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Dafsari et al: EPG5-related disorders

Objective: Autophagy is a fundamental biological pathway with vital roles in intracellular homeostasis. During
autophagy, defective cargoes including mitochondria are targeted to lysosomes for clearance and recycling. Recessive
truncating variants in the autophagy gene EPGS5 have been associated with Vici syndrome, a severe early-onset neu-
rodevelopmental disorder with extensive multisystem involvement. Here, we aimed to delineate the extended, age-
dependent EPG5-related disease spectrum.

Methods: We investigated clinical, radiological, and molecular features from the largest cohort of EPG5-related
patients identified to date, complemented by experimental investigation of cellular and animal models of EPG5
defects.

Results: Through worldwide collaboration, we identified 211 patients, 97 of them previously unpublished, with reces-
sive EPG5 variants. The phenotypic spectrum ranged from antenatally lethal presentations to milder isolated neu-
rodevelopmental disorders. A novel Epg5 knock-in mouse model of a recurrent EPG5 missense variant featured motor
impairments and defective autophagy in brain areas particularly relevant for the neurological disorders in milder pre-
sentations. Novel age-dependent neurodegenerative manifestations in our cohort included adolescent-onset parkin-
sonism and dystonia with cognitive decline, and myoclonus. Radiological features suggested an emerging continuum
with brain iron accumulation disorders. Patient fibroblasts showed defects in PINK1-Parkin-dependent mitophagic
clearance and a-synuclein overexpression, indicating a cellular basis for the observed neurodegenerative phenotypes.
In Caenorhabditis elegans, EPG5 knockdown caused motor impairments, defective mitophagic clearance, and changes
in mitochondrial respiration comparable to observations in C. elegans knockdown of parkinsonism-related genes.
Interpretation: Our findings illustrate a lifetime neurological disease continuum associated with pathogenic EPG5 vari-
ants, linking neurodevelopmental and neurodegenerative disorders through the common denominator of defective

autophagy.

utophagy is a fundamental biological pathway con-
Aserved throughout evolution with important roles in
intracellular quality control and homeostasis." Its most
common form, macroautophagy, is characterized by the
engulfment of intracellular targets by double-membraned
structures, autophagosomes, and their delivery to the lyso-
some for digestion and recycling. Autophagy is specifically
capable of processing larger protein complexes and intra-
cellular organelles, such as mitochondria (a process termed
“mitophagy”).'

Autophagy has been implicated non-specifically in a
wide range of human disease, but monogenic primary
autophagy defects in humans have only been recognized
relatively recently.”® Vici syndrome (VS), the paradig-
matic disorder of defective autophagy characterized by
both neurodevelopmental and muldsystem features, is
caused by recessive variants in EPG5, encoding the ectopic
P-granules 5 autophagy protein with a key role in
autophagosome-lysosome fusion.”® In one of our previ-
ous studies, we observed that heterozygous EPG5 patho-
genic variant carriers may have an increased risk of
movement disorders,’ indicating a gene dosage effect on
EPGS5 function. This observation prompted the hypothe-
sis that relatively milder phenotypes, in particular associ-
ated with recessive £PG5 missense variants, may show
age-dependent progression with premature neurodegenera-
tive events.

In this study, we report an expanded age-dependent
phenotypic spectrum of EPG5-related disorders (EPG5-
RD), including rapidly progressive adolescent-onset move-
ment disorders, such as parkinsonism with dystonia and
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subsequent cognitive decline. These novel age-related neu-
rological presentations are also supported by complemen-
tary experimental findings in mouse, worm, and human
cellular models of defective EPG5 function, which, taken
together, also suggest more specific pathogenic mecha-
nisms underlying the expanded spectrum of EPG5-related
disorders linked to abnormal autophagy.

Methods

Key methods for the different parts of our study are out-
lined here, and additional information is detailed in Sup-
plementary File 1.

Study Approval

The study was approved by regional institutional review
boards.®” All patients and/or their legal guardians gave
informed consent to anonymized publication and use of
recognizable photographs/videos where applicable.

Clinical Investigations

Patients with biallelic £PG5 variants were recruited via
established collaborations, web platforms (GeneMatcher,
Varsome), and national studies focusing on rare pediatric
neurological diseases in the European Union (ERN ITH-
ACA), Germany (ESNEK), and the UK (100K Genomes
Project, DDD study).'"'* The diagnosis of classic VS
was based on the presence of at least five out of seven fea-
tures considered diagnostic, as defined by Dionisi-Vici
and subsequently refined by Byme et al.”® Deep
phenotyping was performed based on patient histories and
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brain magnetic resonance imaging (MRI) studies. Brain
MRIs were assessed independently by two expert pediatric
radiologists. Video-captured movement disorder pheno-
types were assessed by three movement disorders special-
ists who reached a consensual expert opinion. Patient data
were collected using a standardized proforma including
207 items (Supplementary File 2). In addition, we
reviewed all previously published patients with pathogenic
EPG5 variants and contacted lead authors for up-to-date

information.

Molecular Genetic Testing

EPG5 variant screening was performed by targeted single-
gene testing or by exome/genome sequencing, as previ-
ously published.'”> Dideoxy sequencing was performed to
test for cosegregation of variants with the disorder in indi-
vidual families. PG5 variants identified were included if
classified as pathogenic or likely pathogenic according to
American College of Medical Genetics and Genomics
criteria.'® Variants of unclear significance were further
interrogated applying various bioinformatic pathogenicity
prediction tools.

Epg5¥3'® knock-in  mice were generated by
Taconic Biosciences through CRISPR/Cas9-mediated
gene editing in a C57BL/6N  background
(C57BL/I6NTac™ Epg5#827(@331RTeey The colony was
maintained on a 12-h light/dark cycle, and had unlimited
access to food and water (PicoLab Rodent Diet 20; 5053,
LabDiet, Gray Summit, MO, USA). Cage enrichment con-
sisted of cardboard houses, tubes, and nesting materials. All
procedures were carried out under the Animals (Scientific
Procedures) Act of 1986 (UK) under appropriate Home
Office project licenses. To characterize Epg5 levels and the
autophagy defect in mice, the murine brain was divided in
four separate regions (forebrain, midbrain, cerebellum,
and brainstem) for RNA and protein extraction, and west-
ern blot analysis or reverse transcription quantitative poly-
merase chain reaction. Standardized assessments were used
to characterize the behavioral phenotype of the mice at
1.5 months (6 £ 1 weeks), defined as “early stage”, and
11 £ 1 months, defined as ‘“endstage”. As previously
reported, this particular mouse model developed seizures
from 10 to 12 months-of-age, and electrophysiological
recordings documented the spontaneous occurrence of
seizure-related activity at a frequency of one per day over
the course of two weeks in 10-month-old mice'’. Because
of the severe seizure phenotype, we have not been granted
permission by the relevant UK regulatory authorities to ana-
lyze these mice beyond this stage. In line with common VS
manifestations, we also assessed potental effects of Epg5
defects on hearing and musdle.
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Cellular Autophagy and Mitophagy Studies in
Patient Fibroblasts and Epg52'% Mouse
Embryonic Fibroblasts

Fibroblasts carrying EPG5 mutations homozygous
for p.GIn336Arg, p.Argl621Gln, or p.Phe2287_
Leu2288insPheProThrAlaGluPhe were isolated from
patient skin biopsies previously obtained as part of the
routine diagnostic processes. Healthy control fibroblasts
were obtained from the MRC Center for Neuromuscu-
lar Disorders Biobank, London, UK. Mouse embryonic
fibroblasts (MEFs) were isolated from E15 embryos and
immortalized using transformation with the SV40 plas-
mid according to standard protocols. Fibroblasts were
either transduced with mito-Keima (Addgene plasmid
#56018) lentivirus or transfected with GFP-Parkin
(Addgene plasmid #45875) and mRFP-GFP-LC3
(Addgene plasmid #21074) using Human Dermal Fibro-
blasts Nucleofector Kit (Lonza #VPD-1001). Cells were
treated as indicated and imaged on LSM 880 Airyscan
microscope using plan Apochromat x63/1.4 oil DIC
objective lens at 37°C. At least 8 z-stacks with 0.45 pm
thickness were acquired using Zen Black software (Carl
Zeiss, Oberkochen, Germany). High (543/458) ratio
areas and total mitochondrial area were binarized, seg-
mented, and quantified in Fiji, and used as a mitophagy
index. LC3 and GFP-Parkin images were binarized, and
puncta/cell was quantified in Fiji.

Generation and Characterization of a
Caenorhabditis elegans EPG5 Knockdown

Model

Nematodes were cultured and subjected to egg-on RNAi
experiments as published.16 We carried out locomotion
analyses'” in worms with knockdown in epg-5/EPGS5,
the autophagosome-lysosome maturation gene rab-7/
RABY as a positive control for stalled late autophagy, the
vacuolar fusion gene ccz-1/CCZI as a positive control
for stalled fusion, and the mitophagy gene pdr-1/PRKN
as a positive control for a Parkinson’s disorder-related
disease gene. To assess mitophagy flux, we used the
strain IR621:N2;Ex002[p g, ;DsRed::LGG-1] for mea-
surement of the autophagosome marker LGG-1/LC3
and the mitophagy marker DCT-1, the ortholog of
mammalian BNIP3 and BNIP3L/NIX,'® respectively.
Three independent biological replicates of 10 hand-
picked adult day 1 nematodes each were used for
microscopy. Images of nematodes with control RNAi
(luci) and epg-5i were taken with Andor Dragonfly at
%60 magnification at day 1 adulthood. Punctae counting
was performed manually while analyzing researchers were
blinded to image titles.
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Statistical Analysis

All data were analyzed using Prism 9 (GraphPad, San
Diego, CA, USA) version 9.4.1 (458) and compiled as fig-
ures with Illustrator (Adobe, San Jose, CA, USA).
Unpaired Student’s # test was used for comparison of two
groups of normally distributed data. Analyses of variances
(ANOVA) with Bonferroni’s multiple comparisons test
was used for comparison of more than two groups.

Results

General Clinical Findings
We obtained data of 211 patients with pathogenic EPG5
variants from 147 families. In addition to 97 novel cases,
we obtained new follow-up data from 88 of 114 previously
published patients. There was a known history of consan-
guinity in 55 families. We found a family history of can-
cer (n =29 patients) and neurological disorders (n = 27
patients), which included, among others, four relatives
with Parkinson’s disease, two relatives with dementia, four
relatives with seizures, one relative with neuropathy, one
relative with attention deficit disorder, and one relative
with autism spectrum disorder. Supplementary File 3
shows the phenotypic data in all patients, as well as their
genetic variants.

Among the key clinical diagnostic criteria for classic
VS, callosal agenesis was most common (see below), but
other features were more variable.®” Typical clinical fea-
tures for classical VS and EPG5-related disorders are
shown in Fig 1. The most common non-neurological
(n=121) and
hypopigmentation (n = 107) relative to the familial

included failure-to-thrive

findings

and/or ethnic background. In addition to cataracts
(n =78), optic nerve atrophy (n=50) was another

Dafsari et al: EPG5-related disorders

common ophthalmological feature. Sensorineural hearing
loss, another feature in VS,'” was documented in 39 cases.
Cardiac involvement included mostly dilated cardiomyop-
athy, and a range of congenital heart defects. Microceph-
aly was observed in 106 cases (congenital in 18 cases and
acquired in the remainder), but was less common in
patients at the milder end of the spectrum. Microcephaly
was often associated with other dysmorphic features
(n =79) such as micro-/retrognathia, small bitemporal
diameter, prominent upper lip, high-arched palate, low-set
and posteriorly rotated ears, frontal bossing, and
arachnodactyly.

Genotype—Phenotype Correlation

Out of 211 patients, 123 and 88 cases carried homozy-
gous or compound heterozygous EPG5 variants, respec-
tively. A total of 112 cases carried truncating and/or
splice-site variants on both alleles (“bi-truncating”),
37 cases had a combination of one truncating/splice site
variant and one missense variant (“mixed”), and 62 cases
had missense variants on both alleles (“bi-missense”).
Type and distribution of EPG5 variants identified are
shown in Fig 2A. Results of in silico variant assessments
are summarized in Supplementary File 4.

Where the initial diagnosis was classic VS (n = 61),
EPGS5 variants were bi-truncating in 55%, mixed in
16.5%, and bi-missense in 28.5% of patients. Where the
initial diagnosis was a non-specific neurodevelopmental
disorder (n = 150), EPG5 variants were bi-truncating in
22%, mixed in 13%, and bi-missense in 65% of patients.
Analysis of variance (ANOVA) confirmed a significant
enhancement of bi-truncating variants in classic VS
patients. Median life expectancy also showed significant

Classical Vici syndrome «—— EPG5-related disorders

corpus callosum
a-/dysgenesis

hypopigmentation
cataract

cardiomyopathy

immunodeficiency| &%

)
7

/

seizures

brain iron accumulation
‘ microcephaly

hearing loss

_____ — myoclonia

parkinsonism

—_———

failure to thrive

—_—

spasticity

muscular hypotonia
T dystonia

Figure 1: Clinical characteristics of patients within the spectrum of EPG5-related disorders. Left: Features of classical Vici
syndrome. Right: Spectrum of features in EPG5-related disorders with the phenotypic expansion of movement disorders presented
in this study, including dystonia, parkinsonism, and myoclonus. [Color figure can be viewed at www.annalsofneurology.org]
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Figure 2: EPG5 mutational spectrum and genotype-phenotype correlations in our cohort. (A) Protein overview with selected
EPGS5 variants. Truncating and splice site variants are shown above the schematic representation of the protein, missense and
indel variants are pictured below (image created with IBS 2.0). (B) Kaplan-Meier survival curve of selected patients in the
3 subgroups: biallelic truncating (and splice site) variants, mixed truncating and missense variants, and biallelic missense variants.
Median life expectancy noted for each curve. (C) Last reported age for each of the groups: biallelic truncating (and splice site)
variants, mixed truncating and missense variants, and biallelic missense variants. (D) Overview and (E-l) specific effects of EPG5
missense variants in relation to the EPG5 protein model, indicating changes in protein structure. More detailed descriptions in
Supplementary File 1. [Color figure can be viewed at www.annalsofneurology.org]

differences  (p < 0.001, log-rank Mantel-Cox test) convulsive status. A detailed analysis of EPG5-related epi-

between groups defined by genotype (Fig 2B,C). In par- lepsy has been reported elsewhere.'”

