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Phenotypic and genetic spectrum
of ATP6V1A encephalopathy: a disorder
of lysosomal homeostasis
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Vacuolar-type H"-ATPase (V-ATPase) is a multimeric complex present in a variety of cellular membranes that acts as
an ATP-dependent proton pump and plays a key role in pH homeostasis and intracellular signalling pathways. In hu-
mans, 22 autosomal genes encode for a redundant set of subunits allowing the composition of diverse V-ATPase com-
plexes with specific properties and expression. Sixteen subunits have been linked to human disease.

Here we describe 26 patients harbouring 20 distinct pathogenic de novo missense ATP6V1A variants, mainly clustering
within the ATP synthase o/p family-nucleotide-binding domain. At a mean age of 7 years (extremes: 6 weeks, young-
est deceased patient to 22 years, oldest patient) clinical pictures included early lethal encephalopathies with rapidly
progressive massive brain atrophy, severe developmental epileptic encephalopathies and static intellectual disability
with epilepsy. The first clinical manifestation was early hypotonia, in 70%; 81% developed epilepsy, manifested as
developmental epileptic encephalopathies in 58% of the cohort and with infantile spasms in 62%; 63% of develop-
mental epileptic encephalopathies failed to achieve any developmental, communicative or motor skills. Less severe
outcomes were observed in 23% of patients who, at a mean age of 10 years and 6 months, exhibited moderate intel-
lectual disability, with independent walking and variable epilepsy. None of the patients developed communicative
language. Microcephaly (38%) and amelogenesis imperfecta/enamel dysplasia (42%) were additional clinical features.
Brain MRI demonstrated hypomyelination and generalized atrophy in 68%. Atrophy was progressive in all eight in-
dividuals undergoing repeated MRIs.

Fibroblasts of two patients with developmental epileptic encephalopathies showed decreased LAMP1 expression,
Lysotracker staining and increased organelle pH, consistent with lysosomal impairment and loss of V-ATPase func-
tion. Fibroblasts of two patients with milder disease, exhibited a different phenotype with increased Lysotracker
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staining, decreased organelle pH and no significant modification in LAMP1 expression. Quantification of substrates
for lysosomal enzymes in cellular extracts from four patients revealed discrete accumulation. Transmission electron
microscopy of fibroblasts of four patients with variable severity and of induced pluripotent stem cell-derived neurons
from two patients with developmental epileptic encephalopathies showed electron-dense inclusions, lipid droplets,
osmiophilic material and lamellated membrane structures resembling phospholipids. Quantitative assessmentinin-
duced pluripotent stem cell-derived neurons identified significantly smaller lysosomes.

ATP6V1A-related encephalopathy represents a new paradigm among lysosomal disorders. It results from a dysfunc-
tional endo-lysosomal membrane protein causing altered pH homeostasis. Its pathophysiology implies intracellular
accumulation of substrates whose composition remains unclear, and a combination of developmental brain abnor-
malities and neurodegenerative changes established during prenatal and early postanal development, whose sever-
ity is variably determined by specific pathogenic variants.
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Introduction

Vacuolar-type H*-ATPase (V-ATPase) is a multimeric complex pre-
sent in a variety of cellular membranes that acts as an
ATP-dependent proton pump and is responsible for acidification
of intracellular organelles, membrane trafficking processes, such
as receptor-mediated endocytosis, intracellular trafficking of lyso-
somal enzymes and protein degradation, in all eukaryotic cells.™?
Therole of V-ATPase in pH homeostasis and intracellular signalling
pathways is ubiquitous, but it is highly significant in neurons where
it plays additional role in neurotransmitter loading into synaptic
vesicles and synaptic transmission.>*

V-ATPase is composed by V1 cytosolic and VO membrane com-
plexes that allow ATP hydrolysis (V1) and hydrogen transport
(V0). In humans, 22 autosomal genes encode for a redundant set
of subunits allowing the composition of diverse V1 and VO com-
plexes with specific properties and tissue expression. Among these,
16 have been associated with human disease (Supplementary
Table 1). ATP6V1A codes for the ubiquitously expressed A subunit
belonging to the V1 complex.

A biallelic form of ATP6V1A-related multisystemic disorder has
been observed in three children from two consanguineous families,
exhibiting cutis laxa, cardiac abnormalities, dysmorphic facial fea-
tures, severe hypotonia and early seizures.” Subsequently, Vogt
et al. identified ATP6V1A recessive variants in three affected indivi-
duals from two families exhibiting autosomal recessive cutis laxa
type 2D and an overall progeroid appearance, a typical triangular
facial gestalt with cataracts, limb contractures and in some lowered
levels of plasma proline, arginine or ornithine.® Two patients were
compound heterozygous for a missense and a stopgain variant, the
third was homozygous for a novel missense variant.®

In a previous study, we linked de novo heterozygous ATP6V1A
pathogenic variants to a developmental and epileptic encephalop-
athy (DEE) whose pathomechanisms involve the effects of
V-ATPase on pH homeostasis and neuronal connectivity.”

Here, we describe the clinical spectrum of ATP6V1A encephal-
opathy in 26 patients, harbouring 20 different de novo missense
pathogenic variants clustering within the ATP synthase o/p family,
nucleotide-binding domain (ATP-synt_ab). The phenotypic

spectrum ranges from rapidly progressive early lethal encephalop-
athies to moderate intellectual disability and epilepsy with no obvi-
ous signs of progression. The underlying pathology, as
demonstrable in patients’ fibroblasts and induced pluripotent
stem cell (iPSC)-derived neurons (iNs), includes abnormal endo-
lysosomal acidification and ultrastructural hallmarks of lysosomal
storage diseases.

Materials and methods

We established a cohort of patients with pathogenic or likely patho-
genic ATP6V1A variants from multiple diagnostic and research ser-
ies from across Europe, the USA and Japan. After our initial report
associating de novo missense ATP6V1A pathogenic variants with a
DEE in four patients,” the pathogenic role of ATP6V1A variants was
increasingly recognized and a group of families was established
(www.facebook.com/groups/ATP6V1A), which helped in assembling
the cohort presented here. This study includes the four patients de-
scribed in our initial report together with 22 newly identified pa-
tients, of whom 20 are sporadic and two are monozygotic twins.

We obtained written informed consent from all participants or
their legal guardians according to local requirements. The study
was approved by the Paediatric Ethics Committees of the Tuscany
Region, Italy, in the context of the DESIRE FP7 EU project and its ex-
tension by the DECODE-EE project.

Detailed materials and methods for MRI investigations, genetic
analysis, homology modelling and structural analysis, western
blotting, immunocytochemistry, fluorescence and transmission
electron microscopy, glycosylation, enzyme activity and biomarker
analysis, and human iPSC differentiation into induced neurons are
reported in the Supplementary material.

The authors confirm that the data supporting the findings of this
study are available within the article and/or its Supplementary
material. Further derived data not provided in the article due to
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space limitations are available from the corresponding author on
request.

Results

Clinical, imaging, neurophysiological and genetic information on
the 26 patients exhibiting de novo ATP6V1A pathogenic variants
are summarized in Fig. 1 and Supplementary Table 2, and are
presented in detail in the following sections.

Mean age of the 26 patients at last follow-up was 7 years (extremes:
6 weeks for the youngest deceased patient to 22 years for the oldest
living patient).

The most severe end of the phenotypic spectrum was mani-
fested in four patients (Patients 9, 13, 15 and 26) who exhibited a
profound, rapidly progressive encephalopathy, manifested since
birth with severe hypotonia and absence of any developmental
skill, leading to early death in three of them (Patient age at death:
9-2 years; 15-5 months, 26-6 weeks) (Supplementary Table 2). The
most common first clinical manifestation in the cohort was early
hypotonia, reported in 18 of the 24 patients (75%) for whom precise
information on initial symptoms was available. In 10 of the 18 in-
fants with early hypotonia, seizures were also considered an initial
symptom, as they were noticed at the same time.

Twenty out of 25 patients with available clinical information ex-
hibited epilepsy (80%). Convulsive seizures during fever were an
initial manifestation in seven of those with epilepsy (Patients 14,
12, 21 and 22) and were not followed by epilepsy in one patient
(Patient 11). On the basis of epilepsy outcome and associated intel-
lectual disability, we classified 16 patients who survived after early
infancy as having a DEE (Patients 1, 4-8, 10 and 17-25) (16/25, 64%;
16/21 with epilepsy, 76%; Supplementary Table 2), whose onset
was in infancy in 13 and in childhood in three (Patients 8, 21 and
23). In the infantile onset DEE group, infantile spasms were the
most prominent seizure type (11/13, 85% with DEE; 11/21, 52% of
all patients with epilepsy) and appeared at a mean age of 7 months
(range 2 to 13 months). Additional myoclonic, tonic, tonic-clonic,
atonic, absence and focal seizures were reported later in these chil-
dren. In one of the three patients with childhood onset DEE (Patient
8), intractable generalized tonic-clonic seizures appeared at age 7,
followed by loss of acquired motor skills. All patients with DEE
had been unsuccessfully treated with multiple antiepileptic medi-
cation trials.

Ten of the 16 patients with DEE (Patients 1, 4, 6, 7, 10, 17, 19, 20, 24
and 25) exhibited early profound developmental delay with hypoton-
ic quadriplegia and failed to achieve any developmental, communi-
cative or motor skill. The six remaining patients in this group
(Patients 5, 8, 18 and 21-23) acquired motor skills, which were subse-
quently lost in two of them, after worsening of epilepsy (at 4 years,
Patient 5) or after seizure onset (at 7 years, Patient 8). In this group,
the only patients who acquired language skills, albeit poor, were
the two whose epilepsy had started in childhood (Patients 8 and
21). Mean age of the 16 patients with DEE at last follow-up was 6 years
and 5 months (extremes: 10 months to 14 years).

The six remaining patients exhibited an association of intellec-
tual disability and epilepsy (Supplementary Table 2; Patients 2, 3,
11, 12, 14, and 16, 6/26, 23%), which represented the mild end of
the phenotypic spectrum. Intellectual disability was moderate in
five patients and mild-moderate in one (Patient 16); epilepsy was
severe in two of these patients who, however, did not exhibit
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seizure-related progression of symptoms typical of DEE. Different
seizure types were diagnosed in this group, comprising generalized
tonic-clonic (3/6), focal (2/6), myoclonic (1/6) and absence (1/6). One
patient had only experienced rare seizures during fever (Patient 11).
Mean age at seizure onset was 27 months (range 15 months to 3
years). All six patients achieved independent walking, and four ac-
quired simplified language skills. Three exhibited mild autistic
traits (Patients 3, 12 and 16) and one an attention deficit hyperactiv-
ity disorder trait (Patient 16). Mean age of these six patients at the
last follow-up was 10 years and 6 months (4-22 years).

Overall, language impairment was a highly prominent feature of
this entire cohort since, of the 19 patients who were older than two
years atlast follow-up, 13 had remained nonverbal and six had poor
language skills.

EEG recordings were available for 24 patients (Patients 1-13, 15—
22 and 24-26), 19 of whom with epilepsy (Patients 1-8, 10, 12, 16-22,
24 and 25). A hypsarrhythmic EEG was reported in two patients (2/
24, 8%; 2/19 with epilepsy, 10%), multifocal epileptiform discharges
in 11 (11/24, 46%; 11/19 with epilepsy, 58%) and focal abnormalities
in seven (7/24, 29%; 7/19 with epilepsy, 37%). Background EEG activ-
ity was described as abnormally slow in 13 patients (13/24, 54%), but
we could not precisely correlate this finding with the clinical status
of patients at the time of recordings.

Head circumference measurements, at different ages, were
available for 24/26 patients. Microcephaly (head circumference <
—2 SD) was present in nine patients (Patients 1, 4, 9, 13, 14, 17, 19,
24 and 25; 9/24, 38%), and could be demonstrated to be progressive
in six (Patients 1, 4, 13, 19, 24 and 25). Head size measurements at
birth, available in 12 patients, revealed negative SD scores in 10
(10/12, 83%) while values <-1SD were observed in 14 patients
(Patients 1,2,4,5,7,9, 11, 13-15, 17-19 and 25) and were already pre-
sent in the first year of life in eight.

Amelogenesis imperfecta or enamel dysplasia were described in
11/26 patients (Patients 1, 2, 5, 8, 10-12, 14, 17, 19 and 22, 42%) who
manifested combinations of eruption defects, defective enamel min-
eralization, excessive caries and crumbling teeth (Supplementary
Fig. 1). Although information on dentition was not available for all
patients, these findings were consistent and noteworthy.
Additional clinical manifestations included lack of visual contact
(17/26, 65%), dyskinetic movements (4/26, 15%), optic atrophy (4/26,
15%), cerebellar signs (3/26, 12%), congenital arthrogryposis of joints
(3/26, 12%), coloboma and dysmorphic features in one patient each.
Five patients were G-tube dependent (Patients 6, 7, 13, 17 and 25,
19%). No signs of osteopetrosis or renal acidosis, which have been as-
sociated with disease causing mutations of multiple V-ATPase subu-
nits (Supplementary Table 1), emerged from the study of this series.

Brain MRI was available in 25/26 patients, examined between age 1
week and 11 years, and showed structural abnormalities in 20 (20/
25, 80%) (Fig. 1).

Abnormal MRI showed atrophic changes variably affecting the
cerebral cortex (Patients 1, 4, 6, 7, 9-11, 13-15, 17 and 24), brainstem,
cerebellum or both (Patients 1, 5-8, 10-13, 15, 17 and 24), associated
with dilated ventricles (Patients 1, 4, 6, 7, 9, 10, 13, 15, 17 and 24),
thinning of the corpus callosum (Patients 6, 7, 9, 12, 13, 15 and 24)
and hypomyelination (Patients 1, 4-13, 15, 18, 21 and 24).

In all eight individuals for whom repeated MRIs were available
for comparison (Patients 5, 8-11, 13, 15 and 24; Fig. 1), there was
worsening of atrophy, whose rate of progression and severity var-
ied considerably. In Patients 9, 13 and 15, atrophy worsened


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data

ATP6V1A lysosomal encephalopathy

dramatically within the first months of life, paralleling a clinical de-
terioration that eventually led to premature death in the first and
second year of life in two of them (Patients 9 and 15). The remaining
five patients with follow-up imaging showed worsening of struc-
tural changes over longer periods, differently affecting brain and
cerebellum (Fig. 1). For example, in Patient 8 from the age of 1
year and 6 months to 7 years and 6 months, only mild cortical
and cerebellar atrophy became apparent. In Patient 11, instead,
after a normal MRI at 11 months, mild cortical atrophy became ap-
parent at repeat MRI scan at age 2 years and 3 months, while the
cerebellum remained normal and hypomyelination persisted un-
changed. Abnormal high signal intensity of the white matter, at-
tributed to hypomyelination, was observed at any age and
showed no signs of progression.

The ATP6V1A whole gene-level constraint showed a positive mis-
sense Z-score of 3.37 [Genome Aggregation Database (gnomAD)
v.2.1.1] and a residual variation intolerance score (based on
Exome Aggregation Consortium v.2) of —1.041 (corresponding to
the 11th percentile) suggesting an increased constraint and there-
fore intolerance to variations. The DOMINO tool assessed a high
likelihood (0.911) for ATP6V1A gene to harbour dominant changes.

The 26 patients harboured 20 unique heterozygous ATP6V1A var-
iants (Fig. 2 and Supplementary Table 2). Six variants had already
been reported (p.AsplO0Tyr; p.Asp349Asn; p.Asp371Gly;
p.Pro27Arg; p.Asn314Asp and p.Pro249Arg), of which four, now in-
cluded as Patients 14 (p.Aspl00Tyr; p.Asp349Asn; p.Asp371Gly
and p.Pro27Arg) in our initial description of ATP6V1A encephalop-
athy,” and two in patients listed in large cohorts with developmen-
tal disabilities, with limited clinical information,®° now included as
Patients 14 (p.Asn314Asp) and 17 (p.Pro249Arg), with more clinical
detail for Patient 17. The remaining 14 variants are novel. All 20 var-
iants were de novo and missense; five substitutions were recurrent
in unrelated patients (p.Pro375Thr, Patients 11 and 22;
p-Ser316Phe, Patients 15 and 26; p.Pro249Arg, Patients 17 and 23;
p.Arg381Pro, Patients 19 and 24; p.Arg359Gly, Patients 20 and 21),
whereas one substitution (p.Gly276Arg) occurred in a monozygotic
twin pair (Patients 6 and 7). In four unrelated patients, two distinct
substitutions involved each of two residues (p.Asn314Ser/Asp and
p.Pro412Ser/Leu), resulting in 18 different residues being involved
in the overall series. None of the 20 missense substitutions was ob-
served in the Exome Aggregation Consortium, gnomAD, Human
Genetic Variation Database and BRAVO population databases
(Supplementary Table 3). Predictions obtained from the dbNSFP
database (v.4.1a) were almost entirely concordant in defining a
harmful effect on the ATP6V1A protein (Supplementary Table 4).
The PolyPhen-2, Sorting Intolerant From Tolerant, PROVEAN,
Combined Annotation Dependent Depletion, Mendelian Clinically
Applicable Pathogenicity, MetaLR and MetaSVM in silico tools scores
for ATP6V1A missense substitutions observed in patients and in
gnomAD individuals, highlighted that all de novo variants identified
in affected individuals cluster in the deleterious range for each
score (Supplementary Fig. 2). Both missense badness, PolyPhen-2
and constraint and missense variant pathogenicity prediction
scores obtained from patients’ variants were significantly different
from those observed in gnomAD controls (Mann-Whitney’s U-test;
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missense badness, PolyPhen-2 and constraint P-value=9.4x 10"
and missense variant pathogenicity prediction P=4.1x107%), as il-
lustrated in the box plot graphs (Supplementary Fig. 3). Overall,
these findings consistently supported a deleterious effect of the
20 variants.

We compared the presence and location of the 20 missense var-
iants occurring in the 26 patients to those reported in the gnomAD
population database using a lollipop diagram depicting the full
ATP6V1A protein and its Pfam-identified domains (Fig. 2).

Analysis of the impact of these 20 variants, on the basis of re-
gional depletion in the general population using the missense toler-
ance ratio (MTR)-Viewer tool, indicated that MTR scores were above
the neutrality threshold for one ATP6V1A residue (Patient 4, Pro27
residue), above the 50th percentile (median), but below the neutral-
ity threshold for five residues (Patient 1, Asp100; Patient 5, GIn103;
Patient 8, Arg323; Patients 11/22, Pro375; Patients 12/14, Asn314);
and below the median but above the 25th percentile for 10 residues
(Patient 2, Asp349; Patient 3, Asp371; Patients 6/7, Gly276; Patient
10, Leu345; Patient 15/26, Ser316; Patient 16, Gly363; Patients
17/23, Pro249; Patient 18, Glu356; Patient 19, Arg381; Patients 20/
21, Arg359; Patient 25, Cys254); one remaining residue (Patients
9/13, Pro412) fell below the 5th percentile (Supplementary Fig. 4).

Furthermore, we observed the regions with the lowest MTR
scores, and therefore the highest intolerance to missense substitu-
tions, to fall within the amino acid boundaries of the ATP-synt_ab
domain (230-455 aa). Seventeen/20 substitutions were in the
ATP-synt_ab domain, suggesting its enrichment for pathogenic
ATP6V1A variants (Fig. 2). This domain is listed among the genome-
wide significantly enriched domains for constraint (constrained
coding regions: P-value of 0.0359; Bonferroni corrected across the
6060 Pfam known domains)™® (Supplementary Fig. 5). The two re-
maining ATP6VIA Pfam domains, namely ATP-synt_ab_N and
ATP-synt_ab_Xtn, were not significantly enriched for constrained
coding regions (Supplementary Fig. 5). The p.Pro412 residue in-
volved in the missense substitutions (Patient 9: p.Pro412Leu and
Patient 13: p.Pro412Ser) was located in one of the highly con-
strained ATP6V1A constrained coding regions not covered by mis-
sense depletion (Hgl19:chr3:113514042-113514777; 98.53%ile™”).
Consistent with this observation, Patients 9 and 13 exhibited a
strikingly similar phenotype with early-onset rapidly progressive
encephalopathy and profound brain atrophy (Fig. 1).

Taken together, these findings strongly support pathogenicity
of the ATP6V1A missense variants in this cohort and point to patho-
genic variants clustering within the ATP-synt_ab domain.

All substitutions but one (Pro27Arg, which maps in the N-terminal
B-barrel domain) affect amino acids mapping in the N-terminal o/B,
central domain surrounding the catalytic site (Fig. 3 and
Supplementary Video 1). The effect of p.Pro27Arg (perturbation of
the ATP6V1A/B interaction), p.Asp100Tyr (destabilization of the
protein folding), p.Asp349Asn (impairment of the catalytic func-
tion) and p.Asp371Gly (impairment of the rotation process) had
been discussed previously.” For p.Asp349Asn, the predicted effect
was based on structural observations only, but is in contrast with
the previously reported® and here confirmed cellular phenotype.
To further investigate the effect of Asp349Asn [Asp329Asn in
Enterococcus hirae (HE)], we performed molecular dynamics simula-
tions of wild-type and mutated homologous EH A subunit with
Mg?*-ATP bound, revealing that the mutation has no significant
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tients’ identifiers are reported in grey between brackets), whereas the blue lollipops represent the missense variants reported in the gnomAD database.

impact on the Mg?*-ATP structure and environment local amino acidic interactions. Gly276 is ~5 A away from the side
(Supplementary Fig. 5). In the mutated protein the conformation chain of Asp349, which is in turn involved in the coordination of
of ATP is preserved, as well as its interactions with surrounding the Mg®* ion at the ATP biding site.” Hence, Gly276Arg is likely to
amino acids, binding to Mg?* and coordination of the latter by water perturb the catalytic site as well.

molecules. The simulation thus suggests that Asp349Asn does not
necessarily impair ATP binding and catalytic activity of ATP6V1A,
albeit affecting it in a yet uncharacterized manner.

