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Abstract

Background: Vacuolar protein sorting 13 homolog A (VPS13A) disease, historically known

as chorea-acanthocytosis, is a rare neurodegenerative disorder caused by biallelic mutations in
VPS513A, usually resulting in reduced or absent levels of its protein product, VPS13A. VPS13A
localizes to contact sites between subcellular organelles, consistent with its recently identified role
in lipid transfer between membranes. Mutations are associated with neuronal loss in the striatum,
most prominently in the caudate nucleus, and associated marked astrogliosis. There are no other
known disease-specific cellular changes (e.g., protein aggregation). But autopsy reports to date
have been limited, often lacking genetic or biochemical diagnostic confirmation.

Methods: In this study, we collected brain tissues and clinical data from seven cases of

VPS13A for neuropathological analysis. The clinical diagnosis was confirmed by the presence of
VPS13A mutations and/or immunoblot showing the loss or reduction of VPS13A protein. Tissues
underwent routine, special, and immunohistochemical staining focused on neurodegeneration.
Electron microscopy was performed in one case.

Results: Gross examination showed severe striatal atrophy. Microscopically, there was neuronal
loss and astrogliosis in affected regions. Luxol fast blue staining showed variable lipid
accumulation with diverse morphology, that was further characterized by electron microscopy.

In some cases, rare degenerating p62- and ubiquitin-positive cells were present in affected regions.
Calcifications were present in four cases, being extensive in one.

Conclusions: We present the largest autopsy series of biochemically- and genetically-confirmed
VPS513A disease and identify novel histopathological findings implicating abnormal lipid
accumulation.
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INTRODUCTION

VPS13A disease (chorea-acanthocytosis) is a rare autosomal recessive neurodegenerative
disorder with typical onset of neurological symptoms usually in young adulthood 1. Patients
present with a spectrum of neurological, psychiatric, and cognitive symptoms related to
basal ganglia degeneration, similar to those in Huntington’s disease (HD). Hyperkinetic
movement disorders are a prominent feature of VPS13A disease, including dystonia
(particularly feeding dystonia), chorea, and tics. Additional features may include dysarthria,
dysphagia, seizures, and peripheral neuromyopathy.

VPS13A disease is caused by biallelic mutations in the vacuolar protein sorting 13 homolog
A (VPS13A) 23, Mutations in other V/PS12homologs (B-D), have been linked to other
neurodegenerative diseases such as Cohen syndrome, early-onset Parkinson’s disease, and
spastic ataxia®~’. Recent studies based upon visualization of protein structure indicate that
VPS13A belongs to the newly-defined superfamily of “bridge-like lipid transfer proteins”
(BLTPs)89, suggesting that disordered bulk transfer of lipids may play a role in disease
pathophysiology.

VPS13A mutations include missense variants, deletions, and duplications, usually resulting
in absent or markedly depleted levels of the protein product, VPS13A (also termed
“chorein”). There is no evidence to date of genotype-phenotype correlation in VPS13A
diseasel0. Recent evidence from animal and cellular models suggests that VPS13A is
involved in trafficking of lipids between subcellular organelles including mitochondria,
lipid droplets, and endoplasmic reticulum1-17 Cell culture studies indicate that loss of
VPS13A results in decreased levels of lipid droplets, which are involved in storage of
lipids as a critical step in subcellular metabolism18. Our group has recently demonstrated
significant alterations in lipid levels in human post-mortem tissue from patients with
VPS13A diseasel®. Further work examining alterations in lipid processing following
VPS13A mutation in the human brain has the potential to reveal mechanisms driving striatal
degeneration.

Neuropathological reports to date have described findings in single cases or small
series?:3:20-28 |nterpretation of older publications is compromised by the absence

of definitive genetic- or protein-based diagnostic confirmationZ?. The consistent
neuropathological findings are limited to marked neuronal loss in the basal ganglia, most
prominently in the caudate nucleus (CN), with a prominent astrocytic response. There has
been no evidence of protein aggregations or any other specific neuropathological cellular
hallmark. Here we describe the neuropathological findings in the largest series to date of
patients with V/PS13A disease, including revisiting two previously published cases?0:22, We
identify and describe novel pathological features suggesting a possible role for VPS13A in
lipid metabolism and autophagy.
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METHODS

Tissue samples

Formalin-fixed, paraffin-embedded tissues were obtained from the following centers:
Columbia University, New York City, New York, USA; Newcastle Brain Tissue Resource at
Newecastle University, UK; Rush University, Chicago, Illinois, USA; National Institutes of
Health (NIH), Bethesda, Maryland, USA; and the Neuropathology Brain Bank at the Icahn
School of Medicine at Mount Sinai. Appropriate consents were obtained from the patients
and next-of-kin. Regions investigated included the head of the CN, the putamen at the level
of the anterior commissure, globus pallidus (GP), dorsolateral prefrontal cortex (DLPFC),
superior temporal gyrus, substantia nigra (SN), hippocampus, inferior parietal cortex, and
primary visual cortex.

Neuropathological assessments

Retrospective gross neuropathological assessments were not possible in most cases
(Supplemental table 1). Sections were cut at 5 um thickness and mounted on positively-
charged microscope slides. Immunohistochemistry was conducted by using the Ventana
Benchmark XT automatic stainer (Rouche, Tucson, AZ) for markers of abnormal phospho-
tau (AT8, 1:1000, Invitrogen), amyloid B (4G8, 1:8000, Biolegend), a-synuclein (LB509,
1:3000, Abcam), TAR DNA-binding protein 43 (TDP-43, polyclonal, 1:5000, Proteintech)
p62/SQSTM1 (3/p62 LCK Ligand, 1:50, BD Transduction Laboratories), ubiquitin (UB-1,
1:1000, Invitrogen), microglia (CD68, 1:1000, Millipore), and astrocytes (GFAP, 1:10,
Ventana). Additional stains included silver staining (Bielschowsky), hematoxylin and
eosin (H&E), and H&E counterstained with Luxol fast blue (LFB). Neuropathological
scoring included tau Braak Staging, a Consortium to Establish a Registry for Alzheimer’s
disease (CERAD) score, Thal phase, McKeith’s staging of dementia with Lewy bodies,
and limbic-predominant age-related TDP-43 encephalopathy39-36. Slides were scored semi-
quantitatively (+/- = rare, 1+ = mild, 2+ = moderate, 3+ = severe).

Electron microscopy

Human brain tissue was fixed in 4% glutaraldehyde. The sections were cut and placed in 3%
glutaraldehyde with 0.2 M sodium cacodylate buffered at pH 7.4, treated with 1% osmium
tetroxide for 2 hours, dehydrated in ethanol steps to 100%, and processed for embedding

in Epon, Embed 812. They were treated with propylene oxide and transitioned to Epon and
polymerized in a 70°C oven overnight. The tissue blocks were sectioned at 1 micron, stained
with methylene blue and Azure 11 and observed by light microscopy. Smaller representative
areas were chosen for ultrathin sectioning and stained with Uranyless Lanthanum and lead
citrate stain. The sections were photographed with a Hitachi H7800 transmission electron
microscope (TEM) equipped with a SIA digital imaging system.

Genetic analysis

Genetic analyses for two of the cases are reported here for the first time. For case 3,
DNA was isolated on the Kingfisher system (ThermoFisher) and sequenced using Illumina
HiSeq as previously described3”. FASTQ files were analyzed using the Integrated Genome
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Browser (IGV) human genome 38 (GRCH38)38. For case 6, 1/PS134 DNA, RNA, and
protein were analyzed as previously described, using relevant oligonucleotides3®. VPS13A
mutations in cases 12040, 441 and 52 were documented as previously reported, adjusting the
nomenclature to current standards. Cases 2 and 7 were only diagnosed by VPS13A Western
blot analysis#2

RESULTS

Seven subjects (three female) were included in the study (Table 1). The age of disease onset
was in the 20s-30s for all subjects. Detailed clinical data were available for six of these
seven cases (cases 1-3 and 5-7). Neuroimaging results were not available for all cases,
but in most cases were available only in summary. The mean age of onset was 31.5 years
(range 25-39 years), and the mean disease duration was 19.5 years (range 6—28 years).
These six subjects had the following clinical features: chorea; orolingual dystonia (with
or without other types of dystonia); tics or stereotypies; dysarthria or aphonia; dysphagia;
cognitive deficits; psychiatric disturbances; and hyporeflexia/areflexia. The cause of death
was aspiration pneumonia for case 1, cardiac arrest/arrhythmia for cases 2 and 6, and not
reported for the others. The clinical diagnosis was confirmed by the presence of VPS13A
mutations in five cases (1, 3-6), and reduced or absent chorein levels in two (2 and 7)%2.

