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Dominantly acting variants in ATP6V1CT and ATP6V1B2 cause a
multisystem phenotypic spectrum by altering lysosomal and/or
autophagosome function
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Summary

The vacuolar H*-ATPase (V-ATPase) is a functionally conserved multimeric complex localized at the membranes of many organelles
where its proton-pumping action is required for proper lumen acidification. The V-ATPase complex is composed of several subunits,
some of which have been linked to human disease. We and others previously reported pathogenic dominantly acting variants in
ATP6V1B2, the gene encoding the V1B2 subunit, as underlying a clinically variable phenotypic spectrum including dominant deaf-
ness-onychodystrophy (DDOD) syndrome, Zimmermann-Laband syndrome (ZLS), and deafness, onychodystrophy, osteodystrophy, in-
tellectual disability, and seizures (DOORS) syndrome. Here, we report on an individual with features fitting DOORS syndrome caused by
dysregulated ATP6V1C1 function, expand the clinical features associated with ATP6V1B2 pathogenic variants, and provide evidence
that these ATP6V1C1/ATP6V1B2 amino acid substitutions result in a gain-of-function mechanism upregulating V-ATPase function
that drives increased lysosomal acidification. We demonstrate a disruptive effect of these ATP6V1B2/ATP6V1C1 variants on lysosomal
morphology, localization, and function, resulting in a defective autophagic flux and accumulation of lysosomal substrates. We also show
that the upregulated V-ATPase function affects cilium biogenesis, further documenting pleiotropy. This work identifies ATP6VICI as a
new gene associated with a neurodevelopmental phenotype resembling DOORS syndrome, documents the occurrence of a phenotypic
continuum between ZLS, and DDOD and DOORS syndromes, and classify these conditions as lysosomal disorders.

Introduction

The vacuolar H"-ATPase (V-ATPase) is an electrogenic
proton pump located in the membranes of intracellular
organelles, including secretory granules, endosomes, lyso-
somes, and Golgi cisternae. By its proton-pumping action,
V-ATPase is required for proper lumen acidification' and is
involved in several physiological processes, including

membrane trafficking, protein degradation, and pH ho-
meostasis.”* This multimeric complex is highly conserved
through evolution, and its presence in yeast indicates that
the enzyme is required for basic cellular physiology.
Consistently, functional dysregulation of the pump under-
lies a number of clinically heterogeneous human diseases.*
Loss-of-function (LoF) variants in genes encoding
V-ATPase components (ATP6VIB1 [MIM: 192132] and
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ATP6V0A4 [MIM: 605239]) underlie autosomal recessive
distal renal tubular acidosis with or without sensorineural
hearing loss (MIM: PS179800),> biallelic variants in
ATP6VIA (MIM: 607027) cause a recessive form of cutis
laxa (MIM: 617403),> and LoF variants in ATP6VOA3
(MIM: 604592) cause osteopetrosis, a recessive disorder
characterized by increased bone density due to impaired
bone resorption (MIM: PS259700).° Dysregulated function
of these subunits have also been implicated in neurological
diseases, including dominant developmental encephalop-
athy with epilepsy (MIM: 618012), which is caused by
variants in ATP6VIA (MIM: 607027),” a dominant early-
onset form of epilepsy, with or without developmental
delay (DD) (MIM: 620465),% associated with variants in
ATP6VOC (MIM: 108745), and X-linked parkinsonism
with spasticity (MIM: 300911), congenital disorder of
glycosylation (MIM: 301045), and intellectual develop-
mental disorder, Hedera type (MIM: 300423), which
are due to hemizygous variants in ATP6AP2 (MIM:
300556).77!!

V-ATPase is composed of a catalytic cytosolic V; region
comprising eight subunits (stoichiometry A; B3 C, D, E3 F,
G3, and H), catalyzing ATP hydrolysis, and a membrane-
embedded Vo region made up of eight subunits (stoichiom-
etry a, co, c’, d, e, f, ATP6AP1, and ATP6AP2) that is
responsible for the proton transport from the cytoplasm to
the lumen or extracellular space.”'* The ATP6V1B2 and
ATP6V1C1 subunits belong to the V; complex and are
ubiquitously expressed. We and others reported that
dominantly acting variants in ATP6VIB2 are associated
with a wide clinical spectrum, including dominant deaf-
ness-onychodystrophy (DDOD) syndrome (MIM: 124480),
deafness, onychodystrophy, osteodystrophy, intellectual
disability, and seizures (DOORS) syndrome (MIM: 220500),
and Zimmermann-Laband syndrome (ZLS [MIM: PS13
5500])."* ' Individuals with DDOD syndrome usually
show normal development and cognitive function, while
those with DOORS syndrome and ZLS present with intellec-
tual disability (ID), with or without seizures. These disorders
share hypoplasia/aplasia of nails and terminal phalanges; a
recognizable craniofacial appearance, gingival overgrowth,
and hypertrichosis also characterize ZLS. Of note, a recurrent
truncating variant in ATP6V1B2 (c.1516C>T, p.Arg506*) has
been reported in both DDOD and DOORS syndromes,'®'®
suggesting that these conditions are within a spectrum of a
single disorder caused by altered V-ATPase function. No clin-
ical phenotype has been reported to be caused by altered
function of ATP6V1Cl1, to date.

Here, we causally link a de novo missense variant in
ATP6V1C1 to a neurodevelopmental phenotype with fea-
tures resembling DOORS syndrome, and more accurately
define the clinical spectrum of dominantly acting
ATP6V1B2 variants, which is consistent with a phenotypic
continuum having DDOD syndrome and ZLS as extreme
entities. We also provide evidence that all tested variants
result in a functional increase in the V-ATPase pump activ-
ity, which has pleiotropic effects in cells, affecting lyso-

somal morphology and function, autophagy, and cilium
biogenesis, defining a neurodevelopmental spectrum
primed by generalized defective lysosome function.

Subjects and methods

Subjects

Affected subjects were identified through networking, including
GeneMatcher and other professional links (e.g., European Refer-
ence Networks). Clinical data and DNA samples were collected,
stored, and used under institutional review board-approved proto-
cols. All procedures were conducted in accordance with the ethical
standards for use of human participants in medical experimenta-
tion, after written informed consent was obtained from the par-
ents or legal guardians of all subjects. The study was approved
by the Ospedale Pediatrico Bambino Gesu Institutional Review
Board (ref. 1702_OPBG_2018). DNA from leukocytes, hair bulb
cells, and skin fibroblasts were extracted using standard protocols.
Explicit permission was obtained to publish the photographs of
the subjects shown in Figure 1.

Exome sequencing analyses

DNA of the affected subject and her parents was extracted from
circulating leukocytes and sequenced using Illumina paired end
technology coupled with the SureSelect AllExon V.5 (Aligent)
enrichment kit. Exome sequencing (ES) raw data were processed
and analyzed using an in-house implemented pipeline previously
described,'”"*° according to the GATK’s Best Practices.”' The UCSC
GRCh37/hg19 version of genome assembly was used as a reference
for reads alignment by means of BWA-MEM tool,”” and the subse-
quent variant calling with HaplotypeCaller (GATK v3.7).?! Vari-
ants’ functional annotation was made by SnpEff v.5.0 and
dbNSFP v.4.2 tools.”*** The most relevant in silico impact
predictions were also evaluated, such as Combined Annotation
Dependent Depletion v.1.6,>°> Mendelian Clinically Applicable
Pathogenicity v.1.3, and InterVar v.2.0.1.>>%’ By filtering against
our population-matched database (approximately 3,000 whole
ES [WES]) and public databases (dbSNP150 and gnomAD
V.2.0.1), the analysis was focused on high-quality rare variants
that affect coding sequences and splice site regions.

Constructs

The human ATP6V1B2 (RefSeq: NM_001693.4) and ATP6VICI (Re-
fSeq: NM_001695.5) coding sequences were cloned in pCMV-Myc/
HisA (Invitrogen) and in pFLAG-CMV (SIGMA) tagged expression
vectors, respectively. The missense variants identified in two
different subunits of ATP6V1 complex (p.Ala332Val, p.GIn376Lys,
p-Tyr328His, p.Arg485Pro, ATP6V1B2; p.Glu289Lys, and ATP6
V1C1) were introduced by site-directed mutagenesis using the
QuikChange XL kit (Agilent Technologies) in accordance with the
manufacturer’s protocol. All generated constructs were checked by
direct sequencing.

Cell cultures

Functional characterization of ATP6V1B2 and ATP6V1C1 mutants
was carried out on cultured skin fibroblasts obtained from
subcutaneous biopsies of enrolled individuals, as well as in tran-
siently transfected cell lines. Primary human fibroblasts and
293T cell lines were cultured in DMEM supplemented with
10% heat-inactivated fetal bovine serum (EuroClone) and 1%
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Figure 1. Craniofacial features of the individuals carrying dominant acting ATP6V1C1/ATP6V1B2 variants

(A) Subject 1 at 2 years (left). Note the occurrence of bushy eyebrow, up-slanted palpebral fissures, epicanthal folds, microtia, broad nasal
bridge, bifid nasal tip, deep philtrum, thin upper lip, prominent lower vermillion, nail aplasia of hands and feet, hypoplastic terminal
phalanges and triphalangeal thumbs/big toes. Subject 1’s father (right). Note nail aplasia of feet and hypoplastic terminal phalanges of
hands and feet. Minor dysmorphism includes broad nasal bridge, bulbus nose, deep philtrum, and prominent upper and lower
vermillion.

(B) Subject 3 at 8 years (left). Note facial hypotonia, straight eyebrow, hypertelorism, ptosis, long eyelashes, tubular nose with broad nasal
base, short and deep philtrum and everted thin upper lip with prominent upper vermilion. Subject 5 at 4 years 7 months (middle panels).
Note the high forehead, bitemporal narrowing, coarse face, brushy and straight eyebrows, long eyelashes, prominent upper and lower
vermilion and large mouth. Subject 6 at 13 years (right). Note the bitemporal narrowing, coarse face with full-cheeks, thin upper lip,
micrognathia/retrognathia, and short neck. A detailed clinical characterization of affected subjects is reported in Tables 1 and S3 and

Supplemental Material (Clinical Reports).

penicillin-streptomycin, at 37°C with 5% CO,. Specifically, 293T
cells were seeded in six-well plates the day before transfection.
Monolayer were transfected at 70%-80% confluency with wild-
type (WT) or mutants C1-Flag-tagged or B2-Myc-tagged expression
plasmids, using Fugene 6 transfection reagent (Promega). Forty-
eight hours after transfection, cells were lysed and the level of
ATP6V1B2 and ATP6V1C1 was assessed by immunoblotting with
an anti-Myc (Cell Signaling) or anti Flag (SIGMA) antibodies
respectively. ATP6V1B2 endogenous level was evaluated on fibro-
blasts lysates using a rabbit polyclonal anti-ATP6V1B2 antibody
(Abcam). Membranes were probed with an anti-GAPDH antibody
(Santa Cruz Biotechnology) for protein normalization.

Confocal analysis

Confocal analysis was performed on a Zeiss LSM 980 with Airy-
scan2, using the 63x oil objective and excitation spectral laser lines
at 405, 488, 546, 594, and 633 nm. Quantitative analyses were per-
formed using the Zen 3.3 software and mean fluorescence intensity
(MFI) + SEM of signals were determined in at least 3 independent
experiment per marker (>20 cells per experimental condition, in
each repeat), and plotted following the formula: Final MFI = MFI
(region of interest) — MFI (background). Signal colocalization was
performed using the Pearson correlation coefficient.

Primary cilium staining

Cells were plated onto cover slips, maintained 24 h in low serum
medium to promote emission of cilia and then fixed in 4% parafor-
maldehyde (PFA). Primary cilium was stained with a rabbit poly-
clonal anti-ARL13B antibody (Abcam) followed by goat anti-rabbit
Alexa Fluor 594 (red), while basal bodies were stained with mouse
monoclonal anti-pericentrin (Abcam) followed by goat anti-
mouse Alex Fluor 488 (green) and nuclei with DAPI (blue).

Subcellular co-localization of ATP6V1B2 and lysosomes
For immunofluorescence, patients’ and controls fibroblasts were
seeded at the density of 20 x 103, in 24-well cluster plates onto
12-um cover glasses. After 24 h of culture in complete medium,
cells were fixed with 3% PFA (30 min at 4°C). After permeabiliza-
tion with 0.5% Triton X-100 (10 min at room temperature [RT]),
fibroblasts were stained with mouse monoclonal anti-Lamp1 anti-
body (Cell Signaling), and rabbit polyclonal ATP6V1B2 antibody
(Abcam), followed by the appropriate secondary antibody (Life
Technologies) and DAPIL.

Labeling lysosomes with DQ-BSA

To assess the autolysosome function, a red BODIPY dye-conju-
gated bovine serum albumin (DQBSA, Invitrogen) based assay
was used. This BSA derivative is so heavily labeled that the fluoro-
phore is self-quenched. Proteolysis of this compound results in de-
quenching and release of brightly fluorescent fragments. Thus, the
use of DQ-BSA is useful for the visualization of intracellular proteo-
lytic activity. Control and patient’s fibroblasts were seeded in
24-well cluster plates onto 12-mm cover glasses and maintained
in culture complete medium for 24 h. After 24 h, cells were incu-
bated with the BSA derivative (10 pg/mL) for 1 h at 37°C in com-
plete culture medium, and then in starvation medium (Earle’s
balanced salt solution [EBSS]) for 16 h to induce the autophagic
flux. After incubation, the coverslips were counterstained with
DAPI and observed under confocal microscopy. Proteolysis of
this BSA derivative results in the release of fluorescence (590 nm).

LysoSensor staining
For CLSM analyses patients’ and controls fibroblasts were seeded
on coverslips at a density of 300 x 10°. After 24 h of culture in
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complete medium, cells were rinsed with an isotonic buffer pH 7.4
(105 mM NaCl, 5 mM KCl, 6 mM HEPES-acid, 4 mM HEPES-Na,
5 mM NaHCO;z;, 60 mM mannitol, 5 mM glucose, 0.5 mM
MgCl;, 1.3 mM CaCl;) and then incubated with 2 pM
LysoSensor Yellow/Blue DND-160 (Thermo Fisher Scientific) for
3’ at RT. Then cells were extensively rinsed with the isotonic buffer
and observed on a Zeiss LSM 980. Images were then acquired using
a 63x oil objective, laser and filter settings were adjusted accord-
ing to the fluorescence excitation and emission requirements of
the reagent: excitation 365 nm and dual emission at 440 nm
(neutral pH 5-7, blue) and 540 nm (acidic pH 3-5, yellow).

Endo-lysosomal pH analysis by LysoSensor yellow/blue
dextran

To measure the pH of endo-lysosomal compartments, 2 x 10°
fibroblasts were plated on a 35-mm imaging dish with a glass
bottom (Ibidi), after 48 h of culture in complete medium were
incubated overnight with 0.1 mg/mL LysoSensor Yellow/Blue
dextran (#L22460, Thermo Fisher Scientific) in complete medium
at 37°C in a humidified atmosphere with 5% CO,. The loading so-
lution was then removed, cells were washed and live imaged in
complete medium (without phenol red) with excitation at
360 nm and double emission at 450-470 nm (blue) and 520-
540 nm (yellow) on a Zeiss LSM980 confocal microscope. The
pH calibration curve was generated using an isotonic buffer
(105 mM NacCl, 5 mM KCIl, 6 mM HEPES-acid, 4 mM HEPES-Na,
5 mM NaHCOj3;, 60 mM mannitol, 5 mM glucose, 0.5 mM
MgCl,, 1.3 mM CaCl,) supplemented with 20 pM nigericin.
Each buffer solution was adjusted to the appropriate final pH,
ranging from 2.5 to 6.5, using 1 N NaOH or 1 N HCIL.

Cells (>50) were analyzed both in fluorescence and in bright
field with the Zeiss Zen 3.3 software. ROIs within cells that were
reflective of LysoSensor Yellow/Blue dextran-labeled organelles
were selected and the fluorescence intensity values of such regions
were recorded for emissions at both wavelengths (450 and
540 nm). Additionally, ROIs outside of cells (background) were
selected and the background fluorescence intensity values were re-
corded for each emission wavelength.

After subtracting the background fluorescence intensity values
for each emission wavelength from the corresponding fluores-
cence intensity values relating to LysoSensor Yellow/Blue
dextran-labeled organelles, the ratio of intensity 450 nm:540 nm
was calculated for each region of interest and for each pH calibra-
tion curve buffer. Next, the data for the pH calibration curve were
fitted to a linear regression using GraphPad PrismS$ software and
the data of experimentally measured ratios in samples were
converted into absolute pH values by interpolation in the pH cali-
bration curve.

Filipin fluorescence staining of free cholesterol

Filipin dye is used as a pro-fluorescence probe to stain the choles-
terol in cells or tissues. Filipin binds to model crystalline phase
lipid bilayers containing cholesterol, and to liquid phase bilayers
with or without cholesterol, in an orientation that forms mem-
brane pores. Due to its fluorescence shift upon binding to choles-
terol, filipin is visible under simple UV trans-illumination. Briefly,
control and patient fibroblasts were seeded in 24-well cluster
plates onto 12-mm cover glasses and maintained in culture com-
plete medium for 24 h. After 24 h, cells were rinsed twice with
PBS, fixed in with 3% PFA, washed twice with PBS, and incubated
with 1 mL of 1.5 mg glycine/mL PBS for 10 min at RT to quench

the PFA. Fixed cells were washed three times and labeled with
the Filipin staining solution for 2 h at RT, followed by three
washes before imaging. Cells were observed in PBS by fluorescence
microscopy using a UV filter set (340-380 nm excitation, 40 nm
dichroic, 430-nm-long pass filter).

Evaluation of LC3I/1l levels by western blot analysis

To monitor the function of the autophagic pathway, primary con-
trol and patients’ fibroblasts were incubated in EBSS (Gibco) me-
dium for 2, 4, and 8 h with and without addition of the inhibitor
bafilomycin A1 (200 nM for 4 h, Sigma). LC3I/II expression level
was assessed by western blot analysis and immunofluorescence
microscopy. For western blot analyses, cell pellets were washed
twice in PBS and lysed in RIPA buffer (20 min, 4°C). Lysates were
centrifuged at 10,000xg (15 min, 4°C), and 20 pg cell extracts
were separated by 15% SDS-PAGE, and transferred to PVDF mem-
branes (Bio-Rad). Blots were incubated with rabbit polyclonal anti-
LC3 antibody (Cell Signaling). Membranes were re-probed with an
anti-GAPDH antibody (Santa Cruz Biotechnology) to normalize
protein content. For immunofluorescence, patients’ and controls
fibroblasts were seeded at the density of 20 X 103 in 24-well cluster
plates onto 12-um cover glasses. After 24 h of culture in complete
medium, fibroblasts were treated with EBSS medium to promote
the autophagosomes formation, for 4 and 8 h with or without ba-
filomycin (4 h). Then were fixed with absolute chilled methanol
for 10 min at —20°C. Cells were stained with a rabbit polyclonal
anti-LC3I/II antibody (Cell Signaling) only or co-stained with
mouse monoclonal anti-Lamp1 antibody (Cell Signaling) followed
by the appropriate secondary antibodies (Life Technologies)
and DAPL

Electron microscopy

Control and patients-derived fibroblast were fixed in 1% glutaral-
dehyde and 4% PFA in 0.1 M sodium cacodylate buffer (pH 7.2),
overnight, at 4°C, and processed as described previously.?® Cells
were washed in cacodylate buffer and post-fixed with 1% OsOy4
in 0.1 M sodium cacodylate buffer for 1 h at RT, treated with 1%
tannic acid in 0.05 M cacodylate buffer for 30 min, and rinsed
in 1% sodium sulfate in 0.05 M cacodylate buffer for 10 min.
Post-fixed specimens were washed, dehydrated through a graded
series of ethanol solutions (30%-100% ethanol) and embedded
in Agar 100 (Agar Scientific). Ultrathin sections, obtained by an
UC6 ultramicrotome (Leica Microsystems), were stained with ura-
nyl zerosolution (Agar Scientific) and Reynolds’ lead citrate and
examined at 100 kV with a FEI/Philips EM 208S Transmission Elec-
tron Microscope equipped with acquisition system/Megaview SIS
camera (Olympus).

Structural analyses

Structures with pdb codes 6wm2 and 3vr6 were used in our anal-
ysis. In 6wm2, the A and B subunits are present as trimers with
chain identifiers A, B, and C for the subunits A, while D, E, and
F identity the subunits B. To avoid confusion with the letters
identifying the subunits, we refer to these chains as «, B, v, 9, €,
and ¢, respectively. The B/e and the «/3 interfaces represent the
open and semi-open configurations, while the y/¢ is the only
one bound to ADP and is representative of the closed state. The
C subunit is present as a monomer (with chain identifier O).
All the figures were obtained by using the software Chimera.”’
The same software package was used to carry out the structural
analysis.
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Results

Genetic and clinical findings

In the context of an intramural research program dedicated
to individuals affected by undiagnosed diseases, trio-based
ES was performed to reach diagnosis in an individual with
a phenotype partially overlapping DOORS syndrome and
ZLS, who was negative for mutations in the previously
identified disease genes. The main clinical features of the
individual included DD/ID, electroencephalogram abnor-
malities, abulbous nose with a bifid nasal tip and additional
minor dysmorphism, microtia with malformation of inner
and outer ear, profound sensorineural deafness, short stat-
ure, nail aplasia of hands and feet, hypoplastic terminal
phalanges, and triphalangeal thumbs/big toes (Figure 1A;
Supplemental Material, Clinical Reports). Of note, occur-
rence of minor digit anomalies (i.e., hypoplastic nails and
terminal phalanges of hands and feet) was also observed
in her father, who however did not show any additional
feature reported in his daughter (Figure 1A). Sequencing sta-
tistics and data output are reported in Table S1. ES data anal-
ysis allowed us to identify a previously unreported, appar-
ently de novo, missense variant, c.865G>A (p.Glu289Lys
[C1E289K])), affecting ATP6VICI. No functionally relevant
variants compatible with known Mendelian disorders
based on the inheritance model and clinical presentation
were identified. ATP6V1C1 was considered as an excellent
candidate based on its functional link with ATP6V1B2,
the high degree of conservation of the affected residue,
and the predicted damaging consequences of the
amino acid substitution on protein function (Figure S1A;
Table S2). The heterozygous variant was validated via
Sanger sequencing, which confirmed its occurrence in all
tested tissues (Figure S2). The variant was not present in
the healthy brother and mother, while testing multiple
paternal tissues (i.e., leukocytes, fibroblasts, hair bulb cells,
and oral mucosal epithelial cells) documented a low level of
mosaicism for the variant in hair bulb and buccal cells, sup-
porting a post-zygotic onset of the variant in the father, in
line with the clinical findings (Figure S2). Based on these
findings, manual inspection of the WES data in the father
confirmed a low-level mosaicism in the sample (estimated
as 7%, 6 reads out of 87).

Networking failed to identify additional cases with puta-
tive pathogenic ATP6V1C1 variants. Based on the clinical
overlap and functional link, phenotypic and molecular
data on six unrelated subjects with bona fide pathogenic
heterozygous ATP6V1B2 variants were collected to more pre-
cisely characterize the clinical and molecular spectra of the
disorder, and investigate the mechanism of disease. All vari-
ants were missense (NM_001693.4:c.995C>T, p.Ala332Val
[B2A332Y]; .982T>C, p.Tyr328His [B2Y3?®H]; ¢.983A>G,
p.Tyr328Cys; ¢.1120G>C, p.Glu374Gln; c¢.1126C>A,
p.GIn376Lys [B2¥7%X|; and c.1127A>G, p.GIn376Arg),
occurred de novo, had not previously been reported in public
databases (e.g.,, gnomAD), involved conserved residues

located within regions of the protein that were intolerant
tovariation (Figure S1B), and were predicted to have a disrup-
tive impact on protein function (Table S2). The clinical
phenotype of the subjects was variable but invariably charac-
terized by dysmorphic features, DD with impact both on
cognitive and motor functions, ID, and seizures. A subset
of individuals showed horizontal nystagmus/visual impair-
ment, growth delay, brain abnormalities (e.g., brain atrophy
and several degrees of myelination delay), deafness, gingival
overgrowth, and minor skeletal abnormalities (e.g., scoliosis,
pes planus, joint hyperextensibility). No individuals had
onychodystrophy, osteodystrophy, or skeletal dysplasia.
The severity of the condition was fatal in one individual
(subject 2) (Supplemental Material, Clinical Reports). The
observed clinical spectrum was tentatively associated with
DOORS, DDOD, and/or ZLS without reaching the diagnostic
criteria for none of these disorders (Table 1; Figure 1B).

Functional and structural analyses

We investigated the functional consequences of the identi-
fied ATP6V1B2 and ATP6V1C1 variants, together with the
p.Arg485Pro change in ATP6V1B2 [B2R*85?] which had
previously been associated with ZLS.'® To assess whether
the identified variants impact protein stability, the protein
levels of all ATP6V1B2/ATP6V1C1 mutants were evaluated
in transiently transfected 293T cells, documenting a negli-
gible effect of each of the tested variants (Figure S3).
Consistently, similar levels of endogenous ATP6V1B2
were also found in primary fibroblasts obtained from
affected (B24332Y, B2@76K and B2%48%Y) and control indi-
viduals (Figure S3). Assessment of the endogenous level
of the ATP6V1C1 protein was not possible due to the
poor sensitivity of all tested commercially available
antibodies.

The vacuolar V-ATPase is present in the membranes of
many organelles, where its proton-pumping action is
required to maintain their acidic luminal pH, especially
in lysosomes. Using patient and control fibroblasts, we first
analyzed the subcellular localization of B2 subunits. By
immunofluorescence confocal microscopy analysis, we
observed proper localization of WT and all tested mutant
B2 subunits (B2"332V, B2%7¢K and B2R**°P) to lysosomes,
as indicated by their co-localization with LAMP1 (Figures
2A, 2B, and S4). Notably, a marked increase in the size
and number of lysosomes in cells endogenously expressing
each of the tested B2 and C1 mutants was observed by
immunofluorescence analysis and western blot analyses
(Figures 2C and 2D), as observed in lysosomal storage dis-
orders. Then, we evaluated a possible impact of altered
ATPase pump function on lysosome function by assessing
the accumulation of ceramide and cholesterol as represen-
tative of lysosomes substrates. Analyses performed using
specific probes (i.e., BTR ceramide and Filipin) showed a
significantly increased storage of both substrates in
all tested patients’ cell lines compared with controls
cells (Figures 3A-3D), suggesting a generalized defective
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Table 1. Major clinical features of the identified subjects with ATP6V1B2/ATP6V1C1 variants, and comparison with DDOD syndrome, DOORS syndrome, and ZLS

Hypoplasia/aplasia terminal

phalanges and/or Gingival

DD ID Seizures onychodystrophy Hypertrichosis  overgrowth  Facial dysmorphisms Deafness Osteodystrophy
DDOD +/- + - + - - +/= + -
DOORS + + + + +/- - + + +
ZLS + + +/- + +/- + + +/— -
ATP6V1B2 8/20 (40%) 8/20 (40%) 7/20 (35%) 20/20 (100%) 1/20 (5%) 1/20 (5%)  18/18 (100%) 20/20 (100%) 0/20 (0%)
(p-Arg506*)
ATPV1B2 5/11 (45%) 9/11 (81%) 9/11 (81%) 3/10 (30%) 4/11 (36%) 5/11 (45%) 11/11 (100%) 1/10 (10%) 0/11 (0%)
(missense
changes)

S1 (ATP6VICI)

S2 (ATP6V1B2,
p-Ala332Val)

S3 (ATP6V1B2,
p-Tyr328His)
S4 (ATP6V1B2,

p-Tyr328Cys)

S5 (ATP6V1B2,
p-GIn376Lys)

S6 (ATP6V1B2,
p-GIn376Arg)

S7 (ATP6V1B2,
p-Glu374Gln)

bushy eyebrow, up-slanted palpebral fissures, epicanthal
folds, microtia, broad nasal bridge, "bifid” nasal tip, deep
philtrum, thin upper lip, prominent lower vermillion

bitemporal narrowing, long eyelashes, deep philtrum,
everted upper lip, micrognathia, full cheeks, high-arched
palate, blue sclerae

facial hypotonia, straight eyebrow, eyes appear wide set,
ptosis, long eyelashes, tubular nose with broad nasal
base, decreased facial movement/wrinkles, short and
deep philtrum, everted thin upper lip with prominent
upper vermilion, mouth open at rest

high forehead, dolichocephaly, bitemporal narrowing,
straight eyebrows, long eyelashes, short philtrum, slight
micrognathia, posteriorly rotated ears

high forehead, dolichocephaly, bitemporal narrowing,
coarse face, brushy and straight eyebrows, long
eyelashes, prominent upper and lower vermilion, large
mouth

dolichocephaly, bitemporal narrowing, coarse face with
full-cheeks, thin upper lip, micrognathia/retrognathia,
glossoptosis, high arched palate, and short neck

dolichocephaly, bitemporal narrowing, mildly coarse
face, short philtrum, everted upper lip, thin upper lip,
prominent upper and lower vermilions, large mouth

NA

NA, not available.
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Figure 2. Disease-causing ATP6V1B2 and ATP6V1C1 variants affect lysosome morphology but maintain a proper lysosomal localiza-
tion

(A and B) Confocal laser scanning microscopy analysis shows a proper ATP6V1B2 subcellular localization with lysosomes. Cells were
stained with Lamp1 (Ilysosome marker, red) and ATP6V1B2 (B2 subunit marker, green) antibodies, and DAPI (DNA marker, blue). Repre-
sentative images are shown (A) together with the quantitative data and statistical analysis (B). Arrows indicate the selected cells reported
in the enlarged images. Scale bar, 5 pm. MFI = SEM of B2 and Lamp1 signal per cell was quantified (=20 cells per experimental condi-
tion, in six independent experiments per marker), and plotted in the corresponding graphs, defining final MFI as MFI (region of interest
[ROI]) — MFI (background). Bars indicate mean + SEM, p values were calculated by one-way ANOVA with Tukey’s correction for multiple
testing.

(C and D) Representative images reporting the altered morphology, distribution, and number of lysosomes in cells from individuals car-
rying heterozygous ATP6V1B2 missense variants (p.Ala332Val [A332V], p.GIn376Lys [Q376K], and p.Arg485Pro [R485P]) compared
with control cells are shown (C). Arrows indicate the selected cells reported in the enlarged images. Scale bar is 5 pm. In the same panel,
western blot analysis shows the higher expression level of lysosomes marker in patients’ fibroblasts than control cells. GAPDH was used
to normalize the experiments. Quantitative data and statistical analysis are also shown (D). MFI and SEM were calculated as above.

hydrolytic activity of lysosomal enzymes possibly as a
result of an altered vacuolar ATPase proton function. To
evaluate the lysosomal acidification status, we first used
LysoSensor Yellow/Blue DND-160 as a dye (Figure 4A).
Cells were treated with this probe at steady state condition,
after 4 h of EBSS treatment to induce autophagy, and after
4 h of treatment with EBSS together with bafilomycin, the

latter used to inhibit the V-ATPase function.”” We observed
a significant higher acidity of lysosomes in all patients’ cell
lines compared with control cells, indicating a hyperactive
behavior of the proton pumps assembling the mutant
B2/C1 subunits. As expected, bafilomycin treatment
promoted the complete loss of staining indicating the effi-
cient inhibition of both mutant and WT proton-pumping
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Figure 3. Effects of autophagic flux dysregulation promoted by ATP6V1B2 and ATP6V1C1 mutants

Confocal laser scanning microscopy analyses show a significant storage of cholesterol (A and B) and ceramide (C and D) on patients’ fibro-
blasts compared with control cells. Cells were stained with filipin (cholesterol) (A) and BTR-ceramide (C) probes, respectively. Scale bars are
10 pm (A), 20 pm (C, left), and 2 pm (C, right). Arrows indicate the selected cells reported in the enlarged images. MFI + SEM of filipin
(B) and ceramide (D) signal per cell, was quantified (3 independent experiments, >20 cells per condition, in each repeat), and plotted
in the corresponding graphs, defining Final MFI as MFI (region of interest) — MFI (background). WT1 and WT2 were pooled together vs.
patient’s samples. Bars indicate mean = SEM, p values were calculated by One way ANOVA with Tukey’s correction for multiple testing.
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Figure 4. Expression of ATP6V1B2 and ATP6V1C1 mutants is associated with increased acidification of lysosomes

(A) Patients’ and control cells were incubated with 2 uM LysoSensor Yellow/Blue DND-160 (Thermo Fisher Scientific) and observed on a
Zeiss LSM 980 confocal microscope. Images were acquired using a 63 x oil objective, laser and filter settings were adjusted according to
the fluorescence excitation and emission requirements of the reagent. Scale bar, 5 pm.

(B) Evaluation of lysosomal pH values in patient-derived fibroblasts. The pH calibration curve performed using WT1 cells, and obtained
by plotting the fluorescence intensity 450/540 ratios as a function of pH, was fitted with linear regression using GraphPad PrismS

(legend continued on next page)
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function. To further validate this finding, we performed ex-
periments to measure the intraorganellar pH in patient-
derived fibroblasts by treating cells with the ratiometric
LysoSensor Yellow/Blue dextran (Figure 4B). These assays
revealed a substantial decrease of intra-organellar pH in pa-
tients’ cells compared with control cells, further support-
ing an increase of proton-pumping activity in the former.

Ultrastructural analyses were performed to better charac-
terize the effects of aberrant V-ATPase functioning. Control
fibroblasts showed identifiable cytoplasmic components,
including well-organized mitochondria, slightly dilated
endoplasmic reticulum, and lysosomes that were filled
with typical multilamellar and electron-dense material
(Figures SA-5D). Remarkably, compared with control cells,
patients’ fibroblasts showed a high number of enlarged ves-
icles containing lighter granular material, which resembled
early lysosomes, and vacuoles containing osmiophilic ma-
terial with different electron densities, reminiscent of lyso-
somes. In particular, in fibroblasts expressing B2*3?2 and
B2R85" many of these vesicles seemed to be partially fused
(Figures SE and SF) or in close proximity to each other
(Figures 5I-5L). Cells endogenously expressing B22376K
showed accumulation of large heterogeneous vacuoles
filled with osmiophilic material and substances with diff-
erent electron densities (Figures 5G and 5H), while cells ex-
pressing the C1528F variant showed only vesicles uniform
in size (Figures 5M and SN). Dilated endoplasmic reticulum
and lipid droplets were also visible in the cytoplasm of the
cells. Overall, these findings were suggestive of aberrant
lysosome maturation and functioning, as commonly
observed in lysosomal storage diseases,’'*” in line with
the data collected by immunofluorescence analysis.

Since proper acidification of lysosomes is required for au-
tophagosome-lysosome fusion, we hypothesized that the
altered lysosomal function might also result in an impair-
ment of the autophagic flux. Immunofluorescence and
western blot analysis using an anti LC3I/II antibody as
probe showed a significant accumulation of autophago-
somes at steady state condition as well as after autophagy
flux induction with EBSS in all tested patients’ fibroblasts
compared with control cells (Figures 6A-6C, S5, and S6).
Remarkably, these organelles, which appeared as enlarged
vesicles mainly accumulated in the perinuclear region,
did not colocalize with lysosomes after autophagic flux in-
duction and bafilomycin treatment (Figures 6B and S6). To
further assay the extent of dysregulation of the autophagic
flux and/or lysosomal function, we evaluated the fluores-
cence emission of a BSA derivative (DQ-BSA) conjugated
to a self-quenched fluorophore in patients’ fibroblasts
and control cells after starvation with EBSS for 16 h to
induce autophagy. We did not observe dequenched

DQ-BSA in patients’ cells over the time period, further
supporting a defective autophagosome-lysosomal function
(Figure S7).

Increasing evidence testifies the interplay between cilia
and autophagy.””*° On one hand, the autophagy core ma-
chinery is known to localize at ciliary compartments; on
the other, the primary cilium, representing a sensorial an-
tenna of cells, promotes the activation of the autophagic
flux in response to diverse stimuli. Autophagy can also
control the level of positive or negative regulators of cilium
biogenesis, influencing cilia formation and elongation.
Based on these considerations, we investigated the effect
of altered B2 and C1 subunit function on primary cilium
biogenesis and morphology in primary fibroblasts from
affected subjects. The analysis performed in starved fibro-
blasts revealed the presence of aberrant primary cilium for-
mation in all cell lines (Figure 7). Specifically, the cilium
was either shorter compared with control cells or absent
(dot cilium), documenting a pleiotropic effect of each of
the tested variants also involving cilium biogenesis.

Recently, the cryoelectron microscopy structures of the
human V-ATPase in three rotational states representing
the sequential conformational changes after ATP hydroly-
sis and release were solved.'” We used these structures to
explore the possible structural and dynamics effects of
the identified amino acid substitutions. In general, ATP
hydrolysis in the V; catalytic subcomplex drives a general
rearrangement of the pump, leading to proton transloca-
tion (Figure 8A). The ATP binding site is located at the
A/B interface, in the hexamer formed by subunits A and
B, though only the A subunits are directly involved in
ATP hydrolysis. The C subunit interacts with two E/G het-
erodimers and is part of the “stator” ensuring the reciprocal
stationary configuration of the V5 and V; subcomplexes
(Figure 8A).*° The mutated Tyr*?®, Ala®**?, and GIn*”® resi-
dues of the B2 subunit are located at the interface with the
A subunit, where the ATP/ADP binds to the complex
(Figure 8B). In particular, Tyr*?® is close to multiple resi-
dues of the A subunit that undergo significant conforma-
tional transformations in the transition between the
open and closed states (Figure 8C), suggesting that the
p-Tyr328Cys and p.Tyr328His substitutions could affect
the ADP/ATP exchanges and, in turn, the transition be-
tween the open and closed states. Ala**? interacts very
tightly with Ser®!® and Asn®'” in the A subunit. The
p-Ala332Val substitution would introduce steric clashes
(Figure 8D). The proximity to the ATP/ADP binding region
suggests a possible effect of the substitution on the ATP/
ADP binding and exchange; however, in this case, a non-
specific perturbation of the A/B interface cannot be ruled
out. GIn*’ is quite close to ADP (minimum distance below

software (left). Data are means = SEM from >50 cells analyzed for each pH value. Colored filled circled represent the experimentally
measured ratios converted into absolute pH values by interpolation in the pH calibration curve. Representative images of fibroblasts
incubated with LysoSensor Yellow/Blue dextran and visualized in live at 450 nm (top) and 540 nm (bottom) emission wavelengths
(right). The cell contours recognition was performed in bright field images and used to effectively quantify fluorescence intensity. Scale

bar, 20 um. All panels are identical in scale.
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8 A from the phosphate groups). Similar to Tyr®?®, the
residues in the A subunit surrounding GIn*”®, including
Lys*¥, display significant variations when examining
the different states of the complex (Figure 8E). The
p-GIn376Arg substitution, introducing a positive net

Figure 5. Electron microscopy analysis
Electron micrographs showing the ultrastruc-
ture of control (A-D) and patient-derived fibro-
blasts (E-N).

(E and F) Fibroblasts from subjects B2*3*2V and
(I-L) B2"8F showed vesicles partially fused to
each other (black arrows) and in close prox-
imity (gray arrows).

(G-H) B2¥7°X patients’ cells showed accumu-
lation of large heterogeneous vacuoles whereas
the cells carrying the C1%2%°% mutant pre-
sented vesicles uniform in size.

(M and N) (white asterisks) Heterogeneous
substances and osmiophilic material. G, Golgi
apparatus; N, nucleus; n, nucleolus; L, lyso-
some; LD, lipid droplets; M, mitochondria;
RE, rough endoplasmic reticulum.

charge, very likely perturbs the correct
dynamics of the A/B interface, and the
interactions with the ATP/ADP phos-
phate. It is worth mentioning that
variants introducing a change in the
net charge of the side chain of Glu*”#,
which is only two residues apart from
GIn®’®, have already been associated
with ZLS (p.Glu374Gln),'* and an
epileptic neurodevelopmental pheno-
type (p.Glu374Gly).?” The possible ef-
fects of the p.Arg485Pro substitution
have been discussed previously,'® based
on a homology model. Overall, the
recently reported structures confirm the
previously reported analyses. Arg*®® is
far from the ADP/ATP-binding site, mak-
ing a significant impact of its substitution
with proline on the ATP binding un-
likely. In contrast, the substitution is
predicted to destabilize the helical tract
encompassing residue 485 and weakens
a possible salt bridge with Asp®®’, likely
perturbing the interactions within the
V, subcomplex. Finally, Glu®®*’ is located
within the so-called neck domain of
boot-shaped subunit C. It does not
interact with residues of other subunits
but is involved in an ion pair interaction
with Lys''! (Figure 8F). This electrostatic
interaction, stabilizing the peculiar to-
pology of the C subunit, is strongly per-
turbed by the charge inversion caused
by the p.Glu289Lys substitution, likely
destabilizing the correct interaction
with the E/G heterodimers, and in turn perturbing the cor-
rect transduction of the signal after ATP release. Overall,
coherently with the observed effects on the pumping
activity, all the identified substitutions were expected to
perturb the transduction of the signal caused by ATP
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Figure 6. An impaired autophagic flux in patients’ fibroblasts promotes LC3I1/1l proteins accumulation and affects autophagosomes
number and subcellular localization

(A-C) Confocal laser scanning microscopy (CSLM) analysis performed on patients’ fibroblasts show a significant high level of LC3I/II
proteins already in the steady state condition, which remains constant after treatment with EBSS for 4 h without bafylomicin, to indicate
an autophagic flux impairment. Graphs reporting MFI = SEM of LC3I/1I (A) and representative images (B) are shown. Fixed cells were
stained with rabbit monoclonal anti-LC3I/1I antibody followed by rabbit anti-goat Alexa Fluor 488 (green). Nuclei are visualized by DAPI
staining (blue). Scale bar, 20 pm. Western blot analyses performed on patients’ fibroblasts (C) confirm the data obtained by immunoflu-
orescence, showing an anomalous accumulation of LC3I/II in the steady state condition and after autophagic flux induction with EBSS
for 2, 4, and 8 h. Equal amounts of cell lysates were resolved by 15% polyacrylamide gel electrophoresis. Membranes were probed with an
anti-LC31/1I antibody and then re-probed with an anti-GAPDH antibody for data normalization. Non-treated cells (i.e., cells cultured in
steady state conditions) were reported as internal controls (—). Bars indicate mean = SEM, p values were calculated by one-way ANOVA
with Tukey’s correction for multiple testing. MFI = SEM signals per cell were quantified (4 independent experiments per marker, >20
cells per experimental condition, in each repeat), and plotted in the corresponding graphs, defining Final MFI as MFI (region of interest
[ROI]) — MFI (background). Bars indicate mean + SEM, p values were calculated by one-way ANOVA with Tukey’s correction for multiple
testing.

(D and E) CSLM analysis shows an unusual subcellular localization of autophagosomes in patients’ cells compared with control cells (D).
In particular, these organelles localized near the nucleus and a few number colocalized with lysosomes residing in the peripheral region
of the cell in the steady state condition as well as after treatment with EBSS without bafilomycin. Fixed cells were stained with rabbit
monoclonal anti-LC3I/II antibody followed by anti-rabbit Alexa Fluor 488 (green). The lysosomes were stained with an anti-mouse
Lampl1 followed by anti-mouse Alexa Fluyor-546 (red). Nuclei are visualized by DAPI staining (blue). Scale bar, 5 pm. Quantitative
data assessing the LC3I/II levels and statistical analysis are also shown (D). MFI and SEM were calculated as above.

hydrolysis. However, the predicted mechanism of pertur-
bation seems to be different for the various substitutions.
Specifically, those involving the B subunit are predicted
to affect the dynamics of the A;B; hexamer, whose confor-
mational change leads to hydrogen pumping and/or exert
a direct effect on the ATP/ADP binding site, while the
p-Glu289Lys substitution in the C subunit is predicted to
perturb the correct orientation of the E/G heterodimers.

Discussion

Here we provide evidence that ATP6VICI1 variants can
underlie a neurodevelopmental phenotype with features

resembling DOORS syndrome, and report that dominantly
acting ATP6V1B2 variants are causally associated with a
phenotypic continuum having DDOD syndrome and ZLS
as extreme phenotypes. We show that variants involving
these two subunits of the V-ATPase pump promote
enhanced function of the complex, which affects lyso-
somal morphology and function, autophagy and cilium
biogenesis.

By mediating proton transport in intracellular compart-
ments, V-ATPases play a central role in regulating electro-
chemical gradients between membranes, which is crucial
in a variety of cellular processes. In addition, V-ATPases
might also localize at the plasma membrane of a number
of cells, mediating their specialized functions, including
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renal acidification, bone resorption, homeostasis of cyto-
plasmic pH and sperm maturation.* V-ATPase functional
pleiotropy, the tissue/cell-specific expression pattern of
the different subunits, as well as the gain-of-function
(GOF) vs. LoF effect of individual disease-causing variants
explain the striking phenotypic heterogeneity associated
with dysregulated V-ATPase function. Exemplarily, bial-
lelic LoF variants in ATP6V0OA4 cause a form of renal
tubular acidosis,*® which is characterized by a derange-
ment of acid-base balance due to an inability to secrete
acid in the distal nephron. The physiological impact of
these LoF variants is related to the specific expression of
the encoded accessory subunits at the level of the pro-
ton-secreting cells in the distal nephron.*® A strikingly
different clinical phenotype (neurodevelopmental disor-
der with epilepsy and brain atrophy [MIM: 619971]) is
associated with biallelic LoF variants in ATP6VO0A1,*°
which encodes a different “a” subunit of the Vo subcom-
plex that is highly expressed in the central nervous system.
Remarkably, dominantly acting variants in the same gene
causing LoF of the pump have been reported to underlie
a severe form of developmental and epileptic encephalop-
athy (MIM: 619970).%° In the present series, the multisys-
temic involvement of the phenotypic spectrum resulting
from the dysregulated function of the B2 and C1 subunits
is in line with the wide expression pattern of both sub-