Among the newly identified substitutions, p.Pro249Arg, Previous reports of altered glycosylation profiles in patients with
p.Cys254Thr, p.Pro412Leu/Ser and p.Leu435Phe (Fig. 3, red spheres) biallelic ATP6VIA variants, resulting in cutis laxa with severe
are located either on or near the P-loop (residues 250-257), which neurological impairment, prompted us to investigate glycosylation
includes the ATP binding site and may affect ATP/V-ATPase bind- status in two severely affected patients in our cohort. Transferrin
ing; p.Ser316Phe, p.Arg323Gly, p.Glu356Asp, p.Arg359Gly and N-glycan MS profiles showed mild abnormalities, consisting in a
p.Gly363Val are at the interface between A and B subunits on the mild increase of the monosialo-biantennary glycoforms at m/z
catalytic site side (Fig. 3, yellow spheres), while p.Pro375Thr and 2431.3 (A2G2S1) and 2605.5 (FA2G2S1) in both patients, and of the
p.Arg381Pro are at the interface between A and B subunits on the disialo-triantennary species at m/z 3241.7 (A3G3S2) and 3415.9
opposite side (the non-catalytic interface) (Fig. 3, green spheres). (FA3G3S2) for Patients 18 and 1, respectively. A general fucosylation
All these pathogenic variants may perturb ATP6V1A/B interaction. increase, due to the enhancement of the monofucosylated struc-
The remaining substitutions (p.GIn103Arg, p.Asn314Asp/Ser, tures normally present in human serum transferrin, was also ob-
p.Gly276Arg) occur at sites whose structural characterization is served in Patient 1 (data not shown).
less immediate (Fig. 3, orange spheres). GIn103 is only three posi- Total serum N-glycan analysis reflected the same glycosylation
tions away from Asp100, whose effect on the protein folding and defects (Supplementary Fig. 8), with slightly increased hyposialy-
degradation had been demonstrated previously’ and confirmed lated and/or fucosylated structures in Patient 1’s (Supplementary
here (Fig. 4). Being surrounded by a cluster of hydrophobic residues, Fig. 8B) and increased amount of the biantennary monosialo-
replacement of GIn103 with a bulkier, positively charged arginine is glycoforms A2G2S1 and FA2G2S1 in Patient 18’s (Supplementary
expected to strongly affect local amino acidic interactions. Fig. 8C) glycosylation profile.

Asn314Asp substitution disrupts the H bond between the residue Transferrin N-glycan fucosylation was investigated in both pa-
314 and Cys277 (Supplementary Fig. 6). In addition, this substitu- tients by Matrix-assisted laser desorption ionization-time of
tion determines that the free carboxyl group of Asp314 maps very flight-tandem mass spectrometry, with the purpose of discriminat-
close (~2.7 A) to the carboxyl group of Asp100 (Supplementary ing core- from antennary fucosylated isoforms and establishing
Fig. 7). The Asn314Ser substitution is predicted to introduce an add- whether changes in the relative amount of the respective struc-
itional H bond between residue 314 and Cys277 (Supplementary tures occurred. The fragmentation spectra of the most abundant
Fig. 7). Thus, although Asn314 does not map in a specific functional fucosylated structure of patients’ serum transferrin (namely
region of the protein, the Asn314Asp/Ser substitutions might affect FA2G2S2 at m/z 2966.5), revealed a ~3-fold increase in the relative

Figure 1 Continued

abnormalities include a combination of cerebellar and brainstem atrophy, dilated ventricles and subarachnoid spaces, thinning of the corpus callosum
and hypomyelination. Comparison of initial and follow-up images demonstrates various rates of progression and anatomic involvement. In Patient
(Pat.) 8 (A), at age 1 year 6 months, hypomyelination was the only feature, while cerebellar atrophy was present at 7 years 6 months. In Patients 9
(B) and 13 (E), MRI scan at age 6 months and 3 months, respectively, showed severe signs of atrophy that involved the cerebral cortex and white matter
in Patient 9 and all brain, brainstem and cerebellar structures in Patient 13. Six months later, in Patient 9, at 12 months of age, atrophy had remarkably
progressed, yet with minimal cerebellar involvement; in Patient 13, at 9 months, dramatic generalized shrinking of all brain structures had occurred. In
Patient 15 (F), severe hypomyelination was present 1 week after birth followed, 4 months later, by severe brain atrophy. In Patient 24 (G) moderate brain
atrophy with hypomyelination was present at 10 months, which became more severe at 2 years 9 months. In Patients 10 (C) and 11 (D), mild atrophy
became apparent from age 3 to 5 years (Patient 10) and 11 months to 2 years 3 months (Patient 11). Coronal sections of the brain of six patients who had
only one MRI scan are presented in H. These images, taken at different ages, show hypomyelination in all patients and minor atrophic changes in two
(Patients 6 and 7).


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac145#supplementary-data

2694 | BRAIN 2022: 145; 2687-2703

A

R. Guerrini et al.

Figure 3 Cryo-EM structure of the Atp6vila. (A) The cryo-EM structure of the Atp6vla subunit from the mammalian V-ATPase (PDB code 6VQ9).
Pathogenic variant sites are drawn as red, yellow, green and orange spheres if they are near the phosphate binding loop (p-loop, blue spheres), A/B
interface, A/D or non-catalytic A/B interface and uncharacterized locations, respectively. The pink sphere is the magnesium ion, and the bound
ADP molecule is drawn as sticks. (B and C) Structure of the V1 domain from upper (B) and lateral (C) views. One A subunit is shown as grey tube
and the other two as grey surface, and B and D subunits are shown as ochre and blue surfaces, respectively. Pathogenic variant sites are drawn as

in A.

intensity of the antennary fucosylated isomer with respect to the ref-
erence range for controls (Supplementary Fig. 9). Matrix-assisted la-
ser desorption ionization-mass spectrometry analysis of serum
apolipoprotein CIII (ApoClIIl) was performed in Patient 1 and showed
no obvious alterations of the mucin type O-glycosylation profile (data
not shown). In summary, we found N-glycosylation alterations due to
small sialylation defects, in line with observations in patients with
biallelic ATP6V1A variants® and growth of antennary fucosylation.

Enzymatic activity and biomarker assay in
fibroblasts

Patients had 56+15-240+42% mean normal control activity for
alpha-i-iduronidase  (IDUA), alpha-galactosidase and acid
B-glucocerebrosidase (ABG) when measured in vitro at optimal
enzyme-specific pH. We quantified enzyme-specific natural sub-
strates heparan sulphate and dermatan sulphate for IDUA, the gluco-
sylsphingosine (lyso-Gb1) for ABG and the globotriaosylsphingosine
(lyso-Gb3) for alpha-galactosidase. Dermatan sulphate was slightly
increased in Patient 18 and decreased in Patients 1, 2, 11 and 16.
The increment of heparan sulphate was more evident (+69-240%)
for all patients except Patient 16. The lyso-Gb1 (+21-223%) and the

lyso-Gb3 (+30-80%) were higher in all patients with respect to controls
(Supplementary Table 5).

ATP6V1A expression, lysosomal labelling and pH
measurements in patient-derived fibroblasts

We used patients’ fibroblasts to evaluate the effect of four of the
mutations described here (i.e. Patients 1, 2, 16 and 18) on
ATP6V1A and LAMP1 expression and on lysosomal pH. As controls,
we used fibroblasts matched for passage in culture, age of biopsy
and sex of healthy donors and gave them the same number as
the respective patients. We first analysed ATP6V1A protein expres-
sion and observed a significant decrease in fibroblast lysates from
Patient 1, confirming previous findings in different cellular sys-
tems.” We observed no significant changes in ATP6V1A levels for
Patients 2, 16 and 18 (Fig. 4A). These findings indicate that
p-Aspl00Tyr results in increased degradation of the ATP6V1A sub-
unit, whereas p.Asp349Asn, p.Gly363Val and p.Glu356Asp are com-
patible with its physiological expression. We next assessed the
expression of the lysosomal marker LAMP1 and the organelle
acidification process using Lysotracker and Lysosensor dyes. In fi-
broblasts of Patients 1 and 18, with respect to controls we identified
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Figure 4 ATP6V1A/LAMP1 expression and LysoTracker labelling in patient-derived fibroblasts. (A) Left: Representative western blots from fibroblasts
lysates of patients (Patients 1, 2, 16 and 18) and the respective controls (Ctrl 1, 2 16 and 18). Right: Quantification of ATP6V1A expression levels normal-
ized on GAPDH signal and expressed, for each patient, as percentage of the respective control. Data are means + SEM from five independent experi-
ments. *P<0.05; Kruskal-Wallis/Dunn’s tests. (B) Left: Representative images of fibroblasts incubated with Lysotracker (red) and stained with
phalloidin (white). Higher magnifications of the fields labelled by dotted squares are shown in the insets. Scale bar = 20 pm. Right: Quantification of
Lysotracker intensity. The fluorescence signal was measured in the cell body identified by phalloidin staining. Each dot represents the mean fluores-
cence intensity of a single cell. Data are from 26/17 cells for Ctrl 1/Patient 1, 27/36 cells for Ctrl 2/Patient 2, 39/38 cells for Ctrl 16/Patient 16, 22/20 cells for
Ctrl 18/Patient 18. (C) Left: Representative images of fibroblasts double stained with LAMP1 (green) and phalloidin (white). Higher magnifications of the
fields labelled by dotted squares are shown in the insets. Scale bar = 20 ym. Right: Quantification of LAMP1 intensity. Immunoreactivity was measured in
the cell body identified by phalloidin labelling. Each dot represents the mean fluorescence intensity of a single cell. Data are from 26/19 cells for Ctrl 1/
Patient 1, 13/20 cells for Ctrl 2/Patient 2, 19/15 cells for Ctrl 16/Patient 16, 22/18 cells for Ctrl 18/Patient 18. *P<0.05, *P<0.01, **P<0.01; unpaired
Student’s t-test/Mann-Whitney U-test.

decreased LAMP1 expression, accompanied by a lower Lysotracker can reflect either a decrease in the cell density of acidic organelles
staining. Differently, fibroblasts of Patients 2 and 16 exhibited an in- or a change in their internal pH. To obtain an absolute measure of
creased Lysotracker staining, with no significant modification in the intraorganellar pH, we used the ratiometric LysoSensor yel-
LAMP1 expression when compared to their respective controls low/blue dextran. These experiments revealed a pH increase in fi-

(Fig. 4B and C). A change in the non-ratiometric Lysotracker dye broblasts of Patients 1 and 18 and an opposite pH decrease in
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Figure 5 Evaluation of lysosomal pH in patient-derived fibroblasts. (A) Representative images of fibroblasts incubated with LysoSensor yellow/blue
dextran and visualized in live at 340 and 380 nm excitation. White lines represent cells detected in bright field and used as regions of interest for in-
tensity measurement. Scale bar = 10 pm. (B) The calibration curve, obtained by plotting the fluorescence intensity 380/340 ratios as a function of pH,
was fitted with linear regression. Data are means + SEM from the five cells shown in A. (C) pH value derived from 340/380 ratio and relative calibration
curve. Each dot represents the mean pH from a single coverslip. 5-14 coverslips have been analysed for each experimental group with an average of 14
cells analysed for each coverslip. *P <0.001; **P <0.0001 unpaired Student’s t-test/Mann-Whitney U-test.

those of Patients 2 and 16 (Fig. 5). For both Lysotracker/LAMP1 label-
ling and pH measurements, closely similar results were obtained
when all controls were pooled together (Supplementary Fig. 10).

These findings indicate that the p.Asp100Tyr and p.Glu356Asp sub-
stitutions cause impaired proton pumping, which results in a more ba-
sic lysosomal pH. This phenotype derives from either a loss of
expression of the ATP6V1A subunit (p.Asp100Tyr) or loss of the catalyt-
ic function of the subunit. On the other hand, the p.Asp349Asn and
p-Gly363Val substitutions resulted in a different cellular phenotype
with no change in lysosomal marker expression and decreased
intra-organellar pH, suggestive of increased proton pumping activity
or lower ratios of endocytic versus lysosomal acidic organelles.

Control fibroblasts showed a thin and elongated appearance with
centrally located nuclei and well-organized nucleoli (Fig. 6A-C).
Condensed mitochondria, slightly dilated endoplasmic reticulum
and small lysosomes were observed in the cytoplasm. Conversely, fi-
broblasts from patients bearing ATP6V1A pathogenic variants

(Patients 1, 2, 16 and 18) showed several cytoplasmic single
membrane-bounded vacuoles filled with heterogeneous substances,
resembling lysosomal structures (Fig. 6D-Q). Most vacuoles in fibro-
blasts from Patient 1 were packed with osmiophilic material and la-
mellated membrane structures resembling phospholipids (Fig. 6D
and E). In Patient 2’s fibroblasts, the vacuolar structures were more
heterogeneous and contained small electron-dense granular materi-
als in addition to lamellated membrane structures and osmiophilic
material. Furthermore, few lipid droplets were visible in the cyto-
plasm (Fig. 6G and H). In Patient 16’s fibroblasts, vacuoles were
packed with lamellated membrane structures and abundant lipid
droplets were present (Fig. 6L-N). In Patient 18’s fibroblasts, vacuolar
structures were very heterogeneous and filled with osmiophilic ma-
terial and substances with different electron densities. Lipid droplets
were also present (Fig. 60-Q).

To study potential morphological consequences of ATP6VIA muta-
tions in neuronal cells, we reprogrammed human fibroblasts to
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Figure 6 Ultrastructural analysis of patient-derived fibroblasts. (A-C) Control fibroblasts. (D-Q) Fibroblasts from Patient 1 (D and E), Patient 2 (G-I),
Patient 16 (L-N) and Patient 18 (O-Q). Fibroblasts from patients bearing ATP6V1A pathogenic variants showed several cytoplasmic single membrane-
bounded vacuoles filled with heterogeneous substances, resembling autolysosomes (arrows in D, E, G, H, L, M, O and P). Vacuoles from patients’ fibro-
blasts were filled with various substances, such as lamellated membrane structures (arrowheads in F and N), osmiophilic material (asterisks in F,Iand
Q), electron-dense granular material (g in I) and substances with different electron-density (Q). N = nucleus; n = nucleolus; rer = rough endoplasmic
reticulum; m: mitochondria; ly = lysosome; L = lipid droplets; arrows = cytoplasmic single membrane-bounded vacuoles; arrowheads = lamellated
membrane structures; asterisks = osmiophilic material; g = electron-dense granular material. Scale bars = 2 pm (A, D, G, L and O), 1 um (B and C),

500 nm (E, H, M and P), 200 nm (F, I, N and Q).

iPSCs and differentiated them to glutamatergic neurons [i.e. in-
duced neurons (iNs)]. Quality of iPSC clones was confirmed by im-
munofluorescence analysis (Supplementary Fig. 12) and
karyotyping that ruled out genomic rearrangements
(Supplementary Fig. 13). We compared iNs obtained from Patients
1 and 18 with iNs obtained from two control subjects (i.e. Ctrls 1
and 18) and two independent clones of human embryonic stem
cell-derived iNs (i.e. ESC_Ctrl 1 and 2). As expected, iNs from

controls and patients showed Microtubule-Associated Protein 2
staining and immunoreactivity for pre- and postsynaptic markers
(Supplementary Fig. 11). Next, we used transmission electron mi-
croscopy analysis to study the ultrastructure of lysosomes in the
iN somata. Electron-dense lysosomes of various size and shape
were often accumulated around the nucleus (Fig. 7B and D) of iNs
from both patients. We observed three types of lysosome. Most of
the lysosomes appeared as dark lamellar bodies, characterized by
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dense concentric lamellae inside their lumen (Fig. 7B1-2, D1-2, F
and G; lysosomes marked by *). Other lysosomes appeared as ir-
regular structures, filled with dark and light material resembling li-
pid droplets (Fig. 7B1, D2; lysosomes marked by #). A subset of
lysosomes was small, round-shaped and filled with electron-dense
homogenous material (Fig. 7D1, lysosomes marked by arrows). In
contrast, neuronal somata from controls contained small to large
and mostly round lysosomes filled with homogenous material
(Fig. 7A1-2, C1-2 and E).

To quantitatively assess the observed ultrastructural differ-
ences between patients’ and controls’ iNs, we quantified the num-
ber and area of lysosomes on electron micrographs of iN somata
and found the area of lysosomes in patient-derived iNs to be signifi-
cantly smaller compared to controls (P<0.001, Mann-Whitney
U-test, Fig. 7H). To measure the density of lysosomes in iN somata,
we normalized the number of lysosomes and soma area of each cell
to the total measured lysosome number and soma area, respective-
ly, and found that the densities were comparable between iNs from
patients and controls (P =0.702, Mann-Whitney U-test, Fig. 7I).

Discussion

This series of 26 patients with pathogenic de novo ATP6V1A variants
defines the phenotypic spectrum of a dominant encephalopathy
with variable severity. While rapidly progressive and early lethal
phenotypes are seen at the most severe end of the spectrum, DEE
with progressive worsening over several years form a continuum
with milder static encephalopathies with intellectual disability
and epilepsy that represent the milder end. Progression of symp-
toms, when present, had a variable speed. DEE exhibited a relative-
ly static course for years, or worsened at different ages, always
resulting in a severe condition with no acquisition of communica-
tive or motor skills. In the less severely affected group, including
six patients only, epilepsy and cognitive impairment were moder-
ately severe, poor language skills had emerged in some, but none
developed communicative language. Although no clear signs of
progression were obvious in this group at the last follow-up
(mean age 10 years and 6 months; range 4-22 years), a worsening
course remains possible in the longer term.

Epilepsy was a main feature in the whole series. Of the four pa-
tients with rapidly progressive course (Patients 9, 13, 15 and 26), two
died between 6 weeks and 5 months having had no seizures, an-
other died at 2 years soon after seizure onset and the fourth has
had no seizures at 25 months. On the basis of MRI investigations
in these patients, atrophic changes became apparent and rapidly
evolved since the third month of life. Severe brain atrophy may
cause fading of synchronized electrical brain activity and, paradox-
ically, reduce epileptogenesis. In the 20 remaining patients with
epilepsy, multiple seizure types were observed with a clear promin-
ence of infantile spasms (10/20) and early fever related seizures (8/
20). Seizures were an initial symptom in 9/25, but were never con-
sidered as an isolated feature as they appeared in a context of early
hypotonia in most and developmental delay in all.

A small head size (<—1 SD) could be demonstrated within the
third year of life in 14/23 patients, reaching values consistent
with microcephaly in at least 9/23. Although the randomness of
head size measurements did not allow curves of head size growth
to be precisely delineated, brain MRI showed signs of atrophy of
brain and brainstem/cerebellar structures in 14/24 patients, accom-
panied by hypomyelination in most, or only hypomyelination in
2/24. All patients who had a repeat MRI scan, exhibited progressive
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atrophic changes, whose severity paralleled progression of symp-
toms. Clinical and imaging findings are consistent with a progres-
sive neurodegenerative clinical course and indicate, in most
patients, prenatal central nervous system impairment leading to
symptoms onset early after birth or within the first year of life.

Abnormal dentition with enamel dysplasia, reported in 11 pa-
tients, is consistent with similar observations in patients with auto-
somal recessive osteopetrosis (OMIM #259700), caused by biallelic
pathogenic variants of the TCIRG1 gene, encoding the A3 subunit
of the vacuolar H" ATPase. V-ATPase is significantly upregulated
in enamel organ cells during maturation-stage'* and the R740S/
R740S V-ATPase a3 osteopetrotic mouse exhibits hypoplastic and
hypomineralized enamel.’? In these animals, ameloblasts contain
numerous enlarged vacuoles, and osteoclasts have high lysosomal
pH, which may interfere with proper enamel formation.?

How do the 20 pathogenic variants described in the 26 patients
possibly alter ATP6V1A function? The ATP6V1A gene is constrained
to genetic variations as suggested by the gnomAD missense Z-score
and the residual variation intolerance score and is predicted by
DOMINO to be compatible with a dominant inheritance model, as
we demonstrated in a previous study.” Here, we strengthen the asso-
ciation of the ATP6V1A gene with a dominant encephalopathy by de-
scribing 26 patients 20 of whom, harbouring 14 novel pathogenic
variants, are newly reported.””® Overall, these 26 patients harbour 20
unique, and five recurrent, de novo missense substitutions not re-
ported in the Exome Aggregation Consortium, gnomAD, Human
Genetic Variation Database and BRAVO databases and predicted to
be deleterious by in silico tools [PolyPhen-2, Sorting Intolerant From
Tolerant (SIFT), PROVEAN, Combined Annotation Dependent
Depletion (CADD), Mendelian Clinically Applicable Pathogenicity (M-
CAP), MetalR and MetaSVM]. Missense badness, PolyPhen-2 and con-
straint and missense variant pathogenicity prediction scores for these
20 pathogenic variants are significantly different from those observed
for naturally occurring variants reported in gnomAD database, which
further supports pathogenicity. In addition, MTR scores based on re-
gional depletion in the general population, highlighted a below-
neutrality threshold for 19/20 residues (all but p.Pro27Arg) affected
by the de novo substitutions. The MTR score does not include informa-
tion about purifying selection within protein tertiary structures and
this could explain why the p.Pro27Arg variant is assigned a neutral
score. Indeed, the structural modelling showed that p.Pro27Arg per-
turbates the ATP6V1A/B interaction.” The regions with the lowest
MTR scores were observed in the ATP-synt_ab domain, known to be
genome-wide significantly constrained.'® Seventeen/20 substitutions
(85%) were located in this domain, suggesting an enrichment of
pathogenic ATP6V1A variants in it.

We previously mapped the four substitutions p.Pro27Arg,
p-Aspl100Tyr, p.Asp349Asn and p.Asp371Gly on the E. hirae crystal
structure (PDB code 3VR6),"® the Saccharomyces cerevisiae cryo-EM
structure (PDB code 3J9T),** and a homology model of the human
A subunit generated by us, showing that the variant sites are in
the same locations in the three proteins.” Recently, the cryo-EM
structure of a V-ATPase from Rattus norvegicus has become avail-
able.” The subunit A of this enzyme shows 98% sequence identity
with the human ATP6V1A, and its structure differs from our hom-
ology model by a root mean squared deviation of 2.8A (1.9A without
considering the helical C-terminal domain). Therefore, the four
substitutions analysed in our initial study’ are in the same loca-
tions also in the R. norvegicus Atp6vla subunit, and we resolved to
map the entire set of substitutions on this structure.

When mapped on the rat structure, most of the pathogenic var-
iants (13/20) resulted either close to the P-loop involved in ATP
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Figure 7 Ultrastructural analysis of patient-derived iNs. (A-D) Representative electron micrographs showing somata and proximal dendrites of two
iPSC-derived controls (Ctrls 1 and 18; A and C), and Patient 1 (B) and Patient 18 (D) iNs (highlighted in red). [A(i and ii) and C(i and ii)] High magnification
images of the boxed regions in A and C, respectively. Asterisks indicate lysosomes in control iNs. [B(i and ii) and D(i and ii)] High magnification images of
the boxed regions in B and D, respectively. Note the abundance of lysomes in Patient 1 (B) and Patient 18 (D) iN somata compared to control iNs.
Asterisks indicate lysosomes with dense concentric lamellae, a number sign (#) points to irregular shaped lysosomes filled with heterogeneous mater-
ial and lipid droplets, and arrows point to small round-shaped lysosomes filled with electron-dense material. (E) Large lysosome in a control iN. Note
the homogenous and round structure of the organelle. (F) Lysosomes (Lys) in the iN soma of Patient 1. (G) Lysosomes with heterogeneous material and
lipid droplets in the iN soma of Patient 18. Note the irregular shape of lysosomes filled with concentric lamellae. (H, left) Lysosomal areas in iNs from
four control subjects [n=2 independent iPSC-derived iN subclones for Ctrl 1 (-c1/c2) and Ctrl 18 (-c1/c2) and one subclone from two independent
hESC-derived iNs (ESC_Ctrl 1 and 2)] and two patients [n=2 independent iPSC-derived iN subclones per each subject (Patient 1-c1/c2 and Patient
18-c1/c2)]. Data are presented as medians with 95% confidence intervals (CIs). (H, right) Pooled area of lysosomes for control and patient samples
(Ncontrol = 2429 lysosomes from six samples; Npatient = 2918 lysosomes from four samples; P <0.001, Mann-Whitney’s U-test). Data are presented as med-
ians with 95% ClIs. (1, left) Density of lysosomes in iNs from four control subjects [n=2 independent iPSC-derived iN subclones for Ctrl 1 (-c1/c2) and Ctrl
18 (-c1/c2) and one subclone from two independent hESC-derived iNs (ESC_Ctrl 1-c1 and ESC_Ctrl 2-c1) and two patients (n=2 independent
iPSC-derived iN subclones per each subject (Patient 1-c1/c2 and Patient 18-c1/c2)]. Data are presented as medians with 95% ClIs. (I, right) Pooled densities
of lysosomes in control and patient samples (Ncontro1 = 58 cells from six samples; npatient = 29 cells from four samples; P=0.702, Mann-Whitney’s U-test).
Data are presented as medians with 95% CIs. Lys = lysosome, Ctrl = control; Pat = patient; ns = not significant, *** P<0.001. Scale bars = 5 pm (A-D),
500 nm (Ai-Di, Aii-Dii, G), 200 nm (E and F).
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binding or in the A/B interface at the side of the catalytic site, thus
possibly altering V-ATPase activity. Three other pathogenic var-
iants mapped at the A/D and the non-catalytic A/B interface and
could hence alter V-ATPase rotation or the interaction between
subunits. The remaining four substitutions mapped in less specific
regions of the protein but still appear to affect local amino acidic in-
teractions in ways that could possibly result in decreased protein
stability and expression. For Patient 1, bearing one of these patho-
genic variants (Asp100Tyr), loss of expression of the ATP6V1A sub-
unit was confirmed by western blot analysis, suggesting that in this
patient (and possibly in all others harbouring pathogenic variants
affecting protein stability), an impaired expression forms the basis
of the pathogenic process.

The number of patients carrying the various pathogenic var-
iants is not sufficient to validate genotype-phenotype correlation
with statistics. However, by correlating the position of the patho-
genic variants in the rat Atp6vila 3D structure with phenotype se-
verity, we found that variants affecting protein folding,
perturbing the catalytic site or mapping near the P-loop containing
the ATP binding site are more frequently associated with severe
phenotypes (Supplementary Table 6). In addition, a correlation be-
tween the specific amino acid substitution and phenotype severity
can be assumed. Indeed, Patient 12, carrying the p.Asn314Ser sub-
stitution, exhibited a milder phenotype than Patient 14, carrying
the more perturbing p.Asn314Asp substitution. A strikingly severe
phenotype requiring neonatal intensive care support at birth and
resulting in early death was observed in both, unrelated, patients
carrying the p.Ser316Phe substitution (Patients 15 and 26) The
p.Pro412 residue, located in a highly constrained region of
ATP-synt_ab domain and involved in the two different missense
substitutions p.Pro412Leu and p.Pro412Ser (Patients 9 and 13), re-
sulted in profound phenotypes with early progressive severe brain
atrophy.

V-ATPase is known to be expressed at endo-lysosomal mem-
branes to guarantee proper acidification of the degradative orga-
nelles for efficient enzymatic activity. Thus, acidification defects
are usually linked with a progressive accumulation of non-
degraded material inside lysosomes, a hallmark of lysosomal stor-
age diseases. Accordingly, ultrastructural analysis of fibroblasts
from Patients 1, 2, 16 and 18 showed enlarged single membrane
intracellular structures, reminiscent of autolysosomes, containing
heterogeneous materials, with accumulated lipids among other de-
gradative substrates. We further confirmed these findings in
iPSC-derived iNs. Particularly, in the somata of iNs from Patients
1 and 18, we found an accumulation of lysosomes with lamellar
structures, lysosomes filled with dark and light material, resem-
bling lipid droplets and many small lysosomes filled with
electron-dense material. In addition, we found the area of lyso-
somes to be significantly decreased in patients’ iNs. Together
with the ultrastructural diversity of iN lysosomes, this suggests
that a functionally impaired ATP6V1A protein alters lysosomal
maturation and function.

The overall clustering of the residues associated to pathogenic
variants indicates that altered V-ATPase catalytic function or sta-
bility forms the basis of the abnormal phenotype and, together
with ultrastructural data, clearly suggests the primarily lysosomal
nature of pathology. Fibroblasts of two severely affected patients
(Patients 1 and 18) exhibited reduced Lysotracker and LAMP1 label-
ling with increased endo-lysosomal pH, suggesting that the filled
structures observed by EM experience increased pH and reduced
expression of the glycoprotein LAMP1. Reduced proton pump activ-
ity may result from both loss of function of the ATP6V1A subunit as
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a consequence of impaired catalytic activity (in line with the
Glu356Asp pathogenic variant of Patient 18 mapping at the A/B
interface at the catalytic side), or from loss of expression due to pro-
tein degradation (as demonstrated for Aspl00Tyr in Patient 1).
Impaired lysosomal acidification occurs in several progressive lyso-
somal disorders’® and has been described in a patient with fulmin-
ant neurodegeneration carrying a de novo splice site pathogenic
variant in the mammalian V-ATPase accessory factor ATP6AP2."
Impaired lysosomal acidification with decreased Lysotracker signal
was also recently shown in cells expressing ATP6VOA1 missense
pathogenic variants, resulting in DEE."® Fibroblasts of two less se-
verely affected patients in our series (Patients 2 and 16), exhibiting
mild-moderate intellectual disability and epilepsy, revealed in-
stead increased Lysotracker signal with no alteration of LAMP1 la-
belling and decreased endo-lysosomal pH. Although the
molecular mechanism leading to the observed cellular phenotype
needs further investigation, these findings suggest an increased
V-ATPase function with altered acidic composition of the endo-
lysosomal compartment. More acidic pH at intracellular organelles
has been reported to similarly result in cytoplasmic inclusion with
non-degraded materials due to reduced lysosomal hydrolase activ-
ity at the lowered pH, accumulation of aberrant lysosomal struc-
tures or both.'® Hyperacidification of intracellular organelles has
been associated with other neurodevelopmental disorders charac-
terized by intellectual disability and seizures and caused by loss of
function pathogenic variants in vesicular Na*/H" exchanger
genes.”

Our data indicate that dominant pathogenic variants in
ATP6V1A lead to defective lysosomal function, due to altered acid-
ification. It is expected that in an altered environment, outside the
correct pH range, multiple enzymes operate sub-optimally leading
to storage of the electron-dense macromolecules that appear as la-
mellar and lipidic material in lysosomes of fibroblasts and iNs.
These findings are supported by the measurement of IDUA, ABG
and alpha-galactosidase enzymatic activity. When enzyme activity
was measured in vitro after fibroblasts lysis and at optimal pH guar-
anteed by the specific buffer used for quantification (3.4 for IDUA,
4.6 for alpha-galactosidase and 5.1 for ABG),”*** no differences
were observed between patients and controls, indicating that
ATP6V1A mutations do not affect enzyme activity directly.
Conversely, concentrations of the biomarkers we tested differed
in patients’ versus controls’ cells, suggesting that, in vivo, altered
acidification induced by ATP6V1A mutations creates a sub-optimal
catalytic environment that affects enzyme activity. This is certainly
but a key element in the chain of downstream effects leading to the
cumulative differences observed in patients’ versus controls’ cells.

Since lysosomes are also key players in cellular signalling and
nutrient sensing, multiple cell compartments may indeed suffer
the downstream consequences of impaired endo-lysosomal acidifi-
cation. Mouse embryonic fibroblasts lines obtained after V-ATPase
inhibition or Atp6vlh silencing showed cellular iron deficiency, due
to compromised iron release from lysosomes, resulting in impaired
mitochondrial function and non-apoptotic cell death. These ef-
fects, accompanied by an inflammatory response, were also ob-
served in a mouse model of impaired lysosomal acidification and
were reversed by supplementation of the mouse diet with iron,
which bypasses the endo-lysosomal pathway.?® Therefore, im-
paired endo-lysosomal acidification may also result in an impaired
iron homeostatic cycle and cause dysfunctional lysosomes to result
in dysfunctional mitochondria.

Lysosomal disorders are caused by pathogenic variants in genes
encoding lysosomal proteins, such as lysosomal glycosidases,
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proteases, integral membrane proteins, transporters, enzyme
modifiers or activators.?* Most are inherited as autosomal recessive
traits, and only three are X-linked. Therefore, biallelic or hemizy-
gous pathogenic variants are necessary to cause disease via a crit-
ical reduction of the resulting enzymatic activity. In patients with
heterozygous ATP6VIA pathogenic variants, however, the conse-
quences of the activity of multiple enzymes being simultaneously
impaired are sufficient to cause disease.

Mutations affecting stability and assembly of V-ATPase subu-
nits have been associated to altered glycosylation pathways, as
supported by serum glycome investigations in patients with bialle-
lic ATP6VOA2, ATP6V1E1 and ATP6V1A variants and complex multi-
system phenotypes including cutis laxa, suggesting a defective
glycan processing due to impaired Golgi trafficking. The reported
glycosylation changes were less pronounced in ATP6V1A- than in
ATP6VOA2- and ATP6V1El-related disorders, probably depending
on differential tissue-specific expression of the component subu-
nits.>?> These earlier results prompted us to verify the glycosyla-
tion status of two of our severely affected patients (Patients 1:
p-Asp100Tyr and 18: p.Glu365Asp) (Supplementary Table 6). We
found MS profiles of serum transferrin and total serum N-glycans
to reveal minor N-glycome changes due to a small increase of hypo-
sialylated glycoforms, mostly the biantennary monosialylated
ones. This sialylation defect (more evident in Patient 18) was in
line with previous findings in biallelic ATP6V1A patients (PIII:1
with homozygous Arg338Cys mutation and PIV:1 with Gly72Asp
mutation), showing only minor transferrin hyposialylation caused
by lack of a single sialic acid.” In addition, we observed in both
MS glycoprofiles slight increased fucosylation (more evident in
Patient 1) that contributed to the general mild N-glycosylation dis-
arrangement. A more in-depth serum transferrin MS/MS glycosyla-
tion analysis revealed a specific increase of the antennary
fucosylation in our patients. As ATP6V1A is widely expressed, the
observed deviation from physiological glycosylation could derive
from either reduced activity of pH-dependent enzymes, such as sia-
lyltransferases and fucosyltransferase, and/or from their mis-
localization, due to non-optimal acidification of Golgi cisternae, or
both.?® An additional downstream impact in Golgi homeostasis by
the altered lysosomal acidification is possible, as also hypothesized
for ATP6AP2 deficiency.”’

Altered antennary fucosylation of plasma/serum glycoprotein
has been documented in different diseases,?®* *° including develop-
mental disorders. Identification and quantitation of antennary
fucosylation is gaining primary interest as it may reflect the total
incidence of Lewis x/sialyl-Lewis x structural epitopes influencing
glycoproteins functionality.?? Although the contribution of the
mild and variable overall serum glycosylation changes to
ATP6V1A phenotypes is difficult to ascertain, our findings further
point to a link between lysosomal dysfunction and impaired
glycosylation.

ATP6V1A is a endolysosomal membrane protein, and ATP6VIA
encephalopathy features seizures, intellectual disability and motor
disorders in line with other diseases resulting from pathogenic var-
iants affecting this protein category.>* ATP13A2 is also a lysosomal
membrane protein, but disorders caused by pathogenic variants in
its coding gene cause a form of recessive parkinsonism with de-
mentia of juvenile onset that is considered to be a neuronal ceroid
lipofuscinosis due to electron microscopy findings.?*** ATP13A2
has been established as a lysosomal polyamine exporter across ly-
sosomes and early/late endosomes in neurons.**® Knockdown of
the Atp13a2 gene in cultured neurons causes accumulation and en-
largement of lysosomes, decreased lysosomal degradation and
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accumulation of autophagosomes and alpha-synuclein (OMIM
#163890), resulting in neuronal toxicity.>” A role for specific hetero-
zygous ATP13A2 variants in patients with early-onset Parkinson
disease has been supported by rare reports and cellular studies.?®
Pathogenic variants in other members/regulators of the V-ATPase
complex have been recently associated with neurodevelopmental
disorders and result in severely impaired brain development
when modelled in mice.'”*® In addition, in a multiomics profiling
from cortical areas of patients with Alzheimer’s disease, ATP6V1A
deficit has been associated with neuronal impairment and neuro-
degeneration. In ATP6V1A silenced neurons, network activity was
significantly reduced with increased immature spikes and alter-
ation of synaptic proteins.®® This observation further suggests a
role of ATP6V1A in neuronal maturation and activity, as we pro-
posed for neurons expressing ATP6V1A pathogenic variants.”

In conclusion, ATP6VIA encephalopathy provides a new para-
digm in the group of lysosomal diseases as it derives from a endo-
lysosomal membrane protein dysfunction resulting in altered
lysosomal homeostasis. Its pathophysiology is complex, as it im-
plies intracellular accumulation of substrates whose composition
remains unclear, as well as the combination of structural brain ab-
normalities that are established early during prenatal brain devel-
opment and progressive neurodegenerative changes whose
severity is variably dictated by specific pathogenic variants.
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