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Abstract

Purpose: ATP2B2 encodes the variant-constrained plasma-membrane calcium-
transporting ATPase-2, expressed in sensory ear cells and specialized neurons.
ATP2B2/Atp2b2 variants were previously linked to isolated hearing loss in patients and
neurodevelopmental deficits with ataxia in mice. We aimed to establish the association
between ATP2B2 and human neurological disorders.

Methods: Multinational case recruitment, scrutiny of trio-based genomics data, in-silico
analyses, and functional variant characterization were performed.

Results: We assembled seven individuals harboring rare, predicted deleterious
heterozygous ATP2B2 variants. The alleles comprised five missense substitutions
affecting evolutionarily conserved sites and two frameshift variants in the penultimate
exon. For six variants, a de-novo status was confirmed. Unlike described patients with
hearing loss, the individuals displayed a spectrum of neurological abnormalities,
ranging from ataxia with dystonic features to complex neurodevelopmental
manifestations with intellectual disability, autism, and seizures. Two cases with
recurrent amino-acid variation showed distinctive overlap with cerebellar atrophy-
associated ataxia and epilepsy. In cell-based studies, all variants caused significant
alterations in cytosolic calcium handling with both loss- and gain-of-function effects.
Conclusion: Presentations in our series recapitulate key phenotypic aspects of Atp2b2-
mouse models and underline the importance of precise calcium regulation for
neurodevelopment and cerebellar function. Our study documents a role for ATP2B2
variants in causing heterogeneous neurodevelopmental and movement-disorder

syndromes.
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Introduction

Deregulation of Ca?* homeostasis is poorly compensated in neurons and linked to
various cognitive, behavioral, sensory, and movement disorders in mice and
humans’?. A specialized system of energy-dependent active transporters is crucially
involved in the control of intracellular Ca?* concentrations, the plasma membrane Ca?*
ATPases (PMCAs)3. These transmembrane pumps export Ca?* from all eukaryotic
cells and function as critical gatekeepers of the Ca?* handling machinery in diverse
organs including the brain, where they are required for synapse biogenesis, plasticity,
and prevention of neuronal loss?. In the mammalian genome, different PMCA isoforms
(ATP2B1-4) are the products of four genes, namely ATP2B1, ATP2B2, ATP2B3, and
ATP2B4%. PMCAs share a common structure of ten membrane-spanning segments,
two intracellular loop domains (between transmembrane regions 2-3 and 4-5)
responsible for autoinhibitory and catalytic mechanisms, and N- and C-terminal
cytoplasmic tails*>. The C-tail mediates the ability of PMCAs to interact with
calmodulin, the major regulatory protein affecting pump activity; binding of calmodulin
to its domain in PMCA's C-terminus alters Ca?* clearance rates and fine-tuning of
signal transmission by changing intrinsic protein conformations that maintain the pump
in an autoinhibited state®®. Although PMCAs are ubiquitous enzymes in human cells,
the four isoforms are distributed in a tissue-specific manner and undergo distinct
expression regulation during development and differentiation’. ATP2B1 and ATP2B4
are present in virtually all tissues, including most brain regions, whereas ATP2B2 and
ATP2B3 are highly enriched in some specialized populations of neuronal and excitable

cells’. ATP2B2 is predominantly found in Purkinje and granular neurons of the



cerebellum as well as presynaptic terminals of the forebrain, but also abundant in
sensory cells of the cochlear and vestibular systems3’. The variable abundance in
certain neuroanatomical structures and the cell type-specificity of separate PMCA
isoforms suggests that these pumps are exquisitely adapted for performing Ca?*
exports in the context of local physiological requirements, perturbations of which may
lead to spatially defined Ca?* signaling defects and specific human disease traits®.
Consistent with this, mutational changes of three PMCA-encoding genes have been
associated with OMIM-listed monogenic disorders, all of which present with
neurological and/or sensory impairments®. Heterozygous ATP2B1 de novo missense
substitutions and  protein-truncating variants  (PTVs) underlie variable
neurodevelopmental diseases with developmental delay, intellectual disability,
behavioral problems, and seizures (MIM:619910)%°, whereas X-linked missense
variants in ATP2B3 produce ataxia and ataxia-dystonia phenotypes (MIM:302500)12,
Recently, heterozygous PTVs of ATP2B2, including two de novo variants, have been
detected in five families with isolated non-syndromic hearing loss'3, resulting in
association of ATP2B2 to autosomal dominant deafness-82 (MIM:619804). Based on
ATP2B2's predicted intolerance to PTVs (gnomAD pLI score = 1.0; observed/expected
ratio = 0.06, Cl = 0.03-0.15)'# and the location of identified variants, haploinsufficiency
has been proposed as the most likely pathogenic mechanism causing the deafness
manifestations in affected individuals'®. However, ATP2B2 missense substitutions are
also markedly underrepresented compared to expectation in gnomAD (missense z
score = 4.55; observed/expected ratio = 0.54, Cl = 0.5-0.59)*4, indicating that additional
variant alleles and/or molecular effects different from simple heterozygous loss of
ATP2B2 may contribute to clinical disease presentations. Our group has described
previously one single individual affected by ataxia and comorbid intellectual deficits

without hearing impairment who was identified to have a rare ATP2B2 missense



variant of undetermined inheritance and uncertain clinical significance®®; the
pathological impact of mutant ATP2B2 in neurodevelopmental disease remained
elusive until today.

Here, we report on a multinational collaboration, facilitated by GeneMatcher'®, which
led to identification of heterozygous, mostly de novo ATP2B2 missense and frameshift
variants (the latter situated in the penultimate exon) in seven individuals with
movement disorders and neurodevelopmental phenotypes. One amino acid
substitution was recurrent in two patients. Hearing impairment was documented in only
two cases, in whom it represented a minor feature compared to observed
neurodevelopmental disturbances. We demonstrate Ca?* extrusion dysfunction for
variant-bearing proteins in experimental assays. Our findings significantly broaden the
genotypic and phenotypic spectrum of ATP2B2-related diseases and provide further
impetus for the continued elucidation of the role of PMCAs in neurotypical development

and cerebellar function.

Materials and Methods

Human genetics and patient series recruitment

To uncover the genetic causes of their illnesses, all affected individuals presented in
this study were exome-sequenced. Parent-child trio analyses were performed in six
families (individuals 1-6; for individual 1 complementary trio genome sequencing was
also performed), whereas individual 7 was sequenced together with the unaffected
mother (paternal DNA sample unavailable). Genetic investigations, variant discovery,
and gene prioritization procedures were carried out as described before!”-23, We first
singled out a novel heterozygous ATP2B2 de novo missense substitution as the sole
suspicions finding in a Slovak research proband (individual 1) who was part of a large

local cohort of patients with dystonic phenotypes including dystonia-ataxia syndromes



and neurodevelopmental disorders with dystonia (Munich, Germany)’?4. Candidate
ATP2B2 variants were next queried in online matchmaking catalogues'® and in-house
genomic data collections?3. Our searches led to ascertainment of an additional six
patients suspected of having undiagnosed monogenic phenotypes (individuals 2-6
from GeneMatcher!®; individual 7 from our private database in Munich, Germany), for
whom exome-wide testing had prioritized mutational changes of ATP2B2 and excluded
pathogenic or likely pathogenic variants?® in any known disease-associated genes.
These individuals were all evaluated for medical complexity with congenital severe
neurological involvement and identified from rare-disease clinical research programs
in Italy, UK, Belgium, South Korea, France, and Spain. All herein reported variants
were annotated based on ATP2B2’s canonical transcript RefSeq: NM_001001331.4
(GENECODE: ENST00000360273). The clinical assessment of affected individuals
included (neuro)imaging and electroencephalographic studies as appropriate, physical
examinations, and review of lifetime medical records; most patients had extensive
unyielding routine diagnostic testing results including normal chromosomal microarray
analysis. Informed consent was obtained from adult patients or legal representatives

in case of children for each participant of this study.

In-silico missense variant analysis

Protein modeling was undertaken as previously described?®. Structural models of wild-
type and mutant ATP2B2 pumps in the Ca?*-free state were generated with the Alpha-
Fold Software by using the Q01814 (AT2B2_HUMAN) entry. Obtained structures were

assessed by using Pymol.

Site-directed mutagenesis



ATP2B2 cDNAs of human origin were used as targets, as described'®?¢. Site-directed
mutagenesis on cDNA templates was carried out according to the manufacturer’'s
recommendations (QuickChange XL site-direct mutagenesis kit, Agilent). Primer
sequences are available upon request. Each construct was verified by direct

sequencing.

Cell culture and transfection

HeLa cells were cultured according to standard procedures'®; 12 h before transfection,
cells were seeded onto 13-mm glass coverslips (immunocytochemistry analysis) or 6-
multiwell plates (Western blotting and aequorin Ca?* measurements). Transfections
were performed as detailed earlier'®. For the Ca?* transport studies, co-transfections
with the aequorin construct (cytAEQ) and the empty vector (mock) or ATP2B2-
expressing plasmids were conducted. The cytAEQ expression plasmid has been

described elsewhere?®.

Western blotting and immunolocalization

Western blot and immunocytochemistry studies on HelLa cells overexpressing wild-
type and mutant ATP2B2 pumps were performed as described in Vicario et al'®. The
monoclonal anti-PMCA clone 5F10 (1:1,000; Thermo Scientific, catalog#MA3-914;
directed against amino acids 702-761 in ATP2B2) and monoclonal anti-actin (1:1000;
Thermo Scientific, catalog#MA1-744) were used as primary antibodies; the HRP-
conjugated goat anti-mouse was used as secondary antibody (1:50000; Sigma Aldrich
catalog#A9044). The signal was revealed by the incubation with Luminata Classico
HRP substrate (Merck Millipore; WBLUOS500). The bioluminescence signal was
detected with the ChemiDoc Imaging System (Biorad). The built-in software detects

the signal in “Preview” mode and, then, automatically adjusts the acquisition settings



to avoid saturated signals. The densitometric analysis was performed on an image
obtained by the average of at least three different acquisitions with increasing exposure
time and analyzed by the Fiji software (NIH software). The region of interest
corresponding to each band was defined manually and the densitometry of each band
was automatically measured by the Gel analyzer plugin. The same procedure was
performed for both the PMCA and actin signals. For each sample, the densitometry

value of PMCA was normalized to the actin value.

Ca?* measurements with recombinant aequorin

Determination of cytosolic Ca2* concentrations in transfected HeLa cells (cytAEQ) was
performed in a Perkin-Elmer Envision plate reader equipped with a two-injectors unit.
Measurements and calibrations of aequorin signals were carried out as previously
described?®®. Briefly, transfected cytAEQ was reconstituted by incubating the cells for
1-3 h with 5 yM coelenterazine wt in KRB at 37°C. The experiments were terminated
by lysing the cells with 100 uM digitonin in a hypotonic Ca?*-rich solution (10 mM CaCl:
in H20) to discharge the remaining aequorin pool after histamine stimulation. The light
signal was collected and calibrated into [Ca®*]cyt values as previously reported?”-28. The
calibration protocol takes into consideration the amount of aequorin discharged each
second (L) over a value Lmax, corresponding to the total reconstituted and active
aequorin determined for each measurement at the end of the experiment by exposing
the cells to 10 mM CacClz in H20. This protocol overcomes possible differences related
to the amount of expressed probe or to reconstitution with the prosthetic group
coelenterazine. Output data were reported as means + SEM. Statistical differences
were calculated by One-Way-ANOVA test; p-values of <0.05 were considered

statistically significant.



Results

Variant spectrum

We ascertained seven unrelated individuals, from nonconsanguineous families of
various geographical origins, who carried heterozygous variants in ATP2B2 and
presented overlapping phenotypes that differed from those associated with previously
reported PTVs of this gene®® (Tab.1, Fig.1A-C). None of the ATP2B2 variants
identified were present in population controls (gnomAD, v2.1 and v3.1 releases) or in-
house control datasets at the participating centers. Individuals 1-4 had de novo
missense variants: ¢.3028G>A, p.(Glul010Lys); ¢.2511G>T, p.(Met837lle);
€.2633T>C, p.(Phe878Ser); c.358G>A, p.(Gly120Arg), and a fifth patient (individual 7)
had another nucleotide substitution at cODNA position 358 (c.358G>C) resulting in the
same missense amino acid change as seen in individual 4, namely p.(Gly120Arg). For
individual 7, a de novo status of the variant could not be confirmed due to unavailability
of genetic material from the father (variant absent in the mother’'s DNA). The variant
effect evaluation tool CADD predicted the variants to be highly deleterious, with scores
ranging from 29 to 34 (mean = 32)?° (Tab.l). In addition, the in-silico classifiers
MutPred23® and REVEL®' yielded scores that indicated high probabilities of
pathogenicity for the variants (Tab.1). All four amino acids altered by the five nucleotide
substitutions were phylogenetically conserved and found to lie within motifs that were
invariant between different species, the four PMCA isoforms (except for Gly120 in
ATP2B4), and all annotated ATP2B2 transcripts (Fig.2A). Furthermore, in support of
a potential relevance to protein function, the variants were situated in regions depleted
for nonsynonymous variation in the general population: bioinformatics calculations at
base-pair-level resolution indicated that each alteration affected a site with significant
intolerance to mutational lesions (as estimated by Wiel et al.®?, variant at “intolerant"

site, N=2; variant at “highly intolerant® site, N=2; Fig.1C). The recurrent p.(Gly120Arg)



variant localized to a segment between transmembrane domains 1 and 2 in the N-
terminus, whereas the other variants mapped to the C-terminal third of the protein
(cytosolic loop and transmembrane domains)® (Fig.1B/C). Molecular modeling
suggested that the variants may impact Ca?* extrusion capacities of the pump either
by interfering with Ca?* binding or by perturbing other regulatory mechanisms (Fig.2B,
Suppl.Fig.1). In more detail, ¢.3028G>A, p.(Glul010Lys) and c¢.2633T>C,
p.(Phe878Ser) affected the Ca?*-binding region’, and replacement of Glu1010 by a
lysine and Phe878 by a serine residue appeared to change local interactions with
neighboring amino acids (charge substitution and loss of an aromatic side chain,
respectively); Phe878 was located critically close to the Ca?*-binding triad (Glu457,
Asn914, and Asp918)’ and substitution with a serine would directly impact on
ATP2B2’s ability to bind Ca?* (Fig.2B). The other amino acid substitutions identified
were situated in structurally important motifs: ¢.2511G>T, p.(Met837lle) was expected
to potentially impact on phosphorylation of the catalytic aspartate’; moreover,
€.358G>A and ¢.358G>C, both resulting in p.(Gly120Arg), were predicted to affect
autoinhibitory interactions with the C-terminal segment3® and/or the accessibility of the
Ca?* transport site by impairing the displacement of the calmodulin-binding
autoinhibitory domain from the catalytic core34. Both of these regulatory mechanisms
would be disturbed by changes of residues around the transmembrane region 1 in the
N-terminus. Two additional patients had de novo variants that were expected to be
truncating: ¢.3338_3339del, p.(Vallll3Glyfs*36) (individual 5) and c.3254dup,
p.(Thrl086Aspfs*64) (individual 6) (Tab.1, Fig.1A-C, Suppl.Fig.2). Unlike nonsense,
frameshift, and splicing variants detected in patients with isolated hearing loss?!3, these
frameshifting alleles were located in the penultimate exon of ATP2B2, predicted to
deleteriously affect the open reading frame that codes for the functional calmodulin-

binding domain. Since localization of PTVs in the last or penultimate exon usually does



not lead to nonsense-mediated MRNA decay®, the variants were likely to exert
pathogenicity via a mechanism different from haploinsufficiency. In agreement with this
hypothesis, in-vitro functional work has established that C-terminally truncated
versions of PMCAs can give rise to specifically altered pump activities as a
consequence of abolished interaction of calmodulin with the C-terminal regulatory
regions®®. All seven identified ATP2B2 variants, the missense and frameshift
alterations, qualified as pathogenic alleles according to the ACMG classification

standards (Tab.1)?®.

Clinical spectrum

The patient series consisted of three female and four male individuals ranging in age
from 3 to 43 years (Tab.1). All patients were diagnosed with etiologically unexplained
neurological or neurodevelopmental disorders with uninformative pre- and perinatal
histories and no major congenital anomalies. Motor and/or language delay were
present to a variable extent in the majority of individuals for whom this outcome could
be evaluated (6/7). Intellectual disability of varying severity was documented in six
individuals and all these subjects also had difficulties with verbal communication;
absence of intelligible speech at the time of last assessment was noted for three
patients. Other shared features common to most participants of the study were
coordination and movement abnormalities (5/7) and epileptic signs (6/7). Five patients
each had some degree of ataxic gait impairment ranging from minor imbalance to
profound gait dysfunction; truncal and/or appendicular ataxia with other cerebellar
signs such as intentional tremor and eye movement disorders were frequently
observed. Variable expressions of epileptic phenotypes manifested within the first
three years of life and included abnormal EEG findings without seizures (2/6) as well

as focal myoclonic and generalized tonic-clonic seizures (4/6); two cases were



diagnosed with epileptic encephalopathy (individuals 5 and 6). Less consistent
symptoms included behavioral disturbances (autism diagnosed in 3/6) and muscle
tone alterations including hypotonia and dystonic posturing (3/6); a diagnosis of
sensorineural hearing loss was established in only two of the patients (individuals 2
and 3 with de novo missense variants). A comparatively mild presentation,
characterized by dystonic features, ataxia, and abnormal eye movements, was
demonstrated by individual 1, whereas an unusually severe neurodevelopmental
behavioral phenotype with marked autistic traits and rapid mood cycling was found in
individual 3. Striking clinical overlap between unrelated subjects was registered in
relation to variant recurrence and similar variant type: individuals 4 and 7 both
harboring p.(Gly120Arg) shared almost identical manifestations of developmental
delay, ataxia, muscular hypotonia, epilepsy, and cerebellar atrophy on brain MRI
(Fig.3); moreover, for individuals 5 and 6 (each with a truncating variant), distinctive
courses with progressive, difficult-to-control seizure activity and developmental
stagnation were seen. Apart from MRI scans showing characteristic atrophic changes
of the cerebellum in patients with the recurrent p.(Glyl120Arg) variant (Fig.3),
neuroimaging screenings were generally normal or considered nondiagnostic in the
present series. Mild abnormal thinning of bilateral optic nerves on axial images was
reported for individual 1 but the MRI was not available for review. Subtle and
nonspecific facial dysmorphic aspects were noted in a few of the patients; for example,
individuals 2 and 7 had epicanthic folds and a wide nasal bridge, among other variable
individual signs. There were no consistent abnormalities described with respect to
growth, vision, or other extraneural organ involvement. An overview about all

assembled clinical data is given in Tab.1.

Expression studies and variant effects on Ca?* transport function



The genetic and clinical data, especially the identification of de novo variants at sites
under high codon selection in a severely variant-constrained gene and the genotype-
specific similarities in phenotypic presentations provided strong evidence for
pathogenicity of the collected variants. To test the variants™ functionality and verify their
potential harmful impact, we performed experiments in human cell culture (Fig.4A-C).
Wild-type and mutant ATP2B2 expression constructs were generated and transfected
into HeLa cells. In Western blot analyses, all mutant ATP2B2s demonstrated
comparable levels to wild-type protein, with the exception of ATP2B2 harboring
p.(Gly120Arg) which exhibited a marginally significant decrease in cellular abundance
(Fig.4A). Overall, these findings were confirmed in immunocytochemistry stainings,
demonstrating not only similar expression enrichment but also the proper localization
at the plasma membrane for all mutants and the wild-type form (Fig.4B). Notably, the
frameshift variant-containing pumps were also expressed without significant reduction
of detected protein, consistent with the prediction that these variants will not trigger
nonsense-mediated decay (Fig.4A/B). We then used an established co-transfection
system with the Ca?*-sensing photoprotein aequorin to examine the impact of the
patient variants on cytosolic Ca?* concentration handling (Fig.4C). This method allows
to assay activity of overexpressed PMCA pumps by determining the relative Ca?*
extrusion rate through analysis of [Ca?*]cyt peaks after agonist-induced Ca?* loading of
the cytosol'>?6, We found that four variant-bearing versions of ATP2B2 including
p.(Glul010Lys), p.(Met837lle), p.(Phe878Ser), and p.(Thrl086Aspfs*64) were
associated with significantly elevated cytosolic Ca2+ peaks following histamine-
induced Ca2+ transient increase as compared to the wild-type counterpart, compatible
with compromised abilities of these mutant pumps to export Ca2+ to the extracellular
environment (Fig.4C). The observed Ca2+ extrusion impairment was strongest for

p.(Phe878Ser), carried by individual 3 with severe pediatric-onset neurodevelopmental



disease; ATP2B2 containing p.(Glu1010Lys), the variant identified in an adult patient
with movement disorder and no major neurodevelopmental comorbidity (individual 1),
exhibited only a moderate Ca2+ extrusion defect. By contrast, p.(Gly120Arg) and
p.(Valll13Glyfs*36) resulted in gain-of-function effects with abnormally decreased
stimulation-related Ca2+ peaks, indicative of ATP2B2 pump overactivity (Fig.4C).
Collectively, the analyses indicated that all clinically observed variants caused
significant changes in cytosolic Ca2+ handling under conditions of maximal cell

stimulation, thus creating situations of intermittent intracellular Ca2+ dyshomeostasis.

Discussion

Unbiased sequencing-driven genetics studies and genotype-first approaches in the
past few years have shown that different types of variants within the same gene and/or
spatially diverse variant localizations in the gene product account for a substantial
degree of heterogeneity in phenotypic outcomes!®36. A handful of ATP2B2
heterozygous PTVs with dominant inheritance or de novo transmission modes,
mapping to the first two thirds of the encoded ATP2B2 pump, have recently been
documented in families whose affected members manifested childhood-onset
progressive hearing loss without accompanying neurological symptoms?2. In addition,
one adult patient with ataxia and intellectual disability carrying a missense variant of
ATP2B2 ¢.3427G>T, p.(Vall143Phe) has been published by our group beforel®.
Although in-vitro experiments demonstrated decreased Ca?* clearance from cells
harboring the mutant construct!®, evidence was still lacking to definitely link ATP2B2
to ataxia and neurodevelopmental disorders. We now describe a group of individuals
with heterozygous ATP2B2 missense and end-truncating variants who expressed a
distinct set of phenotypic abnormalities, further expanding the clinical spectrum of