ticular, median life expectancy was 28 months in patients A total of 134 patients showed neuromuscular phe-
with  bi-truncating EPG5 variants, 156 months in notypes as evidenced by clinical, muscle biopsy and/or
patients with mixed truncating and missense EPG5 vari- laboratory findings. CK levels when measured were vari-

ants, and 192 months in patients with £PG5 bi-missense able, but typically elevated, ranging from 50 to
variants. Within the first month of life, 42% of patients 2,130 TU/L.
with bi-truncating variants are at risk of death, compared

with only 15% of patients with bi-missense variants. Pro- Neuroradiological Findings
tein models for the whole EPG5 protein folding and mis- We reviewed a total of 194 MRI and/or computed tomog-
sense variants are shown in Fig 2D-I. raphy scans from EPG5-RD patients. Core features from
representative cases are shown in Fig 3, and included
Neurodevelopmental and Neuromuscular structural abnormalities of the corpus callosum (mostly
Findings agenesis; n = 172), (ponto-)cerebellar hypoplasia (n =
Delays of motor, speech, and/or cognitive milestones were 53), and optic nerve atrophy (n = 53). Less frequent fea-
reported in all patients. Termination of pregnancy or tures included schizencephaly (n =4) and heterotopias
death in early infancy prevented the assessment of motor (n =4). Other notable additional features included tha-
development in nine patients. Significant motor develop- lamic involvement (n = 15), the “ear of the lynx sign”
mental delay was found in 189 patients surviving beyond (a fluid-attenuated inversion recovery cone shaped per-
early infancy. Epilepsy was the most common neurological iventricular hyperintensity usually associated with SPGI1-
feature, present in 111 and associated with a clearly pro- and SPGI5-spastic paraplegia; n = 3), iron accumulation
gressive course in 31 patients. Eight patients were reported in the basal ganglia (n = 5), and copper accumulation in
with generalized motor status epilepticus and non- the midbrain (n = 1; Fig 3N,0, Fig 3Q).
938 Volume 98, No. 5
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Vici syndrome

Figure 3: Neuroradiological spectrum in patients with EPG5-
related disorders. Brain magnetic resonance imaging from
6 individuals with EPG5-related disorders including (A-C) one
patient with Vici Syndrome and (D-R) five patients with
atypical presentations. The arrow with the dotted border in
(A) shows corpus callosum agenesis. Different degrees of
degenerative involvement of the brain varying from mild
forms with selective involvement of the fornix minors (short
arrows; E,H), with or without mild corpus callosum atrophy
and atrophy of the brain to more severe forms where there
is an extremely thin and partially visualized corpus callosum
(arrows; J-L) and cerebellar atrophy. Additional features
included iron/micromineral deposition in the globus pallidi
(black arrow; N), substantia nigra and red nuclei (black
arrow; O), and also, as an isolated feature, in the pulvinar of
the thalami (black arrows, Q).

An Epg5233'R Knock-in Mouse Model Displays
an Age-Dependent Motor Phenotype

We next investigated an in vivo animal model with an
EPGS5 missense variant to investigate what aspects of the
neurological disorders in humans carrying recessive EPG5
missense variants could be replicated in mice. The only
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published mouse model for EPG5 defects to this date is a
knockout model. The purpose for this study was to inves-
tigate whether (1) a missense mutation in mice shows a
similarly mild neurodevelopmental phenotype compared
to humans, and (2) if there is also an age-dependent
motor progression in mice with mild phenotypes.

The most frequent missense mutation in our human
cohort is hEPG5:p.GIn336Arg, and is found in patients
with a relatively milder phenotype than the classical Vici
syndrome phenotype. For this reason, we generated a new
p-GIn331Arg/Q331R knock-in mouse model that corre-
sponds to the human p.GIn336Arg.*

Similar to humans, also in mice this variant resulted
in aberrant Epg5 mRNA splicing with retention in intron
2 (Supplementary File 5A), resulting in two isoforms with
frameshifts that led to the introduction of stop codons and
very low levels of correctly spliced mRNA bearing the
corresponding point mutation (Supplementary File 5A,B).
Consequentially, Epg5 mRNA levels showed a significant
mRNA reduction in the murine midbrain and brainstem
down to less than a third, with a similar, but not statisti-
cally significant, trend in other brain areas down to half of
mRNA levels when compared with wildtype (Fig 4A). In
addition, autophagy defects were confirmed by LC3-II
increase in the cerebellum and brainstem, corresponding to
brain areas also preferentially affected in humans, but not
in the forebrain and the midbrain (Fig 4B). Corresponding
to LC3-II increases, p62 levels were also increased in those
brain regions (Fig 4C), interestingly with substantially
higher levels in females compared with males.

Epg5¥3R homozygous mice appeared to develop
normally, and maintained a normal weight throughout
early life (Supplementary File 5C). However, although the
mutant mice did not show any motor phenotype on a
rotarod at 6 weeks-of-age (Fig 4D), at ~12 months-of-
age, there were clear deficits in latency to fall and in stride
length (Fig 4D-F). A grip strength assay suggested that,
in contrast to observations in Epg5 knockout mice,”' the

Q3IR ice is likely due to

motor phenotype in the Epg5
reduced balance control and/or coordination rather than
reduced muscle strength at this stage (Supplementary
File 5D). Moreover, the absence of typical features of
vestibulocochlear dysfunction (Supplementary File 5E-H)
suggested that the observed balance and/or coordination
issues may be a consequence of the observed cerebellar
and brainstem alterations rather than of primary vestibular
pathology (Supplementary File 5L]). In conclusion, the
Epg5¥3 R homozygous mice showed an age-related motor
phenotype that was different from that previously reported
in an Epg5 knockout mouse model, and consistent with
the expanded and milder spectrum of EPG5-RDs in

humans.
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Movement Disorder Phenotypes Including Early-
Onset Parkinsonism

Movement disorders were found in 80 EPG5-mutated
patients without primary clinical suspicion of VS, featur-
ing spasticity (n = 55), early onset-parkinsonism with dys-
tonia (n = 16, detailed below), myoclonus (n = 20), or a

combination of the above. In most of these patients,
genetic testing (mainly through exome/genome sequenc-
ing) was only requested after the onset of the movement
disorder, leading to significant diagnostic delays.

A total of 16 cases had only shown mild neu-
childhood  before

rodevelopmental delay in early
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developing rapidly progressive “atypical parkinsonism” of
sudden onset during adolescence, with additional, less
prominent symptoms not typically associated with spo-
radic parkinsonism, including preceding dystonia, spastic-
ity, and rapid cognitive decline. The clinical details of
these 16 patients are outlined below.

A 14-year-old boy (patient 79.1), compound hetero-
zygous for EPGS5 variants  p.Gly2231Val and
c.4474+1G>A, presented in adolescence on the back-
ground of moderate neurodevelopmental delay with a
complex movement disorder of subacute onset, including
prominent parkinsonism, generalized dystonia with
orofacial dyskinesia, and intermittent jerky action tremor.
He progressed to almost complete tetraparesis within
two years of disease onset. Brain MRI findings included
iron or mineral accumulation in the pulvinar (Fig 3V).
Positron emission tomography computed tomography
showed pronounced hypometabolism in the parietal and
right occipital lobes, and in the posterior cingulate gyrus,
with severe synaptic dysfunction in these brain regions.
Similar, but less pronounced, abnormalities were also
found on the left side. There was additional mild, but def-
inite, upregulation of striatal metabolism
(Supplementary File 6). Dopamine transporter scan
showed pronounced degeneration in presynaptic dopa-
mine transporters as a consequence of pronounced
nigrostriatal degeneration of the dopaminergic system,
equally affecting the caudate nucleus and putamen.

A 14-year-old girl (case 96.1) compound heterozy-
gous for EPG5 variants p.Val464Ala and p.Tyr855Ter
presented with severe progressive fluctuating generalized
dystonia, parkinsonism, and cognitive decline on the back-
ground of moderate neurodevelopmental delay. Brain

Dafsari et al: EPG5-related disorders

MRI studies demonstrated callosal agenesis, generalized
atrophy, with additional features suggestive of basal gang-
lia iron accumulation in the substantia nigra and red
nuclei (Fig 3S,T).

A 14-year-old gitl (case 114.1) compound heterozy-
gous for EPG5 variants p.Argl501Trp and p.Thr1994Ala
presented with generalized dystonia and parkinsonism
with cognitive decline followed by rapid deterioration and
death at the age of 16 years. She had a background of
global developmental delay, congenital hydrocephalus, and
progressive optic nerve atrophy. Brain MRI studies
showed callosal dysgenesis, pontocerebellar hypoplasia,
and thalamic involvement (Fig 30-Q).

An 18-year-old woman from a consanguineous fam-
ily (case 134.1) homozygous for the EPG5 variant
€.5943-9_5943-5del presented with parkinsonism with
anarthria, an extraocular movement disorder, generalized
dystonia pronounced in the oropharyngeal muscles, spas-
ticity, an irregular jerky tremor in the lower limbs, and
cognitive decline. She had a background of global develop-
mental delay, optic nerve atrophy, and complex partial sei-
zures responsive to levetiracetam from the age of
three years. Brain MRI studies performed at the age
of 18 years showed generalized atrophy. She had a rapidly
progressive course and died at the age of 18 years.

Two siblings homozygous for the EPG5 variant p.
Phe2004Ser had a background of global severe neu-
rodevelopmental delay. The older brother (136.1) devel-
oped dystonia, choreoathetosis, spasticity, dysarthria,
parkinsonism with tremor, postural instability, and hypo-
mimia in adolescence, followed by rapid cognitive decline
with sleep disturbance, anxiety, and death at the age of
20 years. MRI of the brain showed cerebral and cerebellar

Figure 4: Key features from the Epg52%*'R knock-in (KI) mouse model. (A) Epg5 mRNA levels are significantly reduced in the
midbrain and brainstem of Epg52%*'% KI mice. (B) A strong increase in LC3-Il is seen in the cerebellum and brainstem of the
mutant mice. (C) A mild increase in p62 is seen in the cerebellum and a strong increase is seen in the brainstem of the mutant
mice. (D) Epg5233'® KI mice show no motor phenotype at an early stage, but fall off the rotating rod much faster than wildtype
(WT) mice at endstage (~12 months). (E) At endstage, mutant mice also show reduced rearing behavior in an open arena
compared with WT mice. (F) Stride length is significantly shortened in Kl mice at endstage on RotaRod analysis. (G) Female
Epg5233'™® KI mice spent significantly less time in the center zone of an arena than WT mice, whereas there is no significant
difference between males. (H) Epg5°33'R KI mice move through the virtually indicated center zone of an arena at higher speed
than WT mice, whereas (l) Epg5233'® KI mice do not move faster through the outer zone, indicating an anxiety phenotype.
(J) Representative TEM images of GFP-Parkin expressing WT and Q331R mouse embryonic fibroblasts (MEFs) treated with
oligomycin and antimycin (OA) and Baf A. Mitochondria are marked red. Scale bar, 1 pm. (K, L) Quantification of
mitophagosomal number per square micron, and area in WT and Q331R MEFs stably expressing GFP-Parkin. Plots represent the
data from 3 independent experiments with n > 20 TEM images. (M) FACS analysis of WT and Q331R MEFs stably expressing
GFP-Parkin and mt-Keima. The P2 gated area encloses cells undergoing mitophagy and shows the percentage of cells within this
gate of each plot. The percentages of cells within the mt-Keima gate were much higher in wildtype cells (DMSO 1.14, OA 6 h
6.56, OA + BafA 6 h 0.25) than in EPG5 MEF cells (DMSO 0.40, OA 6 h 1.87, OA + BafA 6 h 0.73). (N) The percentage of cells
undergoing mitophagy. Plots represent the data from 3 independent experiments. (O) Traces showing mitochondrial oxygen
consumption rate measured in WT and Q331R MEFs using the Seahorse XFe96 extracellular flux analyzer. (P,Q) Quantitative
analysis of (P) ATP-linked respiration and (Q) spare respiratory capacity obtained from measurements in O. Data represents the
mean + SD of at least 3 independent experiments and analyzed by 1-way ANOVA with Tukey’s multiple comparisons test. *p
< 0.05, **p <0.01, ***p < 0.001, ****p < 0.0001. BS = brainstem; CB = cerebellum; FB = forebrain; MB = midbrain. [Color
figure can be viewed at www.annalsofneurology.org]
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atrophy, callosal agenesis, lynx sign, and pallidal
T2-hyperintensities on MRI (Fig 3]). The younger sister
(136.2) presented from 12 years with dystonia and parkin-
sonism followed by slow regression on a background of
intellectual disability. She subsequently developed seizures
responsive to phenytoin from 19 years, but died after fur-
ther disease progression. MRI of the brain was consistent
with periventricular leukodystrophy.

Two sibling pairs (Patients 137.1-137.4) who were
first cousins from a large consanguineous family
were homozygous for the EPG5 variant p.Phe2287_
Leu2288insPheProThrAlaGluPhe. All four patients pres-
ented with variable combinations of parkinsonism, dysto-
nia, tremor, and spasticity from their teenage years on a
background of global developmental delay and mild intel-
lectual disability. MRI showed callosal dysgenesis, lynx
sign, generalized atrophy, and ventriculomegaly (137.2 in
Fig 3M). The disease course was progressive with cogni-
tive decline in all, and premature death at the age of
26 years following further deterioration in one case
(patient 137.3).

Patient 143.1 was homozygous for the EPG5 variant
p-Ser547Phe, and showed congenital microcephaly, spas-
ticity, nystagmus at birth, and seizures from infancy on
the background of a global neurodevelopmental disorder
with moderate to severe intellectual disability. He devel-
oped parkinsonism from the age of nine years. Brain MRI
studies showed heterotopia, but no other abnormalities.

Two siblings from a consanguineous family (145.1
and 145.2) were homozygous for the EPG5 variant p.
Pro1309Leu, and presented with a global neu-
rodevelopmental disorder, hypopigmentation, seizures,
spasticity, failure to thrive, and microcephaly. Brain MRI
studies showed corpus callosum dysgenesis and
pontocerebellar hypoplasia, as well as optic nerve atrophy
in both patients. The elder sister (145.1) developed par-
kinsonism from the age of 19 years and the younger
brother (145.2) showed parkinsonism from the age of
11 years. Both patients also showed paroxysmal chorea,
joint and finger contractures, scoliosis, and hypertrichosis.

Patient 147.1 was compound heterozygous for the
EPG5 variants p.Val1238Ala and p.Trp2420Cys. He ini-
tially presented with mild to moderate intellectual disabil-
ity (IQ 45-51) and autism. At the age of 17 years, he
developed a rapidly progressive choreiform movement dis-
order with dystonia in the left hand and spasticity, eventu-
ally showing parkinsonism with bilateral bradykinesia,
rigidity, and resting tremor that was treated with levo-
dopa/carbidopa to a limited effect. Brain MRI showed cer-
ebellar atrophy, a bilateral symmetrical T2, and SWI
hypointensities in the pulvinar reminiscent of iron deposi-
tion in Parkinson’s disease patients.
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In addition, two particularly severely affected siblings
(90.1 and 90.2) compound heterozygous for EPG5 vari-
ants ¢.5869+1G>A and p.Trpl989Ter presented with
myoclonus from birth, followed by dystonia from
four weeks, early-onset parkinsonism at three months,
progressive infantile epileptic encephalopathy, and death

in late infancy.

EPG5 Patient Fibroblasts Show Impaired
PINK/Parkin-Dependent Mitophagy with
Defective Removal of Stressed Mitochondria

To detail at cellular level the effect of EPG5 mutations
involved in the expanding spectrum of EPG5-related
movement disorders including parkinsonism and distinct
from classical VS, we investigated human fibroblasts
homozygous for the EPG5 variant ¢.6861_6862
insTTTCCAACAGCAGAGTTC, p.Phe2287_Leu2288in
sPheProThrAlaGluPhe identified in EPG5-related parkin-
sonism (patient 3), as well as two fibroblast cell lines with
the recurrent PG5 Vici syndrome variants p.GIn336Arg
and p.Argl621Gln (patients 1 and 2), respectively. The
cell line from the EPG5-mutated patient with parkinson-
ism was chosen to investigate for clear mitophagy defects
as a cause for potential neurodegeneration. The two VS-
related EPG5 variants were chosen to investigate if cell
lines from patients with earlier and more severe clinical
manifestations may also show mitophagy defects, which
may in turn prompt neurodegeneration at an age where
thalamic motor networks are not yet fully developed.

Monogenic disorders of mitophagy with PINK1 or
Parkin/PRKN ' deficiency are associated with early-onset
parkinsonism in humans. We next investigated if any
PINK1/Parkin-mediated mitophagy defect at cellular level
may be associated with the parkinsonism that we observed
in our patients. More specifically, we investigated a
fibroblast cell line from a 22-year-old patent with
parkinsonism and a homozygous EPG5 variant in
c.6861_6862insTTTCCAACAGCAGAGTTC, p.Phe2287_
Leu2288insPheProThrAlaGluPhe. Immunoblots showed
accumulation of LC3II and p62 in patient fibroblasts follow-
ing vehicle and rapamycin treatments (Fig 5A-C). We
observed accumulation of PINK1 levels and its activity (pho-
spho-Ub) in the patient cell line in response to mitochon-
drial damage with 24-h oligomycin-antimycin treatment
(Fig SD,E).

After cotransfecting this cell line with mito-Keima
and GFP-Parkin, we observed significant downregulation
of mtKeima high ratio in patient cells already at vehicle
treatment, as well as after OA-induced mitochondrial
damage, indicating stalled mitophagy (Fig 5F,G). In addi-
tion, we observed a significant upregulation in GFP-

Parkin punctae, even with vehicle treatment and more so
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Figure 5: Impaired autophagic flux and mitophagy in cells from a patient with EPG5-related parkinsonism and SNCA
overexpression. (A) Utilizing a fibroblast cell line from a 22-year-old patient with a homozygous EPG5 variant in
c.6861_6862insTTTCCAACAGCAGAGTTC, p.Phe2287_Leu2288insPheProThrAlaGluPhe, we conducted immunoblots showing
accumulation of p62 and LC3lIl in control and patient fibroblasts after 24 h of treatment with rapamycin (100 nM) and/or bafilomycin
(200 nM). (B, C) Quantification of LC3Il/B-Actin ratio and p62 levels in A. (D) Immunoblot showing an increase of of PINK1 levels and
its activity (phospho-Ub) in control and patient fibroblasts in response to oligomycin (2.5 pM) and antimycin (2.0 pM; OA) treatment
for indicated time. Ubiquitin levels (Ub) blot shows the total ubiquitin levels. (E) Quantification of the PINK1 levels in
D. (F) Representative images of fibroblast cells cotransfected with mito-Keima (ratiometric) and GFP-Parkin (gray scale) before and
after the treatment with OA for 24 h. Scale bars, 10 pm. (G) The proportion of the high ratio (561/458) signal area (red) to the total
mitochondrial area plotted as mitophagy index. (H) Quantification of the number of GFP-positive puncta per cell. Each experiment
examined at least 12 transfected cells. (I) Representative immunofluorescence images of mCherry-Parkin transfected fibroblasts
immunostained for citrate synthase (CS) and LAMP1. Scale bar: overview, 10 um; inset, 5 pm. Regions of interest (ROI) show line
profile of Parkin-CS puncta with the LAMP1-positive vesicles, completely colocalizing in control fibroblasts. These structures were
counted as “mitophagy events”, which were further plotted. (J) Quantitative analysis of the number of mitophagy events in H. Data
in B, C, E, G, |, J, and K are represented as mean + SD from 3 independent experiments. (K) Quantitative analysis of SNCA
transcript in control and patient fibroblasts shows overexpression in cells from patients with the spectrum of EPG5-related
neurodevelopmental disorders (“attenuated VS spectrum”) in patient 1 (Q336R) and patient 2 (R1621Q) from Figure 6, as well as in
the cell line from the patient 3 with EPG5-related parkinsonism. *p < 0.05, **p < 0.005, ***p < 0.001, ****p < 0.0001 (2-tailed
unpaired Student t test or 1-way ANOVA); ns = Not significant. [Color figure can be viewed at www.annalsofneurology.org]

following OA-induced mitochondrial damage (Fig 5F,H).
Analyses of immunofluorescence studies in mCherry-
Parkin transfected fibroblasts immunostained for citrate
synthase (CS) and LAMP1 showed Parkin-CS punctae
mostly colocalizing with LAMP1-positive vesicles in con-
trol fibroblasts, but this colocalization was significantly
decreased in patient cells, indicating a reduced number of
mitophagy events (Fig 51]).

Finally, we examined a-synuclein overexpression, a
specific biomarker for parkinsonism with PINK1 defects
and leading to dopaminergic loss, by quantifying mRNA
abundance for its gene SNCA, as documented in several
previous studies.”>*> We observed a-synuclein over-
expression through a significant upregulation of SNCA
mRNA abundance in cells from patients at the relatively
milder end of the EPG5-related VS spectrum in patient 1
(p-GIn3306Arg) and patient 2 (p.Argl621Gln), as well as
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in the cell line from patient 3 with EPG5-related parkin-
sonism (Fig 5K).

Next, we investigated whether the same findings
of defective PINKI1-PRKN-mediated mitophagy in the
fibroblast cell line from a patient with £PG5-parkinsonism
are found in fibroblast cell lines from patients
with milder EPG5-related disorders at earlier ages and
without parkinsonism at time of biopsy (p.Gln336Arg
and p.Argl621Gln). Both variants are recurrent founder
variants.

We confirmed the expected autophagy blockade
in these cells and demonstrated, compared with con-
trols, higher levels of autophagy flux markers
p62/SQSTM1, NDP52, and LC3-II on immunoblot-
ting, already under basal condition, and increased even
further following treatment with rapamycin and

bafilomycin (Fig 6A—C). EPG5-defective fibroblasts

943

858017 SUOWWOD BAIR.D 8|l jdde ay) Aq peusenob a.e sooile VO ‘88N JO S8|nJ 0} AkeiqiTauljuQ AB[IM UO (SUOTIIPUOO-PUE-SWBIAL0D" AB 1WA Jeiq U UO//Sdny) SUORIPUOD pue SWe 1 8y} 89S *[GZ0Z/TT/yT] uo Akeiq)aulluo A8|IM ‘8pAods 1o AisiAIuN AQ T8, eUe/Z00T OT/I0p/W0D A8 M Ake.d1pul|uoy/:sdny woij papeojumod ' ‘SZ0Z ‘6vZ8TEST


http://www.annalsofneurology.org

ANNALS of Neurology

Bafilomycin — — — —— — — — + + + + OA-28h — — — = — = — — + + + + Control-1 Control-1
Rapamycin — — — —+ + + + + + + + OA-6h — — — — + 3 g B e
DMSO + + + +— — —— — — — — DMSO + + + + — — — — — — — -