WT Bz;\332V BZ&)WGK BZIRABSP C';E289K

provide a new example of clinical phe-
notypes resulting from GoF mutations
enhancing V-ATPase function.
Pathogenic dominantly acting variants in ATP6V1B2
have been associated with different phenotypes clinically
fitting DOORS and DDOD syndromes, and ZLS, indicating
that these conditions represent a variable expression of a
single disorder caused by altered V-ATPase function
(Table 1). Specifically, individuals with DDOD syndrome
primarily share sensorineural deafness and onychodystro-
phy with digital anomalies characterized by bulbous fin-
gertips of digits, and finger-like thumbs/triphalangeal
thumb. Some affected individuals may also show tooth ab-
normalities (e.g., oligodontia, conical teeth, and late denti-
tion). DOORS syndrome shares sensorineural hearing loss,
onychodystrophy, and digital abnormalities (i.e., tripha-
langeal thumb and hypoplastic/absent distal phalanges)
with DDOD syndrome. Osteodystrophy is reported in
most cases as well as a neurodevelopmental/neurological
involvement, which includes seizures. Facial dysmor-
phisms are also reported (e.g., bitemporal narrowing,
coarse facies, ear abnormalities, broad nasal bridge, large
nose, bulbous nasal tip, anteverted nares, long philtrum,
thick everted lower lip, downturned corners of the mouth,
and high-arched palate). Facial features of DOORS syn-
drome have a significant overlap with ZLS, a condition
also associated with organomegaly, gingival hypertrophy,
and hypertrichosis, which are not usually reported in
DDOD and DOORS syndromes. ZLS is more frequently
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Figure 8. Location of the mutated residues of the B2 and C1 subunits in the cryo-EM structures of human V-ATPase

(A) Side view of the of human V-ATPase complex (PDB: 6wm2). The subunits belonging to the V; and V, regions are reported as surface
and ribbon, respectively. The B and C subunits in the V; region are colored red and white, respectively. ADP is reported as a light blue
surface in the V; region at the interface between the A and B subunits.

(B) The V-ATPase complex in the region containing the residues discussed in the present study. The C subunit and one of the three B
subunits are reported as ribbons. The C, atoms of the muted residues are reported as white and red spheres for the B and C subunits,
respectively. For the sake of clarity, one of the E subunits is not reported.

(C) p.Tyr328Cys and p.Tyr328His substitutions (B2 subunit). The helix tract in the B subunit comprising Tyr**® is reported as a red rib-
bon (chain ), Tyr*?® is represented as red sticks. Two different conformations of the A subunit are reported as ribbons, corresponding to
the closed (chain B, light yellow) and open (chain v, gold) states, respectively. The residues in the A subunit in contact with Tyr*?® (min-
imum distance less than 0.5 nm) and populating different conformations in the two states are indicated and reported as sticks.

(D) p.Ala332Val substitution (B2 subunit). Sketch of the interface comprising Ala®32 in one of the three interfaces (chains y/¢ in the PDB
file); in the sketch, Ala*3? (in the B subunit) and Ser®'® and Asn®'” (in the A subunit) are reported as red and gold surfaces, respectively.
(E) p.Glu374GlIn, p.GIn376Arg and p.GIn376Lys substitutions (B2 subunit). Interfaces between the A and B subunits in the region sur-
rounding GIn®’° and Glu®’* in the B subunits from the 6wm2 structure. The backbone of the strand comprising Glu*’* and GIn®7° is
reported as red ribbon; Glu*’* and GIn®”° are represented as sticks. Two different conformations of the A subunit are reported as ribbons,
corresponding to the closed (chain g, light yellow) and open (chain v, gold) states, respectively. Lys**” in chain A is reported as sticks and
colored by atoms, with the carbons colored as the corresponding ribbon. The ADP molecule in the v chain is reported as a semi-trans-
parent light blue surface.

(F) p.Glu289Lys substitution (C1 subunit). The C subunit is reported as a white ribbon. Glu?® is reported as sticks, and the backbone is

328

colored red. Lys''! is also reported as white sticks.

caused by GoF variants in the potassium transporters
KCNH1 and KCNN3,'**! which are not related to lyso-
somal acidification; the different pathways involved might
explain phenotypic differences. The present findings
further support these observations, documenting the pres-
ence of a phenotypic continuum among these disorders.
Notwithstanding the relatively small number of affected
individuals reported thus far, first genotype-phenotype
correlations are emerging. Specifically, sensorineural hear-
ing loss and onychodystrophy appear to invariably occur
in individuals carrying the recurrent truncating variant
(p-Arg506*) in ATP6V1B2, with or without neurodevelop-
mental involvement. Moreover, the mutation cluster

affecting residues located close to the ADP/ATP binding
site (Gly*?, Tyr*?®, Ala**?, Glu*’*, GIn®’%, and Leu®®)
seems to be associated with a phenotype principally char-
acterized by DD affecting both cognitive and motor func-
tions, ID, seizures and distinctive facial features (high fore-
head, bitemporal narrowing, coarse face, bushy and
straight highbrows, deep and short philtrum, prominent
lower vermillion, and large mouth), with onychodystro-
phy, gingival overgrowth, and hypertrichosis affecting
just a minority of affected individuals. A subset of individ-
uals shows brain abnormalities (e.g., brain atrophy and
several degree of myelination delay). Consistent with these
findings, the clinical features observed in the subject with
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the p.Glu289Lys substitution in ATP6V1C1 show a sub-
stantial overlap with DOORS syndrome, further support-
ing the occurrence of a phenotypic continuum character-
izing DOORS syndrome, DDOD syndrome, and ZLS,
which should be considered as a single clinically variable
phenotypic spectrum/nosologic entity.

In conclusion, we show a continuum in the clinical spec-
trum associated with dominant variants affecting the
ATP6V1C1 and ATP6V1B2 subunits causing upregulation
of the V-ATPase function. Notwithstanding the multiple
processes that are altered in cells expressing these variants,
increased lysosomal acidification seems to be the driver
event of such pleiotropy, indicating that these disorders
can be considered as lysosomal diseases. These findings
provide a rationale for the use of molecules targeting the
upregulated V-ATPase function to ameliorate evolutive
features in these subjects.
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WES datasets have not been deposited in a public repository due to
privacy and ethical restrictions but will be made available on
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