA, Tustin, CA) of the brain was performed with the dog under general anesthesia and 

positioned in dorsal recumbency. Sequences obtained included T2-weighted (T2W) images, and T1-

weighted (T1W) (pre- and post- contrast; Omniscan IV) in sagittal, transverse, and dorsal planes. In 

addition, T2-weighted fluid attenuated inversion recovery (FLAIR), diffusion weighted andT2* 

gradient echo (GRE) images in transverse planes were acquired. 

2.3. Ophthalmologic Examination 

A complete ophthalmic examination was performed by a board-certified veterinary 

ophthalmologist at 6 years 3 months of age, including Schirmer tear test-1 (Merck Animal Health, 

Summit, NJ), Tonovet tonometry (TonoVet®; icare, Finland Oy), corneal application of fluorescein 

stain (Bio-Glo; HUB Pharmaceuticals, LLC), slit-lamp biomicroscopy (Kowa SL-17; Kowa Co., Tokyo, 

Japan), and indirect ophthalmoscopy with a binocular headset and a 28D condensing lens (Keeler 

Vantage; Keeler Instruments, Inc. and Volk Optical Inc., Mentor, OH, respectively). The pupils were 

dilated with topical tropicamide 1% ophthalmic solution USP (Akorn, Lake Forest, IL, USA) for 

fundic evaluation and imaging. Fundus photos were acquired using a handheld retinal camera 

(Optomed Aurora; Optomed, Oulu, Finland). Optical coherence tomography (OCT) and scanning 

laser ophthalmoscopy (SLO) images of the retina were captured with a Heidelberg Spectralis 

HRA/OCT (Heidelberg, Germany) while the dog was lightly sedated with dexmedetomidine (6 

mcg/kg) and midazolam (0.25 mg/kg). 

2.4. Tissue Collection, Processing, and Microscopic Analyses 

The owner of the proband elected to have the dog euthanized at 6 years 8.5 months of age due 

to the progression of neurological signs. Following euthanasia, brain, eye, small intestine, and heart 

tissues were collected for microscopic analyses [42]. The tissues were preserved in “Immuno” fixative 
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(cacodylate-buffered 3.5% paraformaldehyde and 0.05% glutaraldehyde) and fixative for electron 

microscopy (EM-fix) (cacodylate-buffered 2.0% glutaraldehyde, 1.12% formaldehyde) and prepared 

for fluorescence, light and electron microscopic evaluations as described previously [5]. All 

microscopic evaluations of the retina were performed on samples obtained from the region within 1 

cm of the optic nerve head along the superior-inferior midline. 

For assessment of tissue autofluorescence, slices of the Immuno-fixed tissues were embedded in 

an OCT medium (Tissue-Tek, Sakura Finetek, Torrance, CA, USA) and cryo-sectioned at a thickness 

of 8 μm. The unstained sections were examined for autofluorescence using a Zeiss Axiophot 

microscope equipped with a Prior Lumen 200 light source, a 395–440 nm bandpass excitation filter, 

an FT 460 dichromatic beam splitter, and an LP 470 barrier filter. A 515-nm barrier filter was also 

placed in the emission light path. Fluorescence images were acquired using a Zeiss Neofluor 40x 

objective with a numerical aperture of 0.75 and an Olympus DP72 digital camera.  

Slices of the Immuno-fixed tissues were paraffin-embedded, and sections were stained with 

periodic acid-Schiff reagent. EM-fixed cerebellar cortex was also processed for electron microscopy. 

This included secondary fixation in osmium tetroxide and embedding in epoxy resin. Sections of 

selected areas from each tissue were cut at thicknesses of 80 to 90 nm, mounted on copper grids, and 

stained with lead citrate and uranyl acetate. The sections were examined with a JEOL 1400 

transmission electron microscope equipped with Gatan digital camera. 

2.5. Molecular Genetic Analyses 

Genomic DNA from the proband was prepared from EDTA-anticoagulated blood as previously 

described [36]. The DNA was submitted to the University of Missouri Genomics Technology Core 

Facility for library preparation and 2X150 bp paired-end sequencing on an Illumina NovaSeq 6000 

sequencer. A previously described data-processing pipeline was used to align the sequence reads to 

a current canine reference genome assembly (Dog10K_Boxer_Tasha) and to analyze them in 

conjunction with reads from 395 other canine whole genome sequences previously generated by the 

University of Missouri Canine Genetics Laboratory that were used as unaffected controls [43]. The 

control sequences were generated from both healthy dogs and dogs with a variety of hereditary 

disorders, including dogs with various forms of NCL. The whole genome sequences from the control 

cohort have been deposited in the NCBI Sequence Read Archive (SRA) 

(https://trace.ncbi.nlm.nih.gov/Traces/sra/sra.cgi) [5]. The whole genome sequence from the proband 

was also deposited in the SRA. The BioSample ID for the proband is SAMN55198325. 

3. Results 

3.1. Neurologic Phenotype 

The dog was previously diagnosed at 4 years and 8 months of age with an extrahepatic 

portosystemic shunt, which was repaired with an ameroid constrictor. Neurologic signs prior to the 

shunt repair included circling and head pressing. The dog recovered well and was neurologically 

normal after surgery. At 5 years and 4 months of age and 9 months after surgery, the dog began 

showing different neurologic signs, which included ataxia in all limbs, disorientation and visual 

deficits. Signs of visual deficits included falling off steps, misjudging distances and bumping into 

objects. As signs progressed, the owner also noted the dog showing other signs of behavior changes 

such as aggression towards the housemate, urination accidents in the house, aimless circling, 

excessive whining and being easily startled. 

Physical examination was normal with a 4/9 body condition score. Orthopedic examination 

revealed bilateral carpal valgus. Recurrence of signs of hepatic encephalopathy was ruled out based 

on normal ammonia levels and pre- and post-bile acids testing. No significant abnormalities were 

identified on complete blood count (CBC), serum biochemistry analysis and urinalysis. 

A complete neurologic examination was performed. Mentation was quiet, dull and disoriented 

with resistance to restraint. Posture was kyphotic with wide based stance. Gait evaluation showed 
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mild hypermetria with a general proprioceptive ataxia. A mild titubation head and body were 

observed at rest. The dog fell forward after neck extension and head drop. Cranial nerve evaluation 

revealed intact menace response with normal direct and indirect pupillary light reflexes. The 

oculocephalic reflex was delayed when moving the head in lateral and vertical directions. 

Ventrolateral strabismus was induced on neck extension. Facial sensory testing and reflexes were 

intact. Paw replacement was normal but thoracic limbs showed delayed movement on wheelbarrow 

test and pelvic limbs were delayed in placement on extensor postural thrust. All spinal reflexes were 

intact. Neuroanatomic localization was diffuse involving the forebrain, cerebellum and central 

vestibular system. Neurodegenerative, inflammatory or neoplastic diseases were considered as 

differentials. 

MRI findings identified marked brain atrophy with dilation of the entire ventricular system 

(Figure 1). T2W, FLAIR and T1W sequences indicate typical fluid consistency of CSF. The brain 

atrophy was characterized by widening of the sulci in the cerebrum and cerebellar hemispheres, 

decrease in gray and white matter demarcation, thinning of corpus callosum, and decreased size of 

the thalamus and interthalamic adhesion. The pons and medulla were considered spared by showing 

no atrophy. No abnormal contrast enhancement or intracranial mass effects were detected. A 

cerebrospinal fluid analysis was not performed. 

Based on the neurologic signs and brain MRI, neuronal ceroid lipofuscinosis or another 

neurodegenerative disease was suspected. EDTA anti-coagulated blood from the dog was submitted 

to the University of Missouri Canine Genetics Laboratory for molecular genetic analysis. 

Outcome 

At 6 years and 8 months of age, the dog became more aggressive to the owner, developed 

complete loss of housebreaking skills, and had more difficulty eating and drinking without 

assistance. Changes from the initial neurologic examination abnormalities included exaggerated 

responses to external stimuli, reluctance to ambulate with frequent falling and leaning, and resting 

tremors of head and trunk, which worsened with stress and movement. Intermittent myoclonic jerks 

were observed. Changes in the cranial nerve evaluation revealed absent menace response OU with 

sluggish and incomplete pupillary light reflexes. Paw replacement and hopping were delayed in all 

limbs. Due to dog’s behavior changes and declining neurologic status, the owner elected for humane 

euthanasia and consented to necropsy. 

 

Figure 1. T2 weighted brain MRI in the sagittal (A) and transverse (B) planes at level of interthalamic adhesion 

from the affected dog. Diffuse brain atrophy is indicated by increased CSF surrounding the folia of the 

cerebellum, enlargement of the lateral, third and fourth ventricles, widening of the sulci of the cerebral cortex 

and decreased thickness of the interthalamic adhesion (asterisks). 

3.2. Ophthalmic Phenotype 

The owners reported observing progressive impairment in visually mediated behavior under 

both dim and bright light conditions started at approximately 4.5 years of age. This was characterized 
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by bumping into obstacles and misjudging distances. On initial ophthalmic exam at 6 years 3 months 

of age, menace responses and pupillary light reflexes were within normal limits bilaterally. No 

abnormality was noted on Schirmer tear test-1, fluorescein stain and tonometry. Slit-lamp 

biomicroscopic examination revealed incipient anterior cortical cataracts in both eyes. Funduscopic 

evaluation demonstrated multifocal, irregularly shaped circular to ovoid regions of retinal atrophy, 

measuring approximately one-half to two-disc diameters (Figure 2A,C). These lesions were localized 

to the temporal fundus of the right eye and the nasal fundus of the left eye. The lesions were 

characterized by areas of dense hyperpigmentation interspersed with hypopigmented regions and 

white, lace-like patterns, accompanied by generalized mild attenuation of the retinal vasculature. 

OCT retinal imaging revealed severe retinal attenuation within the lesions (Figure 2B). Histological 

examination demonstrated that the retina was thinned to complete absence at the centers of the 

lesions (Figure 3). 

 

Figure 2. SLO (A) and fundus photo (C) images of the proband’s retina showing a series of holes in the retina 

(H). An OCT image of a scan taken at the position of the red line in (A) is shown in (B). H in this image indicates 

an area where the retina is thinned to complete absence, flanked by areas where the retina remains present. 
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Figure 3. H&E stained section of a cross-section of an area of the proband’s retina showing one of the retinal 

holes. The retina (R) tapers down at the edges of the hole leaving a bare choroid (C) at the center of the hole. 

3.3. Storage Material 

Abundant autofluorescent inclusions were present in unstained sections of the cerebellar cortex, 

cerebral cortex, and spinal cord the proband (Figures 4 and 5). In the cerebellar cortex, the inclusions 

were present primarily in the granule cell layer and between the Purkinje cells, with minimal 

autofluorescent material observed within the Purkinje cells themselves, and relatively few in the 

molecular layer. In the cerebral cortex, the storage material was abundant in cells throughout all 

layers of the gray matter. In the spinal cord, the motor neurons contained large aggregates of 

autofluorescent inclusions (Figure 5A). Similar inclusions were present throughout the rest of the 

spinal cord, including in the white matter tracts (Figure 5B). In the retina, autofluorescent inclusions 

were present along the outer limiting membrane throughout the retina and in the cell bodies of 

ganglion cells near the optic nerve head (Figure 6). The amount of storage material in the ganglion 

cells was relatively modest. Abundant autofluorescent inclusions were also present in the heart 

ventricular muscle fibers (Figure 7), and in scattered cells in the wall of the small intestine (Figure 7). 

H&E and PAS stained paraffin sections of the cerebellum, cerebral cortex, and spinal cord were 

examined for pathological abnormalities. The folia of the cerebellar cortex were slender and separated 

by wider than normal sulci. The molecular layer was significantly thinner than normal. The granule 

cell layer was also quite thin with marked cellular depletion (Figure 8). Cytoplasmic inclusion bodies 

in cells located primarily in the granular layer stained with PAS (Figure 8). Almost no PAS positive 

cytoplasmic inclusions were present in the Purkinje cells. In the cerebrum, there are scattered 

infiltrates of macrophages with occasional perivascular aggregates. Most neuronal cells contained 

PAS positive cytoplasmic inclusion bodies (Figure 8). In the spinal cord, most neurons contained peri-

nuclear aggregates of PAS positive inclusions (Figure 8). 
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Figure 4. Fluorescence micrographs of unstained cryostat sections of cerebellar cortex and cerebral cortex from 

the proband. In the cerebellum large aggregates of autofluorescent inclusions were abundant in the granule cell 

layer but were not present in the Purkinje cells and were sparse in the molecular layer. Bar indicates 

magnification of both micrographs. 

 

Figure 5. Fluorescence micrographs of unstained cryostat section of cervical spinal cord ventral horn (A) and 

white matter (B) from the proband. The motor neuron cell bodies contained large aggregates of autofluorescent 

inclusions (A). Similar aggregates of inlusions were present thorughout the rest of the spinal cord (B). Bar in (A) 

indicates magnification of both microgrpahs. 
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Figure 6. Fluorescence micrographs of unstained cryostat sections of mid-peripheral (top) and central (bottom) 

regions of the retina from the proband. Autofluorescent inclusions were present along the outer limiting 

membrane (olm) throughout the retina, and in ganglion cell bodies (g) in the central retina, but not in other 

layers of the retina (ipl: inner plexiform layer; onl: outer nuclear layer). Bar indicates magnification of both 

micrographs. 
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Figure 7. Fluorescence micrographs of unstained cryostat sections of cardiac ventricular wall muscle (top) and 

the wall of the small intestine from the proband. In the heart, autofluorescent inclusions were present in almost 

all muscle fibers. In the intestinal wall the inclusions were abundant in scattered cells. Bar indicates magnification 

of both micrographs. 
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Figure 8. Light micrographs of paraffin sections of tissues from proband showing PAS-stained inclusions 

(arrows). In the cerebellum, the molecular (m), Purkinje cell (p), and granule cell (g) layers are labeled. 

Transmission electron microscopic examination of the cerebellar cortex granule cell layer of the 

proband showed the presence of numerous large storage bodies some of which were more than 10 

μm in diameter (Figures 9 and 10). The storage bodies were variable in shape and were surrounded 

by a single membrane. The storage body contents were heterogeneous in appearance, even among 

storage bodies in the same cell. A large proportion of the storage body contents consisted of 

membrane-like rectilinear and tubular structures (Figures 9 and 10). In many cells, the perinuclear 

cell bodies were filled with tightly packed heterogenous storage bodies (Figure 10). 

 

Figure 9. Electron micrograph of cells in the cerebellar cortex granule cell layer of the proband showing storage 

bodies (SB) that varied in shape, size, and the appearance of their contents. The storage bodies were enclosed in 

single membranes (arrows). 
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Figure 10. Electron micrograph of a tightly packed cluster of storage bodies (SB) in a cerebellar cortex granule 

cell layer neuron. The storage bodies almost completely fill the cell body compressing the nucleus (N). Clusters 

of ribosomes were present in narrow gaps between some of the storage bodies (arrows). 

3.4. Molecular genetics 

The proband was genotyped for variants in TPP1 and PPT1 that were previously associated with 

forms of NCL in Dachshunds [41,44]. The dog did not have either of these variants. The whole 

genome sequence data of the proband were analyzed in conjunction with similar data generated with 

DNA from 395 dogs of numerous breeds that included healthy dogs and dogs with a variety of 

diseases. Among these were 11 Dachshunds. None of the dogs in this cohort had exhibited signs 

identical to those of the proband. These 395 whole genome sequences served as controls and allowed 

us to screen for variant alleles that were homozygous in the proband and rare or absent in the control 

population. We hypothesized that the disease was inherited as an autosomal recessive trait, although 

we were unable to obtain health information on the dog’s parents or littermates. The whole genome 

sequence of the proband was compared to the control sequences to identify variants that were 

uniquely homozygous in the proband. 

Based on a recessive model of inheritance, variants identified with WGS analysis were filtered 

through a series of sequential steps that are summarized in Table 1. Relative to the 

Dog10K_Boxer_Tasha reference genome, the proband was found to be homozygous for 21,003 
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variants (since the proband was a male, variants on the X chromosome were called as homozygous). 

The clinical signs exhibited by the proband were distinct from those of any other dog in the control 

cohort. Therefore, of the 21,003 variants, only 107 that were homozygous exclusively in the proband 

were considered as potentially causal candidates. To further narrow down the potential causal 

variants, any that were heterozygous in more than 2 dogs in the control cohort were excluded, leaving 

35 variants for further consideration. Of these variants 16 were predicted to alter the amino acid 

sequences of the encoded proteins and the remainder occurred in the 3′ and 5′ untranslated regions. 

These 16 candidate variants are listed in Table 2. 

Table 1. WGS variant sequential filtering steps. 

Filtering Steps 
Number of  

Variants 

Proband was homozygous relative to the Dog10K_Boxer_Tasha reference 21,003 

Proband was the only homozygote among 395 other dogs 107 

Two or fewer heterozygotes in control cohort 35 

Variant occurred predicted to alter the amino acid sequence of encoded protein 16 

Table 2. Candidate disease variants. 

Chr. Position1 Ref2 Alt4 Effect AA Change Gene ID 

1 82528139 G C Missense G113A RFK 

1 114011137 G T Missense A328E SPRED3 

1 87580840 
GCGGGCG-

GC 
G Frameshift RGRR90 KLF9 

5 64516257 G A Missense R177H CBFA2T3 

5 33139837 
GCCGCACG

CC 
G Deletion GACG165G BORCS6 

18 41577466 T C Missense M208V ATG13 

20 57520816 C A Missense A8S WDR18 

27 28157196 
CCCCGCCT-

CCCGCCT 
CCCCGCCT Frameshift EAG165 TMTC1 

29 5034736 C T Missense A374T ENSCAFG00000053177 

29 39742145 G A Missense R210C TP53INP1 

31 37993317 G A Missense G674D ADARB1 

32 17989002 T C Missense E785G NFKB1 

32 20497995 T C Missense V81A ENSCAFG00000010410 

37 3163959 G A Missense D88N CLN8 

X 69593247 G GA Frameshift T69T? AMMECR1 

X 21989401 C T Missense G890R BCOR 

1 Positions based on Dog10K_Boxer_Tasha genome assembly. 2 Reference allele. 3 Proband allele. Variants shaded 

in green occur in genes that encode proteins involved in lysosome function. 

Based on reviews of published information on the functions of the proteins encoded by these 16 

genes, the variants in SPRED3, TP53INP1, ATG13, CLN8, and BORCS6 appeared most likely to be 

associated with the disease phenotype of the proband because each of these genes encodes a protein 

involved in lysosomal degradation pathways [1,45–63]. The genotypes at these loci were confirmed 

by examining the WGS data for these regions with the Integrative Genomics Viewer (Figures 11–15). 

The sequence variant call for SPRED3 was made with low confidence because there was only 2X 

coverage at the variant site. Therefore, this variant was confirmed by Sanger sequencing of the 

proband’s DNA for this region of the gene. The amino acids at the equivalent positions across diverse 

mammalian species matched those in the canine reference sequence (Supplemental Figures 1–5), 

suggesting that the amino acids at these positions have highly conserved functional roles. 
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Figure 11. Integrative Genomics Viewer image of the proband’s whole-genome sequence reads aligned to the 

reference sequence in the vicinity of position 33,139,837 on chromosome 5. The variant deletion is outlined in 

red. The reference DNA sequence is shown along with the predicted BORCS6 protein amino acid sequence. The 

nucleotide sequence change predicts a deletion of 3 amino acids (GAC; glycine, alanine,cysteine). 

 

Figure 12. Integrative Genomics Viewer image of the proband’s whole-genome sequence reads aligned to the 

reference sequence in the vicinity of position 41,577,466 on chromosome 18 (blue bar at top). The variant C is 

highlighted in blue. The reference DNA sequence is shown along with the predicted ATG13 protein amino acid 

sequence. The nucleotide sequence change predicts an amino acid change from methionine (M) to valine (V). 
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Figure 13. Integrative Genomics Viewer image of the proband’s whole-genome sequence reads aligned to the 

reference sequence in the vicinity of position 39,742,145 on chromosome 29 (green bar at top). The variant A is 

highlighted in green. The reference DNA sequence is shown along with the predicted TP53INP1 protein amino 

acid sequence. The nucleotide sequence change predicts an amino acid change from arginine (R) to cysteine (C). 

 

Figure 14. Integrative Genomics Viewer image of the proband’s whole-genome sequence reads aligned to the 

reference sequence in the vicinity of position 3,163,959 on chromosome 37 (green bar at top). The variant A is 

highlighted in green. The reference DNA sequence is shown along with the predicted CLN8 protein amino acid 

sequence. The nucleotide sequence change predicts an amino acid change from aspartic acid (D) to asparagine 

(N). 

 

Figure 15. Integrative Genomics Viewer image of the proband’s whole-genome sequence reads aligned to the 

reference sequence in the vicinity of position 114,011,137 on chromosome 1 (red bar at top). The variant T is 

highlighted in red. The reference DNA sequence is shown along with the predicted SPRED3 protein amino acid 

sequence. The nucleotide sequence change predicts an amino acid change from alanine (A) to glutamic acid (E). 

Of the dogs in our WGS cohort, the proband was the only dog that had the SPRED3 and TP53INP 

variant alleles. There was one dog in the control cohort that was heterozygous for the ATG13 variant, 

a different dog that was heterozygous for the BORCS6P variant, and a third dog that was 

heterozygous for both the CLN8 and BORC96 variants (Table 3). All 3 of these were Dachshunds that 

did not exhibit any of the neurological signs that characterized the disorder in the proband. Our 

control cohort of 395 dogs included 8 additional Dachshunds. None of these dogs had any of the 

variant alleles in the candidate genes (Table 3). 
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Table 3. Genotypes of Dachshunds in the WGS control cohort for each candidate variant. 

  Heterozygous 

Dog ID Submitted For ATG13 CLN8 BORCS6 SPRED3 TP53INP1 

111855 Polymicrogyria No No No No No 

103075 Ataxia No No No No No 

113889 Methemoglobinemia No No No No No 

123438 Ehlers-Danlos No No No No No 

126339 Metabolic Encephalopathy Yes No No No No 

133552 Ehlers-Danlos No No No No No 

127323 Ehlers-Danlos No No Yes No No 

126655 Ehlers-Danlos No No No No No 

123742 Ehlers-Danlos No No No No No 

124330 Ehlers-Danlos No Yes Yes No No 

147704 NCL No No No No No 

4. Discussion 

The proband exhibited neurological signs similar to those of other dogs with various forms of 

NCL [24]. Most of the previously characterized canine NCLs have much earlier onset of signs and 

progression to end-stage disease. This includes two forms of NCL previously identified in 

Dachshunds associated with variants in PPT1 and TPP1 [41,44]. Although cases of adult-onset NCL-

like disorders similar to that of the proband have also been reported in Dachshunds, the molecular 

genetic basis of the disorders were not determined for these dogs [64–66]. Other canine NCLs 

associated with variants in ATP13A2 and ARSG have even later onsets than the disorder in the 

proband [7,34]. This mirrors the human NCLs in which ages of onset range from early infancy to 

adulthood, even among individuals with different variants in the same gene [3]. Based on the clinical 

signs, brain and retinal atrophy, and the intracellular accumulation of autofluorescent storage 

material, it is consistent with established practice to classify the disorder in the proband as an NCL. 

In addition, the ultrastructure of the storage body contents was similar to that of some forms of canine 

as well as human NCLs [1,36,40,41,67], although the storage bodies in the proband’s cerebellar cortex 

were larger and more densely packed and irregular in shape than in most other NCLs. The 

distribution of storage material within the cerebellar cortex was also unique among the reported 

canine NCLs. 

Most of the human and canine NCLs have been associated with DNA sequence variants in a 

single gene. Among the variants for which the proband was the only homozygote in our WGS cohort 

was a missense variant in CLN8 that predicted a D88N change in the protein amino acid sequence. 

Other CLN8 variants underlie several other canine NCLs, as well as human NCLs [2,3,35–39]. Thus, 

it appears possible that this variant alone is responsible for the disorder in the proband. However, 

the specific CLN8 D88N variant in the proband has not been reported to be associated with any 

human or canine NCL cases. For other variants in this gene in dogs with NCL, the onset of clinical 

signs and end-stage disease occur much earlier [35–39]. In addition, the patterns of autofluorescent 

storage body accumulation and brain and retinal atrophy in the proband were different from those 

associated with CLN8 variants. In particular, the massive accumulation of the storage material 

specifically in the granular layer of the cerebellum does not occur in NCL-affected dogs with CLN8 

variants. In addition, the unusual pattern of retinal degeneration has not been observed in any of the 

established canine or human NCLs associated with CLN8 variants [2,3,35–39,68]. The selective 

thinning of the cerebellar molecular and granule cell layers is also unique among the canine NCLs, 

as was the presence of autofluorescent inclusions in the white matter tracts of the spinal cord. Thus, 

it is not possible to rule out contributions to disease pathogenesis from the other homozygous 

variants that were unique to the proband. Unfortunately, we were unable to obtain disease status 

information or DNA samples from any close relatives of the proband that may have enabled us to 
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rule out contributions from these other variants. The owners of the proband provided us with contact 

information for the dog’s breeder, but the breeder did not respond to our inquiries about the 

proband’s littermates and parents. 

Of the 16 variants for which the proband was the only homozygote among the dogs in our WGS 

cohort were those in 4 other genes, in addition to CLN8, that encode proteins involved in lysosomal 

pathways [50–63]. Most of the genes that have been associated with human and animal NCLs are also 

involved in various aspects of lysosomal function. Thus, it is just as plausible that any of these 

variants, either alone or in combination with each other, could be responsible for the disorder in this 

dog as it is that the CLN8 variant alone causes the disorder. Indeed, a combination of variants in two 

genes that encode proteins involved in autophagy was associated with an NCL-like disorder in a 

Petit Bleu de Gascogne dog [5]. For any other Dachshund presenting with similar signs to those of 

the proband, all 5 of the candidate variants should be considered as potentially being involved in the 

disease pathogenesis. Based on the genotypes of the other 11 Dachshunds in our WGS cohort, each 

of these 5 variants is probably rare in the breed. However, two Dachshunds were heterozygous for 

the BORCS6 variant, one Dachshund was heterozygous for the CLN8 variant, and another for the 

ATG13 variant. Therefore, screening a large number of Dachshunds for these variants may identify 

homozygotes and allow us to determine whether any of these variants alone may be responsible for 

the disorder. 

The proband in this study had an unusual disease phenotype that has not been documented in 

other Dachshunds. Although the neurological signs overlap those of other canine NCLs, the retinal 

phenotype with scattered areas of complete retinal degeneration is unique among this group of 

diseases. Thus, it will be important to examine the retinas of any Dachshunds presenting with 

neurological signs similar to those of the proband. Identifying additional dogs with the same disorder 

and their relatives should enable us to further assess the potential involvement of the candidate genes 

in the disease. Other cases of adult-onset NCL in Dachshunds have been described, most recently in 

2024, but the molecular genetic basis of the disorder has not been identified in any of these cases [64–

66], and DNA samples from them are not available for analysis. If DNA samples can be obtained 

from future Dachshund cases exhibiting similar signs to those of the proband, it should be possible 

to better assess the potential roles of each of the candidate variants in the disease pathogenesis, 

particularly if samples can also be obtained from affected and unaffected littermates. 

5. Conclusions 

A Dachshund presented with an adult-onset progressive neurodegenerative disorder with 

clinical signs and histopathological features consistent with classification of the disorder as a form of 

NCL. However, the pattern of autofluorescent storage material accumulation and the nature of the 

disease-related retinal and cerebellar pathology were distinct from previously-characterized NCLs. 

Whole genome sequence analysis identified variants in 5 genes that were uniquely homozygous in 

the proband and that encoded proteins involved in lysosomal degradative pathways. The data 

suggest that the dog had a novel form of NCL that was caused by effects of a combination of these 

variants. 
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for proteins encoded by the candidate genes. 

Author Contributions: Conceptualization, J.R.C. and M.L.K.; methodology, J.R.C., R.E.H.W, J.K., T.M. and 

M.L.K.; validation, T.M. and M.L.K.; formal analysis, J.R.C., R.E.H.W., T.M. and M.L.K.; investigation, J.R.C., 

K.K., R.E.H.W., J.K., B.M., T.M., K.K. and M.L.K.; resources, J.R.C. and M.L.K.; data curation, T.M.; writing—

original draft preparation, M.L.K.; writing—review and editing, J.R.C., K.K., R.E.H.W., J.K., B.M., T.M., K.K. and 

M.L.K.; supervision, J.R.C. and M.L.K.; project administration, M.L.K.; funding acquisition, M.L.K. and J.R.C. 

All authors have read and agreed to the published version of the manuscript. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/


 17 of 21 

 

Funding: This research was supported by U.S. National Institutes of Health grants S10 OD032246 and EY031674, 

and by the Orthopedic Foundation for Animals. 

Institutional Review Board Statement: The animal study protocol was approved by the Animal Care and Use 

Committee of the University of Missouri (protocol number 44562 approved 8 January, 2025). 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Sequence data generated for this study are available in the NCBI Sequence Read 

Archive. 

Acknowledgments: Our thanks to Garrett Bullock for assistance with whole genome sequence analyses. 

Conflicts of Interest: The authors declare no conflicts of interest. 

Abbreviations 

The following abbreviations are used in this manuscript: 

NCL Neuronal ceroid lipofuscinosis 

WGS Whole genome sequencing 

NCBI National Center for Biotechnology Information 

SRA Sequence Read Archive  

References 

1. Mole, S.E.; Williams, R.E.; Goebel, H.H. The Neuronal Ceroid Lipofuscinoses (Batten Disease); Mole, S.E., 

Willimas, R.E., Goebel, H.H., Eds.; 2nd ed.; Oxford University Press: Oxford, 2011; 

2. Mole, S.E. The Neuronal Ceroid Lipofuscinoses. 2024, 1067–1084, 

doi:https://dx.doi.org/10.1093/med/9780197549469.001.0001. 

3. Gardner, E.; Mole, S.E. The Genetic Basis of Phenotypic Heterogeneity in the Neuronal Ceroid 

Lipofuscinoses. Front. Neurol. 2021, 12, 754045, doi:https://dx.doi.org/10.3389/fneur.2021.754045. 

4. Bullock, G.; Johnson, G.S.; Mhlanga-Mutangadura, T.; Petesch, S.C.; Thompson, S.; Goebbels, S.; Katz, M.L. 

Lysosomal Storage Disease Associated with a CNP Sequence Variant in Dalmatian Dogs. Gene 2022, 830, 

146513, doi:https://dx.doi.org/10.1016/j.gene.2022.146513 PT—Journal Article. 

5. Then, A.; Welly, R.; Bullock, G.; Chevallier, L.; Katz, M.L. Canine Neuronal Ceroid Lipofuscinosis-like 

Disorder Associated with Sequence Variants in AP3B1 and TRAPPC9. Genes (Basel). 2025, 16, 

doi:10.3390/genes16111370. 

6. Keller, S.H.; Johnson, G.S.; Bullock, G.; Mhlanga-Mutangadura, T.; Schwartz, M.; Pattridge, S.G.; Guo, J.; 

Kortz, G.D.; Katz, M.L. Homozygous CNP Mutation and Neurodegeneration in Weimaraners: Myelin 

Abnormalities and Accumulation of Lipofuscin-like Inclusions. Genes (Basel). 2024, 15, 

doi:https://dx.doi.org/10.3390/genes15020246. 

7. Abitbol, M.; Thibaud, J.-L.; Olby, N.J.; Hitte, C.; Puech, J.-P.; Maurer, M.; Pilot-Storck, F.; Hedan, B.; Dreano, 

S.; Brahimi, S.; et al. A Canine Arylsulfatase G (ARSG) Mutation Leading to a Sulfatase Deficiency Is 

Associated with Neuronal Ceroid Lipofuscinosis. Proc. Natl. Acad. Sci. U. S. A. 2010, 107, 14775–14780, 

doi:https://dx.doi.org/10.1073/pnas.0914206107 PT—Journal Article, Research Support, Non-U.S. Gov’t. 

8. Ellezam, B.; Kaseka, M.L.; Nguyen, D.K.; Michaud, J. SCA34 Caused by ELOVL4 L168F Mutation Is a 

Lysosomal Lipid Storage Disease Sharing Pathology Features with Neuronal Ceroid Lipofuscinosis and 

Peroxisomal Disorders. Acta Neuropathol. 2023, 146, 337–352, doi:https://dx.doi.org/10.1007/s00401-023-

02582-0. 

9. Pressey, S.N.R.; O’Donnell, K.J.; Stauber, T.; Fuhrmann, J.C.; Tyynela, J.; Jentsch, T.J.; Cooper, J.D. Distinct 

Neuropathologic Phenotypes after Disrupting the Chloride Transport Proteins ClC-6 or ClC-7/Ostm1. J. 

Neuropathol. Exp. Neurol. 2010, 69, 1228–1246, doi:https://dx.doi.org/10.1097/NEN.0b013e3181ffe742. 

10. Staropoli, J.F.; Xin, W.; Barone, R.; Cotman, S.L.; Sims, K.B. An Atypical Case of Neuronal Ceroid 

Lipofuscinosis with Co-Inheritance of a Variably Penetrant POLG1 Mutation. BMC Med. Genet. 2012, 13, 

50, doi:https://dx.doi.org/10.1186/1471-2350-13-50. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 21 

 

11. Mastrangelo, M.; Alfonsi, C.; Screpanti, I.; Masuelli, L.; Tavazzi, B.; Mei, D.; Giannotti, F.; Guerrini, R.; 

Leuzzi, V. Broadening Phenotype of Adenylosuccinate Lyase Deficiency: A Novel Clinical Pattern 

Resembling Neuronal Ceroid Lipofuscinosis. Mol. Genet. Metab. Rep. 2019, 21, 100502, 

doi:https://dx.doi.org/10.1016/j.ymgmr.2019.100502. 

12. Ginevrino, M.; Battini, R.; Nuovo, S.; Simonati, A.; Micalizzi, A.; Contaldo, I.; Serpieri, V.; Valente, E.M. A 

Novel IRF2BPL Truncating Variant Is Associated with Endolysosomal Storage. Mol. Biol. Rep. 2020, 47, 711–

714, doi:https://dx.doi.org/10.1007/s11033-019-05109-7. 

13. Gazeteci Tekin, H.; Edem, P. DHDDS-Related Disease; Biallelic Missense Novel Variant Causing Major 

Severity with an Early-Onset Epilepsy and Hyperkinetic Movement Disorder. Int. J. Neurosci. 2025, 135, 

726–730, doi:https://dx.doi.org/10.1080/00207454.2024.2327405. 

14. Poet, M.; Kornak, U.; Schweizer, M.; Zdebik, A.A.; Scheel, O.; Hoelter, S.; Wurst, W.; Schmitt, A.; Fuhrmann, 

J.C.; Planells-Cases, R.; et al. Lysosomal Storage Disease upon Disruption of the Neuronal Chloride 

Transport Protein ClC-6. Proc. Natl. Acad. Sci. U. S. A. 2006, 103, 13854–13859. 

15. Beck-Wodl, S.; Harzer, K.; Sturm, M.; Buchert, R.; Ries, O.; Mennel, H.-D.; Latta, E.; Pagenstecher, A.; Keber, 

U. Homozygous TBC1 Domain-Containing Kinase (TBCK) Mutation Causes a Novel Lysosomal Storage 

Disease—a New Type of Neuronal Ceroid Lipofuscinosis (CLN15)?. Acta Neuropathol. Commun. 2018, 6, 

145, doi:https://dx.doi.org/10.1186/s40478-018-0646-6. 

16. Thelen, M.; Damme, M.; Schweizer, M.; Hagel, C.; Wong, A.M.S.; Cooper, J.D.; Braulke, T.; Galliciotti, G. 

Disruption of the Autophagy-Lysosome Pathway Is Involved in Neuropathology of the Nclf Mouse Model 

of Neuronal Ceroid Lipofuscinosis. PLoS One 2012, 7, e35493, 

doi:https://dx.doi.org/10.1371/journal.pone.0035493 PT—Journal Article, Research Support, Non-U.S. 

Gov’t. 

17. Cook, R.W.; Jolly, R.D.; Palmer, D.N.; Tammen, I.; Broom, M.F.; McKinnon, R. Neuronal Ceroid 

Lipofuscinosis in Merino Sheep. Aust. Vet. J. 2002, 80, 292–297. 

18. Tammen, I.; Houweling, P.J.; Frugier, T.; Mitchell, N.L.; Kay, G.W.; Cavanagh, J.A.L.; Cook, R.W.; Raadsma, 

H.W.; Palmer, D.N. A Missense Mutation (c.184C>T) in Ovine CLN6 Causes Neuronal Ceroid 

Lipofuscinosis in Merino Sheep Whereas Affected South Hampshire Sheep Have Reduced Levels of CLN6 

MRNA. Biochim. Biophys. Acta 2006, 1762, 898–905, doi:https://dx.doi.org/10.1016/j.bbadis.2006.09.004. 

19. Mitchell, N.L.; Russell, K.N.; Barrell, G.K.; Tammen, I.; Palmer, D.N. Characterization of Neuropathology 

in Ovine CLN5 and CLN6 Neuronal Ceroid Lipofuscinoses (Batten Disease). Dev. Neurobiol. 2023, 83, 127–

142, doi:https://dx.doi.org/10.1002/dneu.22918. 

20. Frugier, T.; Mitchell, N.L.; Tammen, I.; Houweling, P.J.; Arthur, D.G.; Kay, G.W.; van Diggelen, O.P.; Jolly, 

R.D.; Palmer, D.N. A New Large Animal Model of CLN5 Neuronal Ceroid Lipofuscinosis in Borderdale 

Sheep Is Caused by a Nucleotide Substitution at a Consensus Splice Site (c.571+1G>A) Leading to Excision 

of Exon 3. Neurobiol. Dis. 2008, 29, 306–315, doi:https://dx.doi.org/10.1016/j.nbd.2007.09.006. 

21. Guevar, J.; Hug, P.; Giebels, F.; Durand, A.; Jagannathan, V.; Leeb, T. A Major Facilitator Superfamily 

Domain 8 Frameshift Variant in a Cat with Suspected Neuronal Ceroid Lipofuscinosis. J. Vet. Intern. Med. 

2020, 34, 289–293, doi:https://dx.doi.org/10.1111/jvim.15663. 

22. Munesue, Y.; Ageyama, N.; Kimura, N.; Takahashi, I.; Nakayama, S.; Okabayashi, S.; Katakai, Y.; Koie, H.; 

Yagami, K.-I.; Ishii, K.; et al. Cynomolgus Macaque Model of Neuronal Ceroid Lipofuscinosis Type 2 

Disease. Exp. Neurol. 2023, 363, 114381, doi:https://dx.doi.org/10.1016/j.expneurol.2023.114381. 

23. McBride, J.L.; Neuringer, M.; Ferguson, B.; Kohama, S.G.; Tagge, I.J.; Zweig, R.C.; Renner, L.M.; McGill, 

T.J.; Stoddard, J.; Peterson, S.; et al. Discovery of a CLN7 Model of Batten Disease in Non-Human Primates. 

Neurobiol. Dis. 2018, 119, 65–78, doi:https://dx.doi.org/10.1016/j.nbd.2018.07.013. 

24. Katz, M.L.; Rustad, E.; Robinson, G.O.; Whiting, R.E.H.; Student, J.T.; Coates, J.R.; Narfstrom, K. Canine 

Neuronal Ceroid Lipofuscinoses: Promising Models for Preclinical Testing of Therapeutic Interventions. 

Neurobiol. Dis. 2017, 108, doi:10.1016/j.nbd.2017.08.017. 

25. Bellamy, K.K.L.; Skedsmo, F.S.; Hultman, J.; Jansen, J.H.; Lingaas, F. Neuronal Ceroid Lipofuscinosis in a 

Schapendoes Dog Is Caused by a Missense Variant in CLN6. Anim. Genet. 2024, 55, 612–620, 

doi:https://dx.doi.org/10.1111/age.13457. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/


 19 of 21 

 

26. Mhlanga-Mutangadura, T.; Bullock, G.; Cerda-Gonzalez, S.; Katz, M.L. Neuronal Ceroid Lipofuscinosis in 

a Mixed-Breed Dog with a Splice Site Variant in CLN6. Genes (Basel). 2024, 15, 

doi:https://dx.doi.org/10.3390/genes15060661. 

27. Katz, M.L.; Farias, F.H.; Sanders, D.N.; Zeng, R.; Khan, S.; Johnson, G.S.; O’Brien, D.P. A Missense Mutation 

in Canine CLN6 in an Australian Shepherd with Neuronal Ceroid Lipofuscinosis. J. Biomed. Biotechnol. 2011, 

2011, doi:10.1155/2011/198042. 

28. Ashwini, A.; D’Angelo, A.; Yamato, O.; Giordano, C.; Cagnotti, G.; Harcourt-Brown, T.; Mhlanga-

Mutangadura, T.; Guo, J.; Johnson, G.S.; Katz, M.L. Neuronal Ceroid Lipofuscinosis Associated with an 

MFSD8 Mutation in Chihuahuas. Mol. Genet. Metab. 2016, 118, doi:10.1016/j.ymgme.2016.05.008. 

29. Karli, P.; Oevermann, A.; Bauer, A.; Jagannathan, V.; Leeb, T. MFSD8 Single-Base Pair Deletion in a 

Chihuahua with Neuronal Ceroid Lipofuscinosis. Anim. Genet. 2016, 47, 631, 

doi:https://dx.doi.org/10.1111/age.12449. 

30. Melville, S.A.; Wilson, C.L.; Chiang, C.S.; Studdert, V.P.; Lingaas, F.; Wilton, A.N. A Mutation in Canine 

CLN5 Causes Neuronal Ceroid Lipofuscinosis in Border Collie Dogs. Genomics 2005, 86, 287–294, 

doi:https://dx.doi.org/10.1016/j.ygeno.2005.06.005. 

31. Gilliam, D.; Kolicheski, A.; Johnson, G.S.; Mhlanga-Mutangadura, T.; Taylor, J.F.; Schnabel, R.D.; Katz, M.L. 

Golden Retriever Dogs with Neuronal Ceroid Lipofuscinosis Have a Two-Base-Pair Deletion and 

Frameshift in CLN5. Mol. Genet. Metab. 2015, 115, doi:10.1016/j.ymgme.2015.04.001. 

32. Kolicheski, A.; Johnson, G.S.; O’Brien, D.P.; Mhlanga-Mutangadura, T.; Gilliam, D.; Guo, J.; Anderson-Sieg, 

T.D.; Schnabel, R.D.; Taylor, J.F.; Lebowitz, A.; et al. Australian Cattle Dogs with Neuronal Ceroid 

Lipofuscinosis Are Homozygous for a CLN5 Nonsense Mutation Previously Identified in Border Collies. J. 

Vet. Intern. Med. 2016, doi:10.1111/jvim.13971. 

33. Schmutz, I.; Jagannathan, V.; Bartenschlager, F.; Stein, V.M.; Gruber, A.D.; Leeb, T.; Katz, M.L. ATP13A2 

Missense Variant in Australian Cattle Dogs with Late Onset Neuronal Ceroid Lipofuscinosis. Mol. Genet. 

Metab. 2019, 127, 95–106, doi:https://dx.doi.org/10.1016/j.ymgme.2018.11.015 PT—Case Reports, Journal 

Article, Research Support, N.I.H., Extramural, Research Support, Non-U.S. Gov’t. 

34. Farias, F.H.G.; Zeng, R.; Johnson, G.S.; Wininger, F.A.; Taylor, J.F.; Schnabel, R.D.; McKay, S.D.; Sanders, 

D.N.; Lohi, H.; Seppälä, E.H.; et al. A Truncating Mutation in ATP13A2 Is Responsible for Adult-Onset 

Neuronal Ceroid Lipofuscinosis in Tibetan Terriers. Neurobiol. Dis. 2011, 42, doi:10.1016/j.nbd.2011.02.009. 

35. Lingaas, F.; Guttersrud, O.-A.; Arnet, E.; Espenes, A. Neuronal Ceroid Lipofuscinosis in Salukis Is Caused 

by a Single Base Pair Insertion in CLN8. Anim. Genet. 2018, 49, 52–58, 

doi:https://dx.doi.org/10.1111/age.12629. 

36. Katz, M.L.; Khan, S.; Awano, T.; Shahid, S.A.; Siakotos, A.N.; Johnson, G.S. A Mutation in the CLN8 Gene 

in English Setter Dogs with Neuronal Ceroid-Lipofuscinosis. Biochem. Biophys. Res. Commun. 2005, 327, 

doi:10.1016/j.bbrc.2004.12.038. 

37. Guo, J.; Johnson, G.S.; Cook, J.; Harris, O.K.; Mhlanga-Mutangadura, T.; Schnabel, R.D.; Jensen, C.A.; Katz, 

M.L. Neuronal Ceroid Lipofuscinosis in a German Shorthaired Pointer Associated with a Previously 

Reported CLN8 Nonsense Variant. Mol. Genet. Metab. Rep. 2019, 21, 100521, 

doi:10.1016/j.ymgmr.2019.100521. 

38. Hirz, M.; Drogemuller, M.; Schanzer, A.; Jagannathan, V.; Dietschi, E.; Goebel, H.H.; Hecht, W.; Laubner, 

S.; Schmidt, M.J.; Steffen, F.; et al. Neuronal Ceroid Lipofuscinosis (NCL) Is Caused by the Entire Deletion 

of CLN8 in the Alpenlandische Dachsbracke Dog. Mol. Genet. Metab. 2017, 120, 269–277, 

doi:https://dx.doi.org/10.1016/j.ymgme.2016.12.007. 

39. Guo, J.; Johnson, G.S.; Brown, H.A.; Provencher, M.L.; da Costa, R.C.; Mhlanga-Mutangadura, T.; Taylor, 

J.F.; Schnabel, R.D.; O’Brien, D.P.; Katz, M.L. A CLN8 Nonsense Mutation in the Whole Genome Sequence 

of a Mixed Breed Dog with Neuronal Ceroid Lipofuscinosis and Australian Shepherd Ancestry. Mol. Genet. 

Metab. 2014, 112, doi:10.1016/j.ymgme.2014.05.014. 

40. Kolicheski, A.; Barnes Heller, H.L.; Arnold, S.; Schnabel, R.D.; Taylor, J.F.; Knox, C.A.; Mhlanga-

Mutangadura, T.; O’Brien, D.P.; Johnson, G.S.; Dreyfus, J.; et al. Homozygous PPT1 Splice Donor Mutation 

in a Cane Corso Dog With Neuronal Ceroid Lipofuscinosis. J. Vet. Intern. Med. 2017, 31, 

doi:10.1111/jvim.14632. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/


 20 of 21 

 

41. Sanders, D.N.; Farias, F.H.; Johnson, G.S.; Chiang, V.; Cook, J.R.; O’Brien, D.P.; Hofmann, S.L.; Lu, J.-Y.; 

Katz, M.L. A Mutation in Canine PPT1 Causes Early Onset Neuronal Ceroid Lipofuscinosis in a 

Dachshund. Mol. Genet. Metab. 2010, 100, doi:10.1016/j.ymgme.2010.04.009. 

42. Bullock, G.; Johnson, G.S.; Pattridge, S.G.; Mhlanga-Matangadura, T.; Guo, T.; Cook, J.; Campbell, R.S.; Vite, 

C.H.; Katz, M.L. A Homozygous MAN2B1 Missense Mutation in a Doberman Pinscher Dog with 

Neurodegeneration, Cytoplasmic Vacuoles, Autofluorescent Storage Granules and an α-Mannosidase 

Deficiency. Genes (Basel). 2023, In Press. 

43. Guo, J.; Bullock, G.; O’Brien, D.P.; Johnson, G.S.; Katz, M.L. An RB1CC1 Missense Variant in Nova Scotia 

Duck Tolling Retrievers with Degenerative Encephalopathy. Genes (Basel). 2025, 16, 

doi:https://dx.doi.org/10.3390/genes16030269. 

44. Awano, T.; Katz, M.L.; O’Brien, D.P.; Sohar, I.; Lobel, P.; Coates, J.R.; Khan, S.; Johnson, G.C.; Giger, U.; 

Johnson, G.S. A Frame Shift Mutation in Canine TPP1 (the Ortholog of Human CLN2) in a Juvenile 

Dachshund with Neuronal Ceroid Lipofuscinosis. Mol. Genet. Metab. 2006, 89, 

doi:10.1016/j.ymgme.2006.02.016. 

45. Luzio, J.P. CLN8 Safeguards Lysosome Biogenesis. Nat. Cell Biol. 2018, 20, 1333–1335, 

doi:https://dx.doi.org/10.1038/s41556-018-0240-y. 

46. Pesaola, F.; Quassollo, G.; Venier, A.C.; De Paul, A.L.; Noher, I.; Bisbal, M. The Neuronal Ceroid 

Lipofuscinosis-Related Protein CLN8 Regulates Endo-Lysosomal Dynamics and Dendritic Morphology. 

Biol. Cell 2021, 113, 419–437, doi:https://dx.doi.org/10.1111/boc.202000016. 

47. Bajaj, L.; Sharma, J.; di Ronza, A.; Zhang, P.; Eblimit, A.; Pal, R.; Roman, D.; Collette, J.R.; Booth, C.; Chang, 

K.T.; et al. A CLN6-CLN8 Complex Recruits Lysosomal Enzymes at the ER for Golgi Transfer. J. Clin. Invest. 

2020, 130, 4118–4132, doi:https://dx.doi.org/10.1172/JCI130955. 

48. di Ronza, A.; Bajaj, L.; Sharma, J.; Sanagasetti, D.; Lotfi, P.; Adamski, C.J.; Collette, J.; Palmieri, M.; Amawi, 

A.; Popp, L.; et al. CLN8 Is an Endoplasmic Reticulum Cargo Receptor That Regulates Lysosome 

Biogenesis. Nat. Cell Biol. 2018, 20, 1370–1377, doi:https://dx.doi.org/10.1038/s41556-018-0228-7. 

49. Parvin, S.; Rezazadeh, M.; Hosseinzadeh, H.; Moradi, M.; Shiva, S.; Gharesouran, J. The Neuronal Ceroid 

Lipofuscinoses-Linked Loss of Function CLN5 and CLN8 Variants Disrupt Normal Lysosomal Function. 

Neuromolecular Med. 2019, 21, 160–169, doi:https://dx.doi.org/10.1007/s12017-019-08529-7. 

50. Bell, C.J.; Gupta, N.; Tremblay, K.D.; Mager, J. Borcs6 Is Required for Endo-Lysosomal Degradation during 

Early Development. Mol. Reprod. Dev. 2022, 89, 337–350, doi:https://dx.doi.org/10.1002/mrd.23626. 

51. Shariq, M.; Malik, A.A.; Sheikh, J.A.; Hasnain, S.E.; Ehtesham, N.Z. Regulation of Autophagy by SARS-

CoV-2: The Multifunctional Contributions of ORF3a. J. Med. Virol. 2023, 95, e28959, 

doi:https://dx.doi.org/10.1002/jmv.28959. 

52. Dogan, C.; Haas, L.; Holzapfel, R.; Schmitt, F.; Hepbasli, D.; Ullrich, M.; Bosl, M.R.; Abeser, M.; Schuh, K.; 

Gredy, S. Loss of SPRED3 Causes Primary Hypothyroidism and Alters Thyroidal Expression of Autophagy 

Regulators LC3, P62, and ATG5 in Mice. Int. J. Mol. Sci. 2025, 26, 

doi:https://dx.doi.org/10.3390/ijms26157660. 

53. Chen, Q.; Zhou, Y.; Richards, A.M.; Wang, P. Up-Regulation of MiRNA-221 Inhibits 

Hypoxia/Reoxygenation-Induced Autophagy through the DDIT4/MTORC1 and Tp53inp1/P62 Pathways. 

Biochem. Biophys. Res. Commun. 2016, 474, 168–174, doi:https://dx.doi.org/10.1016/j.bbrc.2016.04.090. 

54. Dinh, E.; Rival, T.; Carrier, A.; Asfogo, N.; Corti, O.; Melon, C.; Salin, P.; Lortet, S.; Kerkerian-Le Goff, L. 

TP53INP1 Exerts Neuroprotection under Ageing and Parkinson’s Disease-Related Stress Condition. Cell 

Death Dis. 2021, 12, 460, doi:https://dx.doi.org/10.1038/s41419-021-03742-4. 

55. Sancho, A.; Duran, J.; Garcia-Espana, A.; Mauvezin, C.; Alemu, E.A.; Lamark, T.; Macias, M.J.; DeSalle, R.; 

Royo, M.; Sala, D.; et al. DOR/Tp53inp2 and Tp53inp1 Constitute a Metazoan Gene Family Encoding Dual 

Regulators of Autophagy and Transcription. PLoS One 2012, 7, e34034, 

doi:https://dx.doi.org/10.1371/journal.pone.0034034. 

56. Zhang, J.; Wang, C.; Yang, G.; Zhou, Y.; Hou, D.; Xia, Y. Olfactory Mucosal Mesenchymal Stem Cell-

Derived Exosome Lnc A2M-AS1 Ameliorates Oxidative Stress by Regulating TP53INP1-Mediated 

Mitochondrial Autophagy through Interacting with IGF2BP1 in Parkinson’s Diseases. Cell Biol. Toxicol. 

2025, 41, 60, doi:https://dx.doi.org/10.1007/s10565-025-10009-7. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/


 21 of 21 

 

57. Zheng, Y.; Li, M.; Chen, X.; Zheng, Z.; Chen, Z.; Tian, R.; Zhao, Y.G. SOD1 Is Delivered to Lysosomes via 

Autophagy to Maintain Lysosomal Function and Integrity. J. Cell Biol. 2025, 224, 

doi:https://dx.doi.org/10.1083/jcb.202501007. 

58. Alers, S.; Wesselborg, S.; Stork, B. ATG13: Just a Companion, or an Executor of the Autophagic Program?. 

Autophagy 2014, 10, 944–956, doi:https://dx.doi.org/10.4161/auto.28987. 

59. Chen, M.; Hurley, J.H. The Human Autophagy-Initiating Complexes ULK1C and PI3KC3-C1. J. Biol. Chem. 

2025, 301, 110391, doi:https://dx.doi.org/10.1016/j.jbc.2025.110391. 

60. Corona Velazquez, A.F.; Jackson, W.T. So Many Roads: The Multifaceted Regulation of Autophagy 

Induction. Mol. Cell. Biol. 2018, 38, doi:https://dx.doi.org/10.1128/MCB.00303-18. 

61. Hollenstein, D.M.; Kraft, C. Autophagosomes Are Formed at a Distinct Cellular Structure. Curr. Opin. Cell 

Biol. 2020, 65, 50–57, doi:https://dx.doi.org/10.1016/j.ceb.2020.02.012. 

62. Nguyen, A.; Faesen, A.C. The Role of the HORMA Domain Proteins ATG13 and ATG101 in Initiating 

Autophagosome Biogenesis. FEBS Lett. 2024, 598, 114–126, doi:https://dx.doi.org/10.1002/1873-3468.14717. 

63. Zachari, M.; Ganley, I.G. The Mammalian ULK1 Complex and Autophagy Initiation. Essays Biochem. 2017, 

61, 585–596, doi:https://dx.doi.org/10.1042/EBC20170021. 

64. Gouveia, D.; Cloup, E.; Foreman, M. Adult-onset Neuronal Ceroid Lipofuscinosis in a Smooth-haired 

Dachshund. Vet. Rec. Case Rep. 2024, 12, doi:10.1002/vrc2.991. 

65. Vandevelde, M.; Fatzer, R. Neuronal Ceroid-Lipofuscinosis in Older Dachshunds. Vet. Pathol. 1980, 17, 686–

692, doi:https://dx.doi.org/10.1177/030098588001700605. 

66. Cummings, J.F.; de Lahunta, A. An Adult Case of Canine Neuronal Ceroid-Lipofuscinosis. Acta 

Neuropathol. 1977, 39, 43–51, doi:https://dx.doi.org/10.1007/BF00690384. 

67. Haltia, M. The Neuronal Ceroid-Lipofuscinoses. J. Neuropathol. Exp. Neurol. 2003, 62, 1–13, 

doi:https://dx.doi.org/10.1093/jnen/62.1.1. 

68. Salpeter, E.M.; Leonard, B.C.; Lopez, A.J.; Murphy, C.J.; Thomasy, S.; Imai, D.M.; Grimsrud, K.; Lloyd, 

K.C.K.; Yan, J.; Sanchez Russo, R.; et al. Retinal Degeneration in Mice and Humans with Neuronal Ceroid 

Lipofuscinosis Type 8. Ann. Transl. Med. 2021, 9, 1274, doi:https://dx.doi.org/10.21037/atm-20-4739. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 April 2026 doi:10.20944/preprints202604.0064.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.0064.v1
http://creativecommons.org/licenses/by/4.0/