210, o K10, o 2.0
SRRV ONSINE S
3

o SO0 g, SO
Ao, & n oSO SO 1, S
SRR ARG S SRR e

SR PLE RPN FE s
PINKT = - . e s e sy o —-— o

250
150

100
e
=3 50

"

p62
NDP52|

LC3B I
LC3B Il
B

5 UbP-S65

o

GFP-Parkin punctalcell  ¢_

B
3
GFP-Parkin

Relative protein level (p62)

ub

szszszszsz

O

DMSO

frelbl (L1 s 3,

R
D omso Rapamycin
s o

il

o Contok1 ® Contol2 4 Q3%R v RIG21Q

rents/cell

No of mitophagy eve

LC3N/ prActin

s iy
£1dmm
EN

owso xlsn onben

Figure 6: Impaired autophagic flux and mitophagy defects in EPG5-mutated patient cells. (A) Immunoblot showing accumulation
of p62, NDP52, and LC3Il in control and patient fibroblasts after 24 h of treatment with rapamycin (100 nM) and/or bafilomycin
(200 nM). Quantifications of (B) p62 levels in, (C) NDP52 levels, and (D) LC3II/p-Actin ratio, respectively. (E) Immunoblot showing
increase of PINK1 levels and its activity (phospho-UbS65) in relation to total ubiquitin levels (Ub) in both Q336R and R1621Q
fibroblasts in response to oligomycin (2.5 pM) and antimycin (2.0 uM; OA) treatment for indicated time, (F) with quantification of
PINK1 levels. (G) Representative images of fibroblast control and Q336R patient cells cotransfected with mito-Keima
(ratiometric) and GFP-Parkin (gray scale) under vehicle treatment with DMSO (left) and after treatment with OA for 24 h (right).
Scale bars, 10 pm. (H) Proportion of the high ratio (561/458) signal area (red) to the total mitochondrial area plotted as
mitophagy index. () Pearson coefficient indices between GFP-Parkin and mito-Keima (high ratio area) show the accumulation of
GFP-Parkin on the mitophagosomes/mitolysosomes over time under normal and OA-treated condition. (J, K) Quantification of
the number of GFP-positive puncta per cell in DMSO and OA 24 h treatment, respectively. Each experiment examined n > 20
transfected cells. Scale bar: 10 pm. (L) Representative immunofluorescence images of mCherry-Parkin transfected fibroblasts
immunostained for citrate synthase (CS) and LAMP1. 3D reconstruction of inset in Control-1 shows Parkin-CS puncta inside the
LAMP1-positive vesicles (white arrows). These structures were counted as “mitophagy events” and quantitatively demonstrated
in (M). Scale bar: overview, 10 pum; inset, 2 pm. Data in (B-D and F) are represented as mean + SD from 3 independent
experiments. *p < 0.05, **p < 0.005, ***p < 0.001, ***#*p < 0.0001 (2-way ANOVA). ns = Not significant. [Color figure can be
viewed at www.annalsofneurology.org]

mCh-Parkin  CS (mitochondria) ~ LAMP1 (lysosomes)

transfected with tandem-fluorescent mRFP-GFP-LC3 decrease in p.Gln336Arg cells (Supplementary File 7F),

demonstrated autophagosome accumulation before indicating defective delivery of phospho-ubiquitinated
fusion with lysosomes (Supplementary File 7A,B). mitochondria to lysosomes.

During  mitophagy  induction, we  observed We investigated whether Parkin is recruited to dam-
colocalization of EPG5 and fragmented mitochondria in aged mitochondria during oligomycin-antimycin-induced
response to mitochondrial depolarization induced by mitophagy in patient cells. Delivery of mt-Keima to lyso-
oligomycin and antimycin in control fibroblast cell lines somes at 24-h oligomycin-antimycin treatment resulted in
(Supplementary File 7C). To demonstrate early mitophagy the formation of bright punctae with a high ratio of exci-
inhibition, PINK1 levels were already significantly elevated tation at 543/458 nm in response to the acidic lysosomal
in patient cells at baseline, and increased even further after microenvironment in control cells,”” and this was signifi-
6-h treatment with oligomycin and antimycin (Fig 6E,F). cantly reduced in patient cells showing reduced mitophagy
We observed a time-dependent increase in levels of flux (Fig 6G,H). With vehicle treatment, GFP-Parkin was
ubiquitin  phosphorylation at Ser65 upon oligomycin- localized diffusely throughout control fibroblasts, whereas
antimycin treatment, which showed a stall in the p-GIn336Arg fibroblasts showed a significant increase in
PINKI1-mediated post-translational modification essential GFP-punctae colocalizing with low Fsy3/F4s3 mt-Keima
for mitochondrial recruitment during mitophalgy.24 We signal (Fig 6L]). GFP-Parkin recruitment was further
observed PINKI activation on depolarized mitochondria in increased in p.Gln336Arg cells after 24-h oligomycin-

immunostaining for UbPS5, TOM20, and LAMPI in antimycin treatment during late mitophagy (Fig 6K). A
patient cells (Supplementary File 7D,E). Quantification of lower GFP-Parkin signal colocalizing with high Fs43/F4sg

UbP® signal on mitochondria indicated robust PINKI mt-Keima signal in wildtype indicated degradation of the
activation (Fig 6F, Supplementary File 7D). Colocalization fusion protein in mitolysosomes, whereas patient cells
S65

analysis of Ubp> with lysosomes showed a significant showed significantly higher GFP-Parkin and high
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mtKeima signal colocalization indicating stalled Parkin-
mediated mitophagy (Fig 6G-K). Fig 6L shows the delivery
of Parkin-positive mitochondria to lysosomes in cells trans-
fected with mCherry-Parkin, followed by oligomycin-
antimycin treatment and immunostaining for mitochondrial
matrix protein, CS, and LAMP1. Quantification of Parkin-
positive CS punctae colocalizing with lysosomes, identified as
mitophagy events, were significantly decreased in p.
GIn336Arg cells, indicating defective degradation and accu-
mulation of Parkin-activated mitochondria (Fig 6M). These
findings indicated that the autophagosome-lysosome fusion
defect in EPG5 deficiency also extends to the removal of
stressed mitochondria in fibroblast cell lines from patients
with milder EGP5-related disorders (p.GIn336Arg and
p-Argl621Gln).

As our knock-in mice carried the genetic alteration
at a homologous amino acid residue as humans with the
recurring founder variant p.GIn336Arg, we next investi-
gated on a cellular basis whether immortalized MEFs from
Epg5¥'™® homozygous mice show similar defects in
PINK1/Parkin-dependent  mitophagy, as evidenced
in human fibroblasts above. We used transmission elec-
tron microscopy to identify the downstream block in
mitophagy by analyzing mitophagosomal structures
in MEFs stably expressing GFP-Parkin (Fig 4]). Consis-
tent with increased accumulation of mitophagosomes in
patient fibroblasts, Epg5¥?® MEFs showed a significant
increase in mitophagosomes during PINK1/Parkin
mitophagy in the presence of BafA, compared with wil-
dtype (Fig 4K). Notably, mitophagosomes formed in
Epg5¥3'® MEFs contained correctly sequestered mito-
chondria, although those were significantly larger than in
wildtype cell lines (Fig 4L), further supporting impaired
lysosomal fusion of normally formed lysosomes as a key
mechanism. In MEFs stably expressing GFP-Parkin and
mt-Keima, quantitative mitophagy measurements by
FACS analysis showed a significant increase in mt-Keima
spectral shift upon OA-induced mitophagy in wildtype,
which was reversed by cotreatment with BafA (Fig 4M).
Epg5¥3'® homozygous MEFs also had a largely attenu-
ated mt-Keima spectral shift in response to OA (Fig 4N),
again indicating lower levels of PINK1/Parkin-mitophagy.
Finally, we analyzed mitochondrial oxygen consumption
rate in Q331R MEFs and wildtype MEFs using the Sea-
horse XFe96 extracellular flux analyzer (Fig 40), and
observed a significant reduction in Q331R MEFs in both
ATP-linked respiration (Fig 4P) and spare respiratory
capacity (Fig 4Q).

Taken together, cellular data from MEF derived
from mice with EPG5 defects confirm the causal relation-
ship between EPG5 recessive variants and mitochondria
abnormalities.
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In conclusion, defective mitophagy and accumula-
tion of dysfunctional mitochondria appears to be a com-
mon element at a cellular level throughout the EPG5-RD

continuum.

epg-5 Knockdown in C. elegans Causes Impaired
Mitophagy

After having established the association of defective
removal of stressed mitochondria in mice and human cells
in vitro, as well as age-dependent motor abnormalities in
mice in vivo, we investigated whether these observations
extend to other recognized autophagosome-lysosome
fusion defects and/or those already associated with
Parkinson’s disease.

As an easily genetically manipulated in vivo model
for motor phenotypes and mitochondrial function, we
conducted knockdown of epg-5/EPG5 in a C. elegans
model, and observed a hypokinetic phenotype with
decreased body bends and lower thrashing similar to
knockdown of both other autophagosome-lysosome
fusion genes (rab-7/RAB7A, ¢cz-1/CCZI) and of
pdr-1/PRKN
(Fig 7A,B), corroborating previous findings in established

Parkinson’s  disease-associated ~ gene
C. elegans models of Parkinson’s disease.”® These findings
showed that the observed motor phenotypes are not selec-
tive to epg-5/EPG5 dysfunction, but rather a consequence
of any autophagosome-lysosome fusion and/or mitophagy
defect.

To further investigate for specific aspects of mito-
chondrial dysfunction, we conducted SeaHorse analyses in
C. elegans knockdown models. Compared with control
luci worms, oxygen consumption assays in ¢pg-5-deficient
C. elegans showed an increase in the differential between
maximum and basal oxygen consumption rate (“spare
capacity”), indicative of an excess of uncoupled capacity of
the respiratory electron transport chain, similar to observa-
tions with knockdown of other autophagosome-lysosome
fusion (ccz-1/CCZI) and Parkinson’s disease-associated
genes (pdr-1/PRKN) in worms (Fig 7C). Again, these find-
ings suggested that the observed mitochondrial dysfunc-
tion is not selective to epg-5/EPG5 defects, but rather a
consequence of any autophagosome-lysosome fusion or
mitophagy defect.

Finally, to investigate for stalled mitophagy flux, we
examined epg-5/EPG5 knockdown in a mitophagy
reporter strain that showed increased punctae of LGG-1:
RFP (homolog of autophagosome marker LC3) and
DCT-1:GFP (homolog of mitophagy marker BNIP3L/
NIX) in body wall muscles from epg-5/EPG5 knockdown
worms when compared with control (Fig 7D). This find-
ing showed that the dysfunctional removal of stressed
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Figure 7: Caenorhabditis elegans model of epg-5/EPG5 dysfunction. Motor phenotype, mitochondrial oxygen consumption, and
mitophagy flux in Caenorhabditis elegans knockdown of epg-5/EPGS5. (A) Analysis of stretch showed significantly decreased
maximum differences in curvature per stroke in epg-5i/EPG5i, ccz-1i/CCZ1i, and pdr-1i/PRKNi, indicating flatter body bends,
demonstrated by pooled data from 3 biological replicates of n =10 worms. (B) Analysis of curling showed significantly
decreased percentage of time spent in bent-over shapes in epg-5i/EPG5i, rab-7i/RAB7i, ccz-1i/CCZ1i, and pdr-1i/PRKNi worms,
indicating much flatter movements, demonstrated by pooled data from 3 biological replicates of n=10 worms.
(C) Measurement of oxygen consumption rate by Seahorse Respirometer revealed an increase in spare capacity in epg-5i/EPG5i,
rab-7i/RAB7i, ccz-1i/CCZ1i, and pdr-1i/PRKNi, indicating an excess of uncoupled capacity of the respiratory electron transport
chain not being used in basal respiration. (D) Microscopy of mitophagy flux markers revealed an increase in LGG-1:RFP and DCT-
1:GFP puncta in body wall muscle cells when compared with luci control. Quantification of punctae per 100 pm? visual counting,
shown as pooled data from 3 biological replicates of n = 10 worms. Statistical significance levels: *p < 0.05, **p < 0.01, **#*p

< 0.001 as determined by ANOVA. [Color figure can be viewed at www.annalsofneurology.org]

mitochondria is not only found in human and mouse
fibroblast cells, but also evident in vivo in worms.

In summary, findings in C. elegans models corre-
spond to motor abnormalities and mitophagy flux dys-
regulation seen in EPG5-mutated mice and humans.
More specifically, worm assays show that EPG5-related
autophagolysosome fusion defects are downstream of
defects in formation of mito-autophagosomes in vivo. In
conclusion, defective mitochondria and motor abnormali-

ties are the consequence of any autophagosome-lysosome

fusion defect (CCZ1, RAB7A, EPG5).

Discussion

Here, we present genetic, clinical, and imaging data from the
largest cohort of patients with pathogenic EPG5 variants
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reported to date. We provide evidence for an expanding phe-
notypic range associated with EPG5 defects, suggesting a rel-
atively milder end of the clinical spectrum different from
classic VS,”” and a continuum with other neurodegenerative
phenotypes of later onset. Although classic VS may be rare,
our findings suggest that other EPG5-RDs may be more
common, including more frequent, but less specific, presen-
tations, such as neurodevelopmental delay, epilepsy, spastic-
ity, dystonia, and early-onset parkinsonism.

Not unexpectedly, we found patients with classic
VS, typically identified through EPG5 Sanger sequencing
prompted by suggestive clinical features, with at least
1 truncating EPG5 variant allele, expected to result in
reduced EPG5 protein expression, whereas those with less
specific clinical diagnoses before genetic testing were typi-
cally identified through an unbiased exome/genome
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sequencing approach and more often found with at least
one missense variant allele, expected to result in dysfunc-
tional EPG5 protein. This may suggest a dosage effect in
EPG5-RD, with the phenotype of classic VS associated
with marked reduction of the EPG5 protein and relatively
milder phenotypes associated with expression of a dysfunc-
tional EPG5 protein. However, further follow-up studies
are required to establish the hypothesized dosage effect in
more detail. A dosage effect is also suggested by the previ-
ous preliminary observation of movement disorders in het-
erozygous EPG5 variant carriers in a small number of
families, and the suggestion of EPG5 variants as a modify-
ing factor in Alzheimer’s disease and amyotrophic lateral
sclerosis.”***” Interestingly, an epg5-related dosage effect
was also seen in a Drosophila model where heterozygous
knockout and knockdown flies showed a milder pheno-
type compared with homozygous knockouts.'

We identified specific novel clinical and radiological
presentations within the spectrum of EPG5-RDs that
mimicked a number of monogenic disorders characterized
by dystonia, hereditary spastic paraplegia, and early-onset
parkinsonism. This expanded EPG5-RD cohort suggested
prominence of motor disorders with either: (1) already
postnatal or infantile onset, or, more commonly, (2) ado-
lescent-onset dystonia and parkinsonism, typically on the
background of non-specific neurodevelopmental delay.
Early-onset parkinsonism as part of EPG5-RDs corre-
sponds to earlier preliminary observations of an apparently
increased Parkinson’s disease risk in heterozygous EPG5
variant carriers. The iron accumulation in the basal ganglia
seen in some EPG5-mutated patients has previously been
reported as part of the MRI spectrum in PKAN- or
WDR45-associated neurodegeneration with brain iron
accumulation.”® Early radiological features in WDR45-
mutated patients may closely mimic those of VS,
supporting a clinico-radiological continuum between those
disorders. Albeit novel, the observed overlap of EPG5
defects with disorders of iron metabolism is not unex-
pected, considering the crucial role of autophagy in iron
homeostasis.”'

