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PTPA variants and impaired PP2A activity
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The protein phosphatase 2A complex (PP2A), the major Ser/Thr phosphatase in the brain, is involved in a number of
signalling pathways and functions, including the regulation of crucial proteins for neurodegeneration, such as alpha-
synuclein, tau and LRRK2. Here, we report the identification of variants in the PTPA/PPP2R4 gene, encoding a major
PP2A activator, in two families with early-onset parkinsonism and intellectual disability.

We carried out clinical studies and genetic analyses, including genome-wide linkage analysis, whole-exome sequen-
cing, and Sanger sequencing of candidate variants. We next performed functional studies on the disease-associated
variants in cultured cells and knock-down of ptpa in Drosophila melanogaster.

We first identified a homozygous PTPA variant, c.893T>G (p.Met298Arg), in patients from a South African family with
early-onset parkinsonism and intellectual disability. Screening of a large series of additional families yielded a se-
cond homozygous variant, c.512C>A (p.Alal71Asp), in a Libyan family with a similar phenotype. Both variants co-seg-
regate with disease in the respective families. The affected subjects display juvenile-onset parkinsonism and
intellectual disability. The motor symptoms were responsive to treatment with levodopa and deep brain stimulation
of the subthalamic nucleus.

In overexpression studies, both the PTPA p.Ala171Asp and p.Met298Arg variants were associated with decreased PTPA
RNA stability and decreased PTPA protein levels; the p.Ala171Asp variant additionally displayed decreased PTPA pro-
tein stability. Crucially, expression of both variants was associated with decreased PP2A complex levels and impaired
PP2A phosphatase activation. PTPA orthologue knock-down in Drosophila neurons induced a significant impairment of
locomotion in the climbing test. This defect was age-dependent and fully reversed by 1-DOPA treatment.

We conclude that bi-allelic missense PTPA variants associated with impaired activation of the PP2A phosphatase cause
autosomal recessive early-onset parkinsonism with intellectual disability. Our findings might also provide new in-
sights for understanding the role of the PP2A complex in the pathogenesis of more common forms of
neurodegeneration.

Received March 29, 2022. Revised June 24, 2022. Accepted August 22, 2022. Advance access publication September 8, 2022

© The Author(s) 2022. Published by Oxford University Press on behalf of the Guarantors of Brain.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-
nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use,
please contact journals.permissions@oup.com


https://orcid.org/0000-0001-8267-564X
https://orcid.org/0000-0002-8962-755X
https://orcid.org/0000-0002-0275-2498
https://orcid.org/0000-0001-6250-363X
https://orcid.org/0000-0003-1365-2529
https://orcid.org/0000-0002-3508-3438
https://orcid.org/0000-0002-6868-2154
https://orcid.org/0000-0002-7677-426X
https://orcid.org/0000-0001-9061-7335
https://orcid.org/0000-0002-6242-6651
https://orcid.org/0000-0001-7325-0199
https://orcid.org/0000-0001-7591-6994
https://orcid.org/0000-0001-9533-4908
https://orcid.org/0000-0002-4392-5906
https://orcid.org/0000-0003-2673-5972
https://orcid.org/0000-0002-0941-3990
https://orcid.org/0000-0002-9334-1263
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/brain/awac326

PTPA variants in early-onset parkinsonism

BRAIN 2023: 146; 1496-1510 | 1497

1 Department of Clinical Genetics, Erasmus University Medical Center Rotterdam, Erasmus MC, 3015 GD Rotterdam,

The Netherlands

2 Institut du Cerveau - Paris Brain Institute - ICM, Inserm, CNRS, Sorbonne Université, Paris, France
3 Assistance Publique Hopitaux de Paris, Hopital Pitié-Salpétriere, Département de Génétique, DMU BioGeM, Paris,

France

4 Department of Neurology, Faculty of Health Sciences, University of Pretoria, Pretoria, South Africa
5 Research Unit in Neurogenetics, Clinical Investigation Center (CIC) at the CHU Habib Bourguiba, Sfax, Tunisia
6 Division of Molecular Biology and Human Genetics, Faculty of Medicine and Health Sciences, Stellenbosch

University, Cape Town, South Africa

7 South African Medical Research Council/Stellenbosch University Genomics of Brain Disorders Research Unit,

Stellenbosch University, Cape Town, South Africa

8 Division of Neurology, Department of Medicine, Faculty of Medicine and Health Sciences, Stellenbosch University,

Cape Town, South Africa

9 Assistance Publique Hopitaux de Paris, Hopital Pitié-Salpétriere, Département de Neurologie, Centre
d’Investigation Clinique Neurosciences, DMU Neuroscience, Paris, France

Correspondence to: