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VPS13 protein family members VPS13A through
VPS13C have been associated with various recessive
movement disorders. We describe the first disease
association of rare recessive VPS13D variants includ-
ing frameshift, missense, and partial duplication
mutations with a novel complex, hyperkinetic neuro-
logical disorder. The clinical features include develop-
mental delay, a childhood onset movement disorder
(chorea, dystonia, or tremor), and progressive spastic
ataxia or paraparesis. Characteristic brain magnetic
resonance imaging shows basal ganglia or diffuse
white matter T2 hyperintensities as seen in Leigh
syndrome and choreoacanthocytosis. Muscle biopsy
in 1 case showed mitochondrial aggregates and lipi-
dosis, suggesting mitochondrial dysfunction. These
findings underline the importance of the VPS13 com-
plex in neurological diseases and a possible role in
mitochondrial function.
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BRIEF COMMUNICATION

Movement disorders comprise a wide group of neu-
rological diseases with highly variable, often com-
plex clinical presentation. Classically, they can be subdi-
vided into 2 main phenomenological categories: (1)
hyperkinetic disorders including dystonia, chorea, tremor,
and myoclonus; and (2) hypokinetic movements such as
bradykinesia in parkinsonism." The pathophysiology of
movement disorders is still not entirely understood, but
most abnormal movements are associated with dysfunc-
tion of the basal ganglia or their interconnected brain
regions such as the thalamus, cerebellum, and sensorimo-
tor cortex.' Although causative mutations in >200 genes
have been associated with various movement disorders,
many patients remain without a precise genetic diagnosis.
Here, we report mutations in VPS13D as a novel cause
of spastic ataxia, chorea, and dystonia in 5 unrelated
families.

VPSI13D is part of the VPS13 family of ubiqui-
tously expressed genes encoding 4 proteins highly con-
served in eukaryotic cells (VPS13A-D).>? Recently
Vps13D has been shown to play an important role in
mitochondrial size, autophagy, and clearance.* Genetic
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defects in VPS13A lead to the neurodegenerative disorder
choreoacanthocytosis (Online Mendelian Inheritance in
Man database [OMIM] 200150),”> whereas mutations of
VPS13B and VPS13C cause Cohen syndrome (OMIM
216550)° and autosomal recessive early onset Parkinson
disease (OMIM  616840), respectively.” Untl now,
VPS13D had not been associated with any human

disease.

Subjects and Methods

This study was approved by local institutional review boards of
all participating centers, and informed consent was obtained
from all subjects or their parents when applicable. Clinical
details were obtained through medical file review and direct
examination. Genomic DNA was extracted from peripheral
blood samples. Whole exome sequencing (WES) was performed
on Family 1 using SureSelect Exon Capture v4 (Agilent, Santa
Clara, CA) and paired-end sequencing on a HiSeq2500 (Illu-
mina, San Diego, CA). Details on exome capture, sequencing,
and analysis can be found in Gauthier et al.®> We identified rare
variants (minor allele frequency [MAF] < 0.005) shared
between individuals III-3 and III-4. Other families were
recruited through GeneMatcher (https://genematcher.org/). In
Family 2, trio WES and then Sanger sequencing—based segrega-
tion analysis including DNA sample of an unaffected sister,
were performed as described before.”'° For Family 4, a quartet-
based WES study failed to detect cosegregating biallelic muta-
tions. WES was then performed in all 4 family members. Sam-
ple libraries were prepared using the lllumina Truseq PCR-free
kit with paired-end sequencing preformed on a HiSeq X10
instrument. Bioinformatic analysis was performed as previously
described.'" Analysis initially focused on coding and splice-site
biallelic variants with a MAF < 0.01 in ExAC, cg69, and 1000
Genomes Project. For Families 3 and 5, trio WES was per-
formed as described previously,'* and candidate gene selection
was done using assertion criteria publicly available on the Gen-
eDx ClinVar submission page (http://www.ncbi.nlm.nih.gov/
clinvar/submitters/26957/). Sanger sequencing was performed
to confirm and validate cosegregation status of the candidate
variants. SIFT,'® Polyphen-2,"* Mutation Taster,"> and Com-
bined Annotation Dependent Depletion (CADD)'® were the 77
stlico tools used for pathogenicity predictions.

Results

Identification of the VPS13D Variants

Biallelic VPS13D variants were independently identified
as the primary candidate genetic cause for dystonia in
the 5 families reported herein (Table and Supplementary
Table). Family 1 included 2 affected siblings who pre-
sented with childhood onset chorea and dystonia fol-
lowed by slowly progressive spastic ataxia and mild intel-
lectual disability. Extensive investigations performed prior
to WES included genetic testing (Friedreich ataxia, auto-
somal recessive spastic ataxia of Charlevoix—Saguenay,

fragile X syndrome, array comparative genomic hybridi-
zation), vitamin E levels, and metabolic testing (fasting
blood lactate, pyruvate and ketone bodies, plasma amino
acids, urine organic acids), which were negative. Muscle
biopsy of Individual III-3 showed subsarcolemmal mito-
chondrial aggregates with otherwise normal mitochon-
drial morphology, and mild lipidosis, which can both be
markers of mitochondrial diseases. Given abnormal mag-
netic resonance imaging (MRI) findings in basal ganglia
(detailed below) and muscle biopsy findings, respiratory
chain as well as pyruvate dehydrogenase, pyruvate car-
boxylase, and glutaryl-CoA dehydrogenase enzymatic
assays in fibroblasts were performed and were normal.
We then performed WES (separate mitochondrial DNA
sequencing was planned if the WES was negative) and
compared all rare variants detected in both affected sib-
lings. Among those, we identified 2 variants of interest
(c.7332_7333del and c.10562A>G) in VPSI3D. No
pathogenic or likely pathogenic variants in known disease
genes that would explain the phenotype of the patients
were identified. Both VPSI3D variants are novel and not
present in the gnomAD database (http://gnomad.broad-
institute.org/) or previously described in the literature.
Parental testing by Sanger sequencing confirmed the
recessive mode of inheritance (biallelic; Fig 1A). Regard-
ing the missense mutation, the substitution occurs at a
residue that is highly conserved across species (see Fig
1C). Multiple in silico analyses predict this variant is
damaging to the protein structure/function.

Through GeneMatcher and our network of collabora-
tors, we identified 5 additional cases, with clinical pheno-
types partially overlapping that of Family 1, from 4 unre-
lated families who underwent either WES (Families 2, 3,
and 5) or whole genome sequencing (Family 4) and were
found to also harbor rare likely pathogenic recessive variants
in VPSI3D (see Fig 1). After filtering, VPS13D was the best
candidate gene identified in all families. Families 1, 3, and 4
have biallelic VPS13D variants affecting conserved residues
and combining a missense mutation with a CADD score
>19.5 and a loss-of-function mutation (see Fig 1). Family 2
is a consanguineous family, and the patient has a homozy-
gous missense mutation, whereas the patient from Family 5
harbors compound heterozygous missense mutations. No
other pertinent biallelic rare coding or de novo coding var-

iants were detected in these families.

Clinical Features

All the patients with recessive VPSI3D mutations pre-
sented with a slowly progressive childhood neurological
disorder with an onset before 12 years of age. Common
clinical features at presentation in 4 of the 5 families
include global developmental delay, axial hypotonia, and
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The solid symbols represent the movement disorder. The

checkered symbol represents childhood onset epilepsy and learning disability. In Family 5, both mother and child have Schmid-
type metaphyseal dysplasia. (B) Location of the mutations on the VPS13D gene, in order of age of onset of the disease (earli-
est on top). Introns are not drawn to scale. The labels under the gene refer to the domains and their amino acid positions, as
compiled in Pfam (http://pfam.xfam.org). “Chorein” refers to the N-terminal region of chorein or VPS13 domain and is pro-
posed to contain a leucine zipper. N-terminal and C-terminal refer to the VPS13 family N-terminal or C-terminal domains, UBA
to the UBA protein domain, and SHR-binding to the SHR-binding domain of VPS13. The repeating coiled region domain of all
VPS13 proteins includes a well-conserved P-x4-P-x13-17-G sequence.? (C) Conservation in vertebrates of the residues affected

by missense mutations.

carly onset chorea and mild intellectual disability, with
development of progressive spastic ataxia and dystonia
(focal or generalized) in adulthood (see Table and Sup-
plementary Table). In contrast, patients from Family 4
had normal motor and cognitive development, and both
subjects presented during childhood with a mild, non-
progressive rest and action tremor in the upper limbs
with progression to dystonia (cervical and brachial dysto-
nia in Patient II:2 and brachial dystonia in Patient II:1
of Family 4) and pyramidal signs in the lower limbs in
early adulthood; Patient II:2 has recently developed an
overt progressive spastic paraparesis and mild cerebellar
signs in the upper limbs.

Two patients (Family 3, Patient II-1 and Family 5,
Patient II-1) have epilepsy. The most severe phenotype
was seen in a child with symptom onset at 6 months of

Month 2018

age who has microcephaly, generalized dystonia, and cho-
rea leading to an inability to ambulate at age 3 years
(Family 3, Patient II-1). Microcephaly is present in 2
individuals with early onset disease (Family 3, Patient II-
1; Family 5, Patient II-1).

MRI of the brain showed bilateral and symmetric
putaminal and caudate T2/fluid-attenuated inversion
recovery (FLAIR) hyperintensities accompanied by mild
putaminal atrophy in 4 cases from 3 families (Fig 2, Sup-
plementary Table). This MRI pattern led to an inital
presumptive diagnosis of Leigh syndrome (OMIM
256000) in 2 families. Interestingly, the MRI pattern in
Family 4 showed diffuse and extensive T2/FLAIR hyper-
intensities of the subcortical and periventricular white
matter, the cerebellar peduncles, the posterior limb of the
internal capsule, and to a lesser degree the corpus
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FIGURE 2: (A, B) Axial brain magnetic resonance imaging (MRI) from the proband of Family 2, 1I-2, showing homogenous, bilat-
eral T2 hyperintensities (A) and correlating T1 hypointensities (B) in the caudate and putamen. (C-F) Axial brain MRI from pro-
band of Family 3, II-1, showing homogenous, bilateral T2 hyperintensities in the caudate (C) and in the putamen (D) as well as
patchy putaminal diffusion restriction demonstrated by diffusion-weighted imaging (E) and apparent diffusion coefficient (F)
sequences. (G-L) Axial brain MRI from proband of Family 4, 1I-2, showing diffuse, bilateral T2 hyperintensities in the subcortical
white matter (G), posterior limb of the internal capsule, and periventricular areas (H). The axial T1 image is normal (). MRI also
shows T2 hyperintensities of the cerebellar peduncles (J, L). Coronal view is shown of the posterior subcortical and periventric-

ular T2 hyperintensities (K) as well as the peduncles (L).

callosum. MRI from the proband of Family 5 showed
diffuse white matter atrophy. Individual II-2 from Family
2 and Individual II-2 from Family 4 had unchanged
brain MRIs over 4 years.

Discussion

We provide clinical and genetic evidence supporting
VPS13D mutations as a cause of a progressive childhood
onset neurological disorder characterized in most cases by
developmental delay, axial hypotonia, and hyperkinetic
movement disorders associated with spastic paraparesis,
as well as truncal and appendicular ataxia. The striking
brain MRI findings are wide-ranging and include sym-
metrical caudate and putaminal hyperintense T2/ FLAIR
signal or multifocal, widespread subcortical white matter

involvement with a hypointense T2 signal in the basal
ganglia and putaminal atrophy (see Fig 2). The character-
istics of the first MRI resemble Leigh syndrome MRI
presentations, which consist of symmetrical T2 hyperin-
tensities affecting the putamina, caudate heads, globus
pallidus, thalamus, subthalamic nucleus, and brainstem
(periaqueductal gray matter, pons, medulla); more rarely
there is multifocal white matter involvement.'” Interest-
ingly, 3 patients in our cohort initially received a pre-
sumptive diagnosis of Leigh syndrome because of their
imaging and clinical presentation, although the absence
of sudden clinical deterioration, slow progression, and
normal serum lactate levels did not support this diagno-
sis. Individual II-2 from Family 2 did have elevated cere-
brospinal fluid lactate. The VPSI3D clinical entity
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3 4 4 5
II-1, F -1, M 1I-2, F 1I-1, F
European Tralian Ttalian Mixed®
€.5853-94_7148 + ¢.10694_10718dup, ¢.10694_10718dup, c.2593A>G,
210dup; ¢.8699 (p.Glu3573 (p-Glu3573 (p-Thr865Ala)
T>C (p.Leu Aspfs*3); Aspfs*3); (CADD = 24.2);
2900Ser) c.9758G>A c.9758G>A ¢3599G>A
(CADD = 28.6) (p-Arg3253Gln) (p-Arg3253Gln) (p-Gly1200Asp)
(CADD = 33) (CADD = 33) (CADD =19.5)
6 mo 12 yr 6-7 yr Birth
3yr 31 yr 29 yr 22 mo
Developmental Upper limb Upper limb Hypotonia,
delay, torticollis tremor tremor GDD
Generalized Mild UL Spastic Hypotonia,

dystonia and

tremor and LL

paraparesis and

microcephaly,

chorea, GDD pyramidal signs dystonia ataxia, GDD
GDD Normal Normal GDD
Normal Brisk (LL) Brisk (LL) N/A

- + + N/A

N/A - + +

+ - - +

+ + + +
Nonambulant Normal Scissoring Spastic ataxic

TABLE. Clinical Summary of Individuals with Recessive VPS13D Mutations
Family 1 1 2
Individual, II1-3, M II1-4, M II-2, F
gender
Origin French Canadian  French Canadian ~ Egyptian
VPS13D €.7332_7333del ¢.7332_7333del c.12683G>A,
variants in (p-Val2445 (p-Val2445 p-Arg4228Gln
NM_015378.3 Glufs*16); Glufs*16); (CADD = 35)
c.10562A>G c.10562A>G homozygous
(p-Asn3521Ser) (p-Asn3521Ser)
(CADD =27.1) (CADD =27.1)
Age at first 2 yr 45y 1-2 yr
symptoms
Age at last 31 yr 33 yr 9 yr
evaluation
Presenting Gait instability, Gait instability, Gait instability
symptoms chorea, dysarthria  frequent falls
Clinical Spastic ataxia Spastic ataxia Ataxia, muscle
diagnoses with mild ID with mild ID weakness,
dystonia,
mild ID
Global Mild ID, learning ~ Mild ID Motor delay
development  disability and mild ID
Reflexes Brisk (LL) Brisk (LL) Normal
Babinski + + -
Ataxia + + +
Chorea + - +
Dystonia + - -
Gait Spastic ataxic Spastic ataxic Ataxic
“Italian, Welsh, Irish, Yugoslavian, African American.

CADD = Combined Annotation Dependent Depletion—Phred score (not applicable to loss-of-function mutations); F = female; GDD = global
developmental delay; ID = intellectual disability; LL = lower limb; M = male; N/A = not available; UL = upper limb.

should therefore be considered in the differential diagno-
sis of atypical Leigh syndrome cases without a molecular
diagnosis as well as in cases with spastic paraparesis, spas-
tic ataxia, and generalized dystonia with T2 hyperinten-
sities in the basal ganglia and/or white matter on MRL
The VPS13D clinical spectrum in our cohort includes
corticospinal tract dysfunction, cerebellar and extrapyra-
midal signs, hearing loss, and seizures together with bilat-
eral symmetric T2 hyperintensities in the basal ganglia
and/or brainstem suggestive of Leigh syndrome. Mito-
chondrial leukodystrophies also display a pattern
of diffuse asymmetrical subcortical white matter and
bilateral basal ganglia involvement.'® The VPSI3D clini-

cal spectrum suggests mitochondrial dysfunction as a
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possible pathophysiological mechanism for this new clini-
cal entity.

VPS13D is a member of the VPS13 family, which
includes VPS13A. VPS13A mutations cause a neurodegen-
erative condition, choreoacanthocytosis, which presents
with chorea associated with other movement disorders,
cognitive decline, seizures, and elevated serum creatine
kinase.'” Brain MRI in VPS13A biallelic mutation carriers
typically reveals atrophy of the head of the caudate nuclei
and putamina, which are hyperintense in T2, isointense in
T1, and occasionally demonstrate susceptibility-weighted
imaging—positive iron deposition.”” A few adults with
VPS13A mutations have been reported with widespread
areas of increased T2 signal in the cerebral white matter in
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addition to the involvement of the basal ganglia, thalamus,
cerebral peduncles, pons, and corpus callosum.”' This
wide-ranging MRI pattern closely resembles the MRI find-
ings from the patients with VPS13D mutations reported
herein, suggesting a pathophysiological association.