As a notable finding in this study, we investigated a
fibroblast cell line from a patient with EPG5-related par-
kinsonism that showed defects in PINK1/Parkin-mediated
mitophagy, reiterating our findings in cell lines from
milder EPG5-related disorders. Our cellular studies in
human and murine fibroblasts carrying recurrent homozy-
gous EPG5 missense variants with a milder phenotype also
suggest mitochondrial dysfunction, as well as defects in
PINK1/Parkin-mediated mitophagy. Although mitochon-
drial dysfunction may happen at any time in cells, the
clearance of dysfunctional mitochondria requires a steady
state of mitophagic flux. Our findings suggest that
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mitophagic flux is severely impaired in EPG5 deficiency,
as EPG5 controls the bottleneck of general auto-
phagolysosome tethering, which is downstream of the for-
mation of mito-autophagosomes.

Monogenic defects in mitophagy, such as PINK1 or
Parkin deficiency, are associated with early-onset parkin-
sonism, and there is a significant phenotypic overlap with
our EPG5-mutated patients with parkinsonism.

Our EPG5-related findings correspond to observa-
tions in PARK2- and PINKI-mutated patient cells and
induced dopaminergic neurons, showing accumulation of
damaged mitochondria upon induction of mitophagy.’”
Histochemical analysis of substantia nigra sections from
PARK2- and PINKI-mutated patients also feature
pS65-Ub  punctae colocalizing with mitochondria and
lysosomes similar our observations in EPG5-mutated
cells.”® The impaired mitophagy observed in EPGS5-
mutated patient cells also closely mimics mitochondrial
abnormalities seen in a mouse model of GBA-associated
Gaucher disease, a lysosomal storage disorder associated
with Parkinson’s disease in heterozygous GBA variant car-
riers.>* One of the most prominent biomarkers in mono-
genic disorders with parkinsonism is o-synuclein, a
protein that is accumulated in Lewy bodies of dopaminer-
gic neurons from patients with parkinsonism as a molecu-
lar correlate for neurodegeneration; several studies have
shown a-synuclein accumulation in a number of mono-
genic disorders relevant to this study, such as in GBA-
related parkinsonism.”> Notably, we were able to show
a-synuclein overexpression through SNCA mRNA abun-
dance in the cell line from the patient with EPG5-related
parkinsonism, as well as in the 2 cell lines from EPG5-
mutated  patients with  milder, primarily neu-
rodevelopmental disorders. This finding shows the role of
EPG5-mediated autophagolysosome fusion in adequate
mitophagic flux, that when perturbed may eventually lead
to clinical and molecular signs of neurodegeneration,
including parkinsonism.

Genetic defects in several other autophagy compo-
nents have already been linked to neurodegenerative disor-
ders, indicating that well-maintained autophagic flux
associated with normal EPG5 activity is crucial for the
normal function and maintenance of the central nervous
system.”**? A widely acknowledged hypothesis regard-
ing the “atypical form” of parkinsonism, an emerging
important presentation within the parkinsonian spectrum
characterized by rapid progression and cognitive decline, is
that massive protein and organellar accumulation may lead
to excessive neuronal waste and degeneration.”® Previous
reports identified autophagopathies, such as WDR45
defects, as the cause of both childhood NDD*' and early
adulthood parkinsonism,** suggesting substantial clinico-
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pathological overlap reflective of the molecular interactions
between EPG5 and WDR45 in the autophagosome—
lysosome fusion machinery. We argue that onset of a neu-
rodegenerative phenotype in a patient with previous
neurodevelopmental presentation should alert clinicians to
a neurometabolic disease that may include EPG5 defects,
in particular, if more subtle variations of previously recog-
nized EPG5-related features are present, including callosal
dysgenesis/thinning as a milder variant of the callosal
agenesis typically seen in EPG5-related Vici syndrome.

Complementary to our novel clinical findings, we
also further explored the causative nature of the most
common recurrent EPG5 missense variant, in a novel
knock-in mouse model. Epg5 knockout mice have been
shown to display some phenotypic similarities with VS
patients, including corpus callosum changes and myopa-
thy. However, many features of VS, including facial dys-
morphism, cataracts, and hypopigmentation, are not
evident in mice, which instead develop a very aggressive
form of selective neuronal degeneration.

Compared with the previously published Epg5

knockout mouse model, our Epg5¥?'%

mouse showed a
milder phenotype with age-dependent motor features,
corresponding to the human phenotypes associated with
EPGS5 missense variants.”' Interestingly, the phenotype in
the Epg5¥?™ mouse suggested an age-dependent neuro-
logical motor coordination impairment rather than a pri-
mary neuromuscular presentation, again corresponding to
the novel phenotypes reported here in humans.

We could also demonstrate that the autophagy
defect in our knock-in model affects different central ner-
vous system regions selectively, in a pattern consistent
with the selective central nervous system involvement seen
on brain imaging in humans with EPG5-RDs. Although
reduced stride length and imbalance in Epg5®?'® mice
resemble phenotypes observed in mouse models of
MPTP-induced parkinsonism,43 we were unable to fully
investigate any phenotypic worsening because, as
according to UK regulations, mice had to be euthanized
at ~12 months-of-age for their recurrent spontaneous and
severe seizures, as previously reported.'” However, a puta-
tive link between EPG5 and parkinsonism is also
supported by our previous observation of a specific age-
related loss of dopaminergic neurons in an ¢pg5 knockout
Drosophila melanogaster model,"”” and of a hypokinetic
locomotion disorder in a C. elegans epg-5 knockdown
model reported in the present study.

In C. elegans, we also observed an increase in spare
oxidative capacity with knockdown of epg-5 and other
genes involved in autophagosome-lysosome fusion (rab-7/
RAB7, ccz-1/CCZI), and of the mitophagy gene pdr-1/

PRKN when compared with controls. An increased spare
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capacity has been previously demonstrated in C. elegans
models of Parkinson’s disease, where it was associated with
enhanced fusion of mitochondrial networks at L4 larval
worm stage“; and in lymphoblasts from sporadic
Parkinson’s disease patients independent of age.*” In vivo
flux measurements in epg-5; worms showed increased
LGG-1/LC3:RFP autophagosome punctae*® and DCT-1:
GFP mitophagosome punctae indicative of stalled selective
mitochondrial clearance. As PDR-1/PRKN positively reg-
ulates mitophagy and interacts with the key mitophagy
protein DCT-1/BNIP3,'® not unexpectedly we observed
impaired mitophagic clearance in knockdowns of either
pdr-1/PRKN  or  epg-5/EPG5, ultimately resulting in
perturbed locomotion. We argue that the adolescent-onset
parkinsonism seen at the milder end of the EPG5-related
spectrum may be a result of defective mitochondrial clear-
ance considering that monogenic disorders in mitophagy
genes show similar dystonia-parkinsonism phenotypes.

Considering that motor impairment and mitochon-
drial dysfunction arose from knockdown of any of the
genes involved in autophagosome-lysosome fusion (epg-5/
EPG5, rab-7/RAB7, ccz-1/CCZI) or mitophagy (pdr-1/
PRKN), we recognize that epg-5/EPG5 disorders are
unlikely to be exclusively driven by defective mitophagy:
EPGS5 defects lead to defective autophagosome-lysosome
fusion, thereby impairing removal of all proteins and
organelles with numerous consequences that may exert
additional pathogenic effects other than impaired mito-
chondrial clearance; further studies will be required to
identify how EPG5 defects lead to dysfunctional removal
of other cellular cargoes, including, but not limited to,
lipids, peroxisomes, and/or infectious agents.

In conclusion, our findings identify a lifetime con-
tinuum of disease related to EPG5 deficiency in humans,
and highlight a significant genetic overlap between (ultra)
rare neurodevelopmental diseases and more common age-

related neurodegenerative presentations.
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