Gross examination, when possible, demonstrated marked atrophy of the CN and putamen
(Figure 1). Other gross signs of neurodegeneration were generally absent, but variable.

For example, the hippocampus was severely atrophic in one individual (case 1) and

mildly atrophic in two others (2 and 5). Microscopically, there was significant neuronal

loss and astrogliosis in the CN and variably in the putamen noted on Luxol fast blue
counterstained hematoxylin & eosin (LH&E) stained sections that could be highlighted by
immunohistochemistry for glial fibrillary acidic protein (GFAP; Figure 1, Table 2). The GP
was relatively preserved. The SN exhibited variable but minimal neuronal loss, with rare
melanophages and astrogliosis. Rare vacuolated neurons were also observed. There were
notable mineralized neurons found in the CN, putamen, and SN of cases 2, 4, 5, and 7.

This mineralization had various morphologies, including a distinctive pattern of perineuronal
prominence in some cases. This was seen alongside more typical perivascular calcospherites
and other common morphologies.

Other microscopic changes included accumulation of autophagy-associated proteins p62
and ubiquitin variably in all cases (Figure 2, Table 2). One case (case 1) had severe p62
and ubiquitin accumulation in the hippocampus with mild accumulation in the CN and
putamen. Age-related changes were also seen in the older subjects (ages 51-61). Sparse
neurofibrillary tangles (NFTs) were found in the hippocampal formations of cases 3 and
5. Case 5 also had moderate NFTs in the midbrain and upper pons (with associated glial
tau inclusions). The other cases were negative for tau pathology. Diffuse amyloid plaques
were found in the frontal cortex and hippocampal formations of case 2 and case 5. Case
2 had mild neuritic plaques in the frontal cortex. One individual (case 1) had mild Lewy
body pathology, while another (case 5) had an abnormal ballooning cell with a.-synuclein
positivity in the SN and abnormal perivascular positivity in the pons, but typical Lewy
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body-type inclusions were not evident (Figure 2). All cases were negative for TDP-43
inclusions.

In five of six cases, robust LFB-positive intraneuronal accumulations with diverse
morphologies were noted in multiple brain regions (Figure 3, Table 2), especially the CN
and putamen, but also in other regions, including the parietal cortex and amygdala, which
was noted to be hyperintense on T2 MRI in case 1. Many cells exhibited irregular and

large LFB-positive puncta; these could be seen intermixed with LFB-negative lipofuscin
pigment in some cells. In contrast, other cells displayed more finely granular staining
patterns either localized or diffusely in the cytoplasm. Three cases had LFB-positive
accumulations in the hippocampus, and in two they were observed in the GP. On
transmission electron microscopy (TEM) these were observed to be frequent electron-dense
globular intracytoplasmic structures (Figure 3).

DISCUSSION

Here we report novel neuropathological findings in the largest autopsy case series of
VPS13A disease to date. Little is known about the neuropathology of VPS13A disease

on the cellular level beyond the vulnerability of the striatum, which displayed severe
neurodegenerative changes with marked neuronal loss and astrogliosis in all cases we
studied. The particular vulnerability of the CN in VPS13A disease?>43 is not well
understood and is a critical knowledge gap as it has the potential to shed light on
neurodegeneration in other choreas, including HD. However, in contrast to HD, the head
of the caudate nucleus appears to be especially vulnerable, which may relate to some of
the specific behavioral issues?®43 In addition to CN and putaminal atrophy, we report
heterogenous neuropathological findings that include age-related degenerative changes (e.g.,
inclusions) and other observations. Variable yet robust LFB-positive intra-cytoplasmic
accumulations were observed and might be related to abnormalities in lipid processing that
have been linked to V/PS13A mutations in animal and cellular models 4445,