There are multiple lines of genetic evidence for
VPS13D being implicated in our observed phenotypes.
The VPS13D contains 69 coding exons encoding 4,388
amino acids. Interestingly, although large, constraint met-
rics calculations in ExAC demonstrated that VPSI3D is
intolerant to variations.”> The Z score for missense varia-
tions in this gene is 1.85, meaning that VPS13D had fewer
variants than expected. Moreover, VPSI3D is extremely
intolerant of loss-of-function (LoF) variations, with a
pLi = 1.>> Although 103 LoF variations in VPSI3D are
reported in the gnomAD browser (>138,000 unrelated
individuals), none of these was found in the homozygous
state, reinforcing the low tolerance for this type of muta-
tion in VPSI3D. Interestingly, 3 of 5 families reported
herein harbor an LoF variation, including Individual II-2
from Family 3, with a partial gene duplication of exons 24
to 30. This individual has the most severe phenotype in
our cohort and is nonambulant because of generalized dys-
tonia. Two of our 5 families have > 1 affected individual
with biallelic variants in VPS13D.

Yeast Vps13p (homologue of human VPS13A) has a
role in mitochondrial stability and possibly impedes mito-
chondrial autophagy.'® Recently, Vps13D was shown to
play a role in mitochondrial fission, clearance, and autoph-
agy (mitophagy) in Drosophila, and its knockout in human
HelLa cells led to enlarged mitochondria.” Based on pair-
wise comparisons between VPSI3 gene family members
and yeast Vps13p, Velayos-Baeza et al have identified the
UBA domain (amino acid 2637-2673), which confers tar-
get specificity to multiple enzymes of the ubiquitination
system.” This domain is absent from other VPS13 pro-
teins, and Anding et al have shown that this domain is in
part responsible for the ability of VPS13D to regulate
mitochondrial size.* We did find some indications of mito-
chondrial alterations in muscle biopsy but found normal
enzymatic activities in fibroblast cell lines. Anding et al
have also identified Atg8-interacting motifs in Drosophila
Vps13D, and have colocalized Vps13D with the lysosomal
marker LAMP1. In addition, a predicted ricin-B-lectin
motif (or SHR-binding domain), predicted to bind carbo-
hydrates, is present in all VPS13 proteins including
VPS13D.” The presence of this domain suggests that
VPS13D might also interact with or be involved in traf-
ficking of carbohydrates or carbohydrate-containing
proteins.2

Roles identified in other VPS13 proteins are diverse.’
VPS13A is important for the cytoskeleton, vesicular
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transport, autophagy, and the metabolism of phosphoino-
sitides. VPS13B is important for maintenance of the Golgi
morphology, adipogenesis, and protein glycosylation.
VPS13C is present on mitochondria, lipid droplets, and
early endosomes, and is involved in mitochondrial integ-
rity and adipogenesis. Lesage et al found that loss of func-
tion mutations in VPSI3C cause early onset parkinsonism
by disrupting mitochondrial maintenance. Its knockdown
causes perinuclear redistribution of mitochondria, mito-
chondrial fragmentation, decreased mitochondrial trans-
membrane potential, and increased PINKI- and parkin-
mediated mitophagy.”

The identified missense variants do not cluster in a
particular region of this gene, and this, along with the find-
ing that the missense variants are often found in zrans with
loss-of-function mutations, suggests that these missense var-
iants are also likely to cause loss/reduction of function. Dis-
orders associated with the 3 other members of the VPS13
family are all recessive, present some phenotypic overlap
with our families, and include missense and truncating
mutations (OMIM 200150, 216550, 616840). Thus, the
phenotypic spectrum and radiological pattern presented
here, in addition to previously reported functional studies in
yeast and Drosophila, suggest mitochondrial dysfunction in
VPS13D-related movement disorder pathophysiology.
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