ATP2B2-related diseases to include developmental delay, speech impairment,



epilepsy, autism, and different types of movement and tone abnormalities. The
observed features were compatible with phenotypic signs and symptoms described in
association to variants in ATP2B2's homologous genes ATP2B11° and ATP2B3'1:12,
In aggregate, the proven de novo status of most variants in our allelic series (6/7), the
strong evolutionary conservation of altered amino acids, the overlapping phenotypes
among the patients, our in-silico modeling data, and the experimentally confirmed
impact of the variants on protein function supported the disease-causing nature of the
ATP2B2 alterations that we found. Consistent with this were also observations from
rodent models, suggesting that ATP2B2 plays an important role in brain development,
neuronal Ca?* homeostasis, and the control of voluntary movements®. Mouse mutants
documenting a link between Atp2b2 dysfunction and defective synaptic transmission
in specific neural circuits have been reported for more than two decades®*7, beginning
with the description of “deafwaddler” mice displaying hearing impairment and early-
onset ataxic phenotypes related to the spontaneous Atp2b2 missense variant
p.(Gly283Ser)®’; these animals have pronounced abnormalities in Purkinje cell
morphology, indicative of cerebellar functional impairments3. Similarly, a second strain
bearing the Atp2b2 missense substitution p.(Glu412Lys), the “wriggle mouse sagami®,
exhibits ataxic-like motility problems combined with dystonic involuntary limb posturing,
most likely as a result of neuronal pathologies in the cerebellum®. Cells from the
wriggle sagami ataxic-dystonic mouse, in which dendritic spine development of
Purkinje neurons is compromised, were shown to be characterized by increased basal
cytosolic Ca?* levels and impaired Ca?* clearance following external stimulation?,
reminiscent of what we saw in our functional studies with overexpressed mutant
pumps. Furthermore, Atp2b2 null and heterozygous knockout mice develop gene
dosage loss-dependent ataxia resulting from functionally altered Purkinje-neuron Ca?*

signaling®#’. Thus, the herein reported patients with ATP2B2 variants manifested



phenotypic features highly similar to those observed in transgenic mice with Atp2b2
pump defects, especially with regard to motor phenotypes (ataxia and/or dystonic
features in 5/7 individuals), overt morphological changes of the cerebellum (cerebellar
atrophy in individuals 4 and 7), and biochemical alterations in Ca2+ handling (Ca2+
extrusion dysfunction of mutant proteins in our in-vitro assays). Considering that the
studies of ATP2B2 constructs engineered for four of the patients’ variants including
p.(Glul010Lys), p.(Met837lle), p.(Phe878Ser), and p.(Thrl086Aspfs*64) revealed
diminished pump activities with increased peaks of cytosolic Ca2+ transients upon cell
stimulation, the most likely possibility by which these variants might underlie disease
Is a partial (hypomorphic) loss-of-function effect. In our overexpression assay, two
patient variants, namely p.(Gly120Arg) and p.(Vall113Glyfs*36), exhibited gain-of-
function features, showing for the first time that hyperactivity of PMCA pumps can also
be associated with disease. We observed molecular aberrations of varying severity in
relation to specific variants and noted that, overall, the degree of functional alteration
of the mutant pumps was comparatively modest in our cellular system with respect to
the severe clinical syndromes presented by the majority of affected individuals in this
study. The results were in good agreement with findings from functional evaluations of
Ca2+ handling defects in other PMCA-linked conditions such as ATP2B3-associated
ataxia®®; it has been highlighted that the absolute contribution of PMCAs to Ca2+
clearance is rather minor compared to other existing cellular Ca2+ transport systems,
but individual PMCA perturbance may have significant impact on fine regulation of
Ca2+ homeostasis in certain brain micro-circuits and neuronal sub-domains’2. For the
two truncating variants, a plausible mechanism of pathogenicity is a protein function-
altering effect arising as a consequence of disturbance of the calmodulin-binding C-
terminal regulatory domain and its interplay with the autoinhibitory site in the N-

terminus of the protein. Previous work has shown that targeted ablation and missense



variants of the calmodulin-binding region result in the inability of PMCAs to properly
control cytosolic Ca?*%26, Intriguingly, the truncating variants seen in our patients
affected protein function in distinct ways, variant p.(Thrl086Aspfs*64) in a loss-of-
function and the other one p.(Val1113Glyfs*36) in a gain-of-function direction. Although
currently speculative, the opposite effects may be derived from the differing nature of
the neopeptides generated by the frameshifts, i.e., p.(Thrl086Aspfs*64) versus
p.(Valll1l3Glyfs*36) (Suppl.Fig.2), which may lead to different (residual) abilities of
the mutant ATP2B2s to bind calmodulin. The pathogenic molecular effects of our
frameshift variants are likely to be different from those induced by haploinsufficient PTV
alleles found in patients affected with isolated hearing loss*®. We point out, however,
that the two additional ATP2B2 de novo PTVs c.2268C>A, p.(Cys756*) and
€.3191G>A, p.(Trpl064*), one of which was located in the vicinity of the variant
€.2329C>T, p.(Arg777*) associated with hearing loss from Smits et al.'2 (Fig.1C), were
prioritized as top disease-causal candidates in a large cohort of patients with autism
spectrum disorders (no further phenotypic details available)3°. Therefore, it is possible
that ATP2B2 haploinsufficiency might also be at play in neurodevelopmental diseases
and that a phenotypical continuum exists, ranging from apparently non-syndromic
hearing impairment at the mild end to autistic traits and potential other features at the
more severe end. The phenotypes presented by the patients in our series establish a
wide spectrum of neurological-disease features associated with genetic variation at
ATP2B2. Based on the clinical observations that we made, some preliminary
genotype-phenotype correlations may emerge, although certainly additional studies
will be required to confirm these findings. First, we saw notable similarities in
phenotypic abnormalities among individuals with recurrent variation at codon 120;
these phenotypes appeared rather distinct and comprised mainly prominent muscular

hypotonia, ataxia, cerebellar atrophy, and epilepsy. Moreover, there were differences



in disease manifestations between individuals with missense substitutions and those
with C-terminal frameshift variants (more severe developmental and epileptic morbidity
in the latter group). Second, we noted some degree of correlation between clinical
severity and the biochemical alterations at the cellular level: the Ca2+ extrusion
dysfunction was not dramatic, although significant as compared to wild-type, for a
variant carried by a mildly affected adult patient (individual 1), while the aberrations
were more pronounced for some other variants found in pediatric neurodevelopmental-
disorder cases. Although we could functionally characterize all herein identified mutant
ATP2B2 pumps based on their decreased or enhanced abilities to clear cytosolic Ca?*
transients, our cellular assay was likely to be unable to capture all molecular
phenotypic outcomes in a human physiological context. Brain (or particular brain
subregion)-specific consequences of individual ATP2B2 pathogenic variants are hard
to define, and therefore it remains difficult to determine why there was no clear
relationship between the severity of symptoms and the observed impact of variants on
Ca?* handling when comparing individual 1 (mild adult phenotype) and individual 2
(pronounced neurodevelopmental phenotype). Moreover, we found no obvious group
differences in phenotypes between individuals heterozygous for ATP2B2 loss-of-
function variants (N=4) and those with heterozygous gain-of-function variants (N=3);
rather, the two patients with frameshift variants, of which one was experimentally
classified as a loss-of-function (individual 6) and one as a gain-of-function (individual
5) allele, appeared to be more phenotypically similar to each other than some other
cases within the loss-or gain-of-function groups. Identification of further independent
patients and future in-depth functional evaluations may help to better understand
genotype-to-phenotype relationships in ATP2B2-related disorders. Taken together,
our data reinforce the concept that Ca?* dyshomeostasis represents a major driver of

neurocognitive, epileptic, and movement disorders under the background of abnormal



neurodevelopment!. Our understanding of the biological mechanisms that allow cells
to dynamically respond to the changing needs of Ca?* signaling and the associated
pathophysiological implications are only beginning to emerge and essentially depend
on insights from human disease studies®. We here demonstrate that de novo missense
and specific truncating variants in one of the four major ATP-dependent plasma
membrane Ca?* pumps, ATP2B2, cause movement and neurodevelopmental
disorders. We propose that the phenotypes result from defects in the tight control of
intracellular Ca2+ concentrations and that the localization and individual functional
consequences of ATP2B2 variants may contribute to variability in presentations and
disease severity. Future work should address the precise effects of different ATP2B2
variant types in brain micro-circuitry and explore the potential of ATP2B2 as a

therapeutic target.
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Figure legends

Figure 1 Heterozygous ATP2B2 variants in seven individuals and their respective
locations on ATP2B2 protein

(A) Simplified pedigrees for individuals 1-7 with detected variants in ATP2B2. Black
circles and squares represent affected female and male patients, respectively. Open
symbols represent unaffected parents. Trio whole-exome sequencing was carried out
in families of individuals 1-6. DNA from the healthy father of individual 7 was not
available for genetic testing (N/A). Identified genotypes at the ATP2B2 locus, including
four missense changes (one recurrent variation at amino acid position Gly120) and two
frameshift variants, are indicted below the individuals™ family trees; a de novo status
was proven for six out of the seven patient variants. (B) Topological illustration of the
ATP2B2-encoded protein ATP2B2 (GenBank: NM_001001331; Uniprot: Q01814)
depicting ten transmembrane domains (numbered), two cytosolic loop domains, and a
C-terminal intracellular tail containing the calmodulin-binding regulatory domain. Black
represents missense variants and red represents truncating (frameshift) variants. The

Protter online tool (https://wlab.ethz.ch/protter/start/)*° was used for ATP2B2 protein



visualization. (C) Representation of the variant tolerance landscape of ATP2B2 and
distribution of variants identified in patients. All amino acid residues affected by
missense variants are intolerant to functional genetic variation according to the
MetaDome web server (https://stuart.radboudumc.nl/metadome/)3?. A schematic of
ATP2B2 is indicated underneath the MetaDome plot, along with the truncating variants
identified in patients. The missense variants in black and the frameshift variants in red
were detected in individuals with movement and neurodevelopmental disorders in the
present work. The missense variant in gray has been reported previously in a patient
with ataxia'®; the truncating variants in blue and purple have been described in subjects
with isolated hearing loss'® and autism/neurodevelopmental disease®®, respectively.

Note the most C-terminal localization of truncating variants identified in this study.

Figure 2 ATP2B2 missense variant conservation and modeling

(A) Multiple amino-acid sequence alignments showing an extremely high degree of
conservation of all residues affected by missense variants identified in this study. A
multi-species alignment (upper panel) as well as alignments between sequences of
the four different plasma membrane Ca?* ATPase isoforms (ATP2B1-4, encoded by
ATP2B1-ATP2B4; middle panel) and all ATP2B2 transcript variants (lower panel) are
illustrated. Uniprot identifiers of the transcripts are provided. (B) 3D structural analysis
of herein identified missense variants using a ribbon presentation of the ATP2B2 pump
in the Ca?*-free state. Upper panel: the relative positions of variants are highlighted in
red on an overview (left) and on magnified views (right) of ATP2B2; magnifications are
indicated by dashed white lines. The variants p.(Phe878Ser) and p.(Glu1010Lys) are
located in the Ca?*-binding region, whereas the p.(Met837lle) substitution affects a
residue with potential involvement in activity-dependent conformational changes of the

pump and the associated phosphorylation of the catalytic aspartate residue (D499,



yellow arrow). The recurrent p.(Gly120Arg) variant falls into the N-terminal part of the
protein which contains integral elements required for activity regulation of the pump.
Lower panel: model of the Ca?*-binding region with the critical amino acid residues
Glu457, Asn914, and Asp918 (yellow) essentially involved in Ca?* binding and the site
of the p.(Phe878Ser) variant (red). Loss of the phenylalanine aromatic side chain
(F878) would critically alter local bonding interactions with the Ca2+-binding triad
(Glud57-Asn914-Asp918, in yellow), likely leading to an impaired ability of ATP2B2 to
bind Ca?* with severe functional perturbance. Additional results of in silico modeling

for the mutant ATP2B2 pumps can be found in Suppl. Fig. 1.

Figure 3 Magnetic resonance imaging results for patients with the recurrent
p.(Gly120Arg) substitution associated with cerebellar morphological changes

T2 FLAIR-weighted (a) and T1-weighted (b-d) sagittal brain MRI scans of individual 4
carrying ATP2B2 ¢.358G>A, p.(Gly120Arg) at the ages of 5 months (a), 1 year and 5
months (b), 2 years and 1 month (c), and 3 years and 1 month (d). Note progressive
atrophy of the cerebellum. (e-h) Brain MRI scans of individual 7 carrying ATP2B2
€.358G>C, p.(Gly1l20Arg) at the age of 8 years. Cerebellar atrophic abnormalities are
depicted in sagittal T2-FLAIR (e), axial fast spin-echo (f), sagittal T2 CUBE (g), and

coronal T2-FLAIR (h) sequences.

Figure 4 Functional evaluation of ATP2B2 variants found in the present cohort of
previously unreported individuals

(A and B) Wild-type (WT) and mutant human ATP2B2 constructs (hPMCA2b) were
transfected into HeLa cells and PMCA expression was assessed by Western blot (A)
and immunocytochemistry (B) analyses. Control (CTR) cells were transfected with

empty vector. The monoclonal mouse antibody 5F10 was used for PMCA detection.



The variants p.(Thrl086Aspfs*64) (individual 6), p.(Gly120Arg) (individuals 4 and 7),
p.(Valll13Glyfs*36) (individual 5), p.(Met837lle) (individual 2), p.(Glul010Lys)
(individual 1), and p.(Phe878Ser) (individual 3) are indicated by T1086fs, G120R,
V1113fs, M837I, E1010K, and F878S, respectively. (A) Representative immunoblots
using 5F10 and anti-actin (loading control) antibodies are shown. Results from
densitometric quantifications of the levels of overexpressed ATP2B2s referred to actin
are provided in the underneath panel. Data are expressed as mean + SD from 5
independent experiments. ns, not significant; *, p < 0.05; **, p < 0.01. (B)
Representative immunocytochemical stainings showing the expression level and
cellular localization of the wild-type (WT) and mutant ATP2B2. Note unaltered
expression and normal distribution of the frameshift variant-bearing pumps (T1086fs
and V1113fs). Scale bars indicate 20um. (C) Ca?* measurements in HeLa cells
transiently overexpressing wild-type (WT) or mutant ATP2B2 pumps. The patient-
derived variants are indicated as in (A) and (B). Cytosolic Ca?* transients were
recorded following histamine stimulation of cells co-transfected with the aequorin
construct (cytAEQ) and the empty vector (CTR) or ATP2B2-expressing plasmids. Left
panel: the curves represent the average of the single traces considered for the
guantification analysis on the values of [Ca?*]eyt peaks shown in the right panel. Right
panel: average peak [Ca?*]cyt values measured upon stimulation (bars represent mean
MM £ SEM). The numbers of the dots indicate the number of independent
measurements out of four independent transfections. Specific sample sizes analyzed
were as follows: CTR, n=70; WT, n=72; M8371, n=65; E1010K, n=55; G120R, n=30;
V1113fs, n=35; T1086fs, n=36; F878S, n=62. **, p < 0.01; **** p<0.0001; ns, not

significant.



Table 1 List of molecular and phenotypic features of seven individuals with heterozygous ATP2B2 variants

Individual 1 Individual 2 Individual 3 Individual 4 Individual 5 Individual 6 Individual 7 Summary
ATP2B2 variant . .
RefSeq C3028G>A,  c2511G>T,  ¢.2633T>C, C.358G>A, Q?\?ﬁl?ﬁi%ﬁ?fesl”‘ ‘?fﬁfl‘z%%‘;s c358G>C,  psense STVS:
transcript: p.(Glu1010Lys) p.(Met837lle) p.(Phe878Ser) p.(Gly1l20Arg) P: 36) P: fs*64) p.(Gly120Arg) ir;deIS' 27
NM_001001331.4 P '
Family structure trio trio trio trio trio trio mother-patient trio: 6/7
non-maternal confirmed de
Inheritance de novo de novo de novo de novo de novo de novo (father not .
. novo: 6/7
available)
Allele frequency
(gnomAD v2.1 absent from
and v3.1/ not found not found not found not found not found not found not found controls: 7/7
>30,000 in-house ’
control exomes)
CADD score 34 33 29.2 33 N/A N/A 32 292-34(5
missense SNVs)
MutPred2 rank 0.911 0.935 0.932 0.931 N/A N/A 0.931 0.911-0.935 (5
score missense SNVs)
REVEL rank 0.995 0.993 0.995 0.975 N/A N/A 0.975 0.975 - 0.995 (3
score missense SNVs)
pathogenic pathogenic pathogenic pathogenic . pathogenic
ggs'\ii(;caﬁon (PS2, PS3, (PS2, PS3, (PS2, PS3, (PS2, PS3,  pathogenic (PS2, E’;‘éhz"g;ggc (PS1, PS3, athodenic: 717
(applied criteria) PM1, PM2, PM1, PM2, PM1, PM2, PM1, PM2, PS3, PM2) PMZ) ' PM1, PM2, P 9 ’
pp PP2, PP3) PP2, PP3) PP2, PP3) PP2, PP3) PP2, PP3)
. no alternative
Other candidate no no no no no no no genetic
variants . ’
diagnoses: 7/7
female: 3/7; male:
Sex female female male female male male male a7
Age 43 years 10 years 14 years 3 years 6 years 7.5 years 14 years 3 - 43 years
European/ European: 5/7;
Ancestry European European P European Asian European European Asian: 1/7;
Asian o
mixed: 1/7
_ _ NDR NDD/ NDD/ NDD/ _ _ ,
. . . ataxia-dystonia (predominant . S epileptic congenital ataxia syndrome:
Clinical diagnosis NDD . congenital epileptic ) ; .
syndrome behavioral ataxia encephalopath encephalopat ataxia 3/7; NDD: 5/7
deficits) phalopathy hy
Global
developmental ND +++ ++ ++ ++ ++ +++ 6/7
delays
Idr;:ll:)ei‘ﬁgjal - +++ ++ +++ ++ ++ +++ 6/7
Behqworal - +, aggressive +++, autism ++2 - ++, autism ++, autism 5/7
deficits
) B +++, absent +++, absent +++, absent
Speech impaired - + ++ speech speech ++ speech 6/7
Motor impaired + + - +++ + - + 517
Ataxia +++ ++ - +++ ++ - +++ 517
Muscle tone
abnormalities/ +, dystonic
movement signs® ) ) +++, hypo ) ) ++, hypo 8
disorders
Seizures/EEG +, abnormal +, abnormal ++, myoclonic +++, epileptic ++, epileptic  ++, g_enerah;ed
= - . encephalopat tonic-clonic 6/7
abnormalities EEG EEG seizures encephalopathy h -
y seizures
Dysmorphic ) + . - - - + 217
features
Hearing - - +, hearing +, hearing loss NR - NR NR 217
abnormalities loss
Ophthalmological +, optic atrophy - - +, strabismus +, strabismus NR +, oculomotor a/7

abnormalities

apraxia



i +, cerebellar
gk;ilgrn'\ql;:ties ) - - atrophy - . + gﬁgebhellar o7
(progressive) pny

ACMG, American College of Medical Genetics and Genomics; CADD, combined annotation dependent depletion; EEG,
electroencephalography; hypo, muscular hypotonia; MRI, magnetic resonance imaging; N/A, not available; ND, no data; NDD,
neurodevelopmental disorder; NR, not reported; REVEL, rare exome variant ensemble learner; @ autistic-like behaviors were
observed, but autism was not formally diagnosed. Pgood response to botulinum toxin injection therapy.

+/++/+++ symbols indicate the degree to which the feature(s) was (were) present.
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Individual 2
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Individual 6 Individual 7
I-1 I-2 -1 I-2 -1 -2
+/+ +/+ +/+ +/+ N/A +/+
11-1 11-1 -1
+/delTG +/dupC +/C
€.3338_3339del €.3254dup €.358G>C

p.(Val1113Glyfs*36) p.(Thr1086Aspfs*64) p.(Gly120Arg)

C Missense variants

Reported
here

Truncating variants
Previously T ReportedT Previously T Previously

Tolerant
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in ataxia in hearing loss | in autism
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p.(Trpl064*)
€.397+1G>A (p.?)

p.(Met837lle)

1243 aa

P-(CYs756") ) (Thr1086Aspis*64)

p.(Val1113Glyfs*36)

p.(Ala319fs) p.(Glu655*)

p.(Cys666*)

[ ] Transmembrane regions 1-10 p.(Arg777%)

[] camodulin-binding domain



Xenopus tropicalis
Danio rerio

Mus musculus
Homo sapiens
Rattus norvegicus

AT2B1_HUMAN
AT2B2_HUMAN
AT2B3_HUMAN
AT2B4_HUMAN

Q01814-1/ AT2B2_HUMAN
Q01814-2 / AT2B2_HUMAN
Q01814-3/ AT2B2_HUMAN
Q01814-4/ AT2B2_HUMAN
Q01814-5/ AT2B2_HUMAN
Q01814-6 / AT2B2_HUMAN
Q01814-7 / AT2B2_HUMAN
Q01814-8/ AT2B2_HUMAN

Different species

G120

E1010 \

ILEIAATI

ILEIAAL

ILEIAATT
ILEIAAT
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SFYHPPGH |
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MOLFNEINARKIHGER

M837
Al VGFAMGIAG i
Al VGFAMG I AG I
Al VGFAMG I AG i
Al VGFAMG I AG I
ATP2B2 transcript variants
G120 M837 F878 E1010
Al ISLGLSF VGFAMGIAG ISKFLQFQ LFENE I NARK
Al ISLGLSF VGFAMG I AG ISKFLQFQ LFNEINARK
AlI1SLGLSF VGFAMG I AG I SKFLQFQ LFNEINARK
AlISLGLSF VGFAMG I AG I SKFLQFQ LFNEINARK
Al 1SLGLSF VGFAMG I AG I SKFLQFQ LFNEINARK
Al I1SLGLSF VGFAMG | AG I SKFLQFQ LFNEINARK
Al ISLGLSF VGFAMG I AG I SKFLQFQ LFNE:I NARK
Al ISLGLSF VGFAMG I AG ISKFLQFQ LFNEINARK
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