VPS13A protein has been reported to localize to contact sites between the endoplasmic
reticulum (ER) and mitochondria and to facilitate lipid transport resembling the ER-
mitochondria encounter systems (ERMES) seen in yeast!’, in addition to playing an
important role in formation of lipid droplets, critical for regulation of lipid metabolism18,
Impairment of phosphorylation was noted in erythrocytes from patients with VPS13A
disease8. Recently, /n silico prediction models have provided further details of the structure
and apparent function of VPS13A in lipid transport between subcellular organelles'347, as
part of the group of related proteins (BLTPs) fulfilling similar functions®°. An ongoing
lipidomics study by our group (including cases 1-4 in this study) demonstrated elevated
levels of bis(mono-acylglycerol) phosphate (BMP), sulfatide, lysphosphatidylserine, and
phosphatidylcholine in the CN and putamen, but not in the DLPFC, of human brain tissuel®.
Our electron microscopy results are compatible with intraneuronal lipid accumulation with
the caveat, however, that we could not conclusively confirm the constituents of these
inclusions.
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Recent evidence demonstrates that loss of function of VPS13A impairs autophagic
mechanisms in disease models*4:45 and in circulating erythrocytes from affected patients*®.
P62- and ubiquitin-immunoreactive inclusions were variable, but most abundant in the
hippocampus in our cases while the striatum contained only occasional inclusions. It

is possible that the lipid accumulation in the form of lipid droplets could enhance the
autophagy pathway by promoting the initiation of the autophagosome. Disruption of this
pathway is known to have detrimental effects, including neuronal death!?:48-50_ Aytophagy-
related proteins may not be easily appreciated in regions where there is severe neuronal loss,
as seen in the CN and putamen in VPS13A disease.

Consistent with previous reports, we did not find any evidence that VVPS13A disease

is characterized by the types of abnormal protein accumulations seen in other
neurodegenerative diseases2922.23 The finding in one case of brainstem-predominant Lewy
body pathology appeared to be clinically incidental, as can be seen in approximately

24% of healthy elderly individuals®®. Similarly, the presence of Alzheimer’s disease
neuropathological changes were consistent with early degenerative changes that are common
in this age range3! and thus were likely also an incidental finding. The significance of

the mineralization is unclear. The mineralization differs from mineralizing lenticulostriate
vasculopathy, and pericapillary calcospherites because of its location around neurons. It
also differs from neuronal mineralization occurring in the perinatal period in which neurons
are replaced by mineralized “fossils”>2. The pattern of deposition seen in our cases bears
some resemblance to regional encephalic mineralization seen in mitochondriopathy in Jack
Russell Terrier dogs®3. Further studies are required to elucidate the significant of this
unusual finding.

Strengths of our study include the size of the cohort, our detailed clinical and genetic
documentation, and the extensive histopathological characterization including findings of
mineralization, LFB-positive accumulations, and autophagy-associated proteins. Limitations
include potential selection bias, variability in brain banking protocols, post-mortem interval,
and fixation times (Supplemental table). While all subjects had features typical of

VPS513A disease, there was heterogeneity in the underlying genetic mutations, clinical
presentation, and disease course and duration. The constituents of the observed LFB-positive
accumulations could not be definitively confirmed using the current techniques. Tissue
appropriate for TEM was available for only one case. Further studies are therefore warranted
to confirm and extend these findings.

This autopsy series, the largest of its kind, provides novel insights into the possible
mechanisms underlying VPS13A disease and other diseases caused by mutations in the
VPS513 gene family. Future neuropathological studies in larger cohorts, combined with other
methodologies such as transcriptomics and proteomics, are needed to further characterize
these findings. Advancing our understanding of the neuropathology of VPS13A disease
remains an urgent priority given its promise to shed light on the cell death-related
mechanism underlying the selective vulnerability in the choreas and may lead to strategies to
develop therapeutic interventions.
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FIG. 1.
Gross neuropathology and microscopic degenerative findings of VPS13A disease (chorea-

acanthocytosis). (A) Coronal hemi-brain section (right) at the level of the amygdala (case 3)
showing marked atrophy of the caudate nucleus and putamen with ventricular dilatation. (B)
Section at the level of the lateral geniculate shows an unremarkable hippocampal formation
with no dilatation of the temporal horn of the lateral ventricle. (C) Higher power image

of the striatum highlighting atrophy of the caudate with discoloration and atrophy of the
putamen with prominent perivascular spaces. Scale bar, 2 cm (A, B), 0.5 cm (C). (D) Luxol
fast blue counterstained hematoxylin & eosin (LH&E) stained sections show neuronal loss
of the striatum with (E, F) fibrotic astroglial scarring. (G) Immunohistochemistry staining
for glial fibrillary acidic protein (GFAP) highlights astroglial proliferation. (H, I) Rare
vacuolated neurons were observed in the substantia nigra. (J, K) Neurons in the putamen
(case 5) showed concentric perineuronal mineralization. (L, M) This case also displayed
frequent cortical neurons exhibiting perineuronal mineralization. (N) Neuron showing a
perivascular calcospherite pattern. (O) Non-neuronal mineralization in the white matter. 10x
magnification for D-K; 20x magnification (L-O).
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FIG. 2.
Immunohistochemistry (IHC) of autophagy and ubiquitin-proteasome protein accumulation

in VPS13A disease (chorea-acanthocytosis). Sections show rare p62-positive cytoplasmic
structures with variable morphologies, including (A) cytoplasmic staining in the caudate
(case 2), (B) granular cytoplasmic staining in the putamen (case 3), and (C) a p62-positive
(a-synuclein negative) “Lewy body-like” inclusion in the hippocampus (case 7). Ubiquitin
(Ubi) immunopositive structures are seen in the neurons, neuropil, and other cells of the (D)
caudate, (E) putamen, and (F) hippocampus. Case 1 displayed mild a-synuclein-positive
Lewy bodies in the substantia nigra (G). Case 5 had a-synuclein positivity in a rare
ballooned neuron (H) and rare perivascular positivity in the pons (1).
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FIG. 3.
Examples of lipid accumulation morphologies in VPS13A disease (chorea-acanthocytosis)

and transmission electron microscopy. Sections stained with Luxol fast blue (LFB) showed
variable patterns of granular lipid accumulation in the striatum (A, B), and amygdala

(C). We also observed compact cytoplasmic accumulations shown in the striatum (D) and
parietal cortex (E), as well as more diffuse patterns here shown in the amygdala (F). 40x
magnification for all images. Images illustrate robust accumulation of electron dense coarse
granular material within neurons in the (G) dorsolateral prefrontal cortex and (H) putamen
of case 3. Scale bar 50 mm.
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TABLE 2.

Selective vulnerability in VPS13A disease (chorea-acanthocytosis)

Page 17

Hippocampus Caudate Putamen Glot
Case
NL GFAP CD68 Lipid p62 Ub NL GFAP CD68 Lipid p62 Ub NL GFAP CD68 Lipid p62 Ub NL GFAP CL
++ ++ o+ ++
1 +++ +++ - +++ + + + + ++ + + + +/- - - +-
+ + + + +
2 + ++ + + + + +++ +++ + + +/-  +/- +++ ++ + + +-  +/- - +
++ ++
3 - +++ - + + + + +++ ++ + - - + +++ ++ +++ - - - +++ +
4 ++ NA NA NA NA NA +++ NA NA NA NA NA ++ NA NA NA NA NA NA NA N
5 + +++ ++ - + +++ +++ +++ ++ + - + +++ ++ ++ + - ++ NA NA N
++
6 - ++ + + + + NA +++ + + - +/- + ++ + + - + - +
7 - +++ ++ - + + +++ +++ + - + + ++ + + - + + NA NA N

Neuronal loss (NL) was scored on hematoxylin & eosin stain (H&E) or with Luxol fast blue counterstain (LH&E). Immunohistochemistry was not
performed on case 4.

AOnIy in white matter.

Lipid accumulation is defined by presence of abnormal LFB. For Case 4, only H&E available for review. Immunohistochemistry markers: GFAP,
glial fibrillary acidic protein; CD68, cluster differentiation 68; Ub, ubiquitin. NA, not available.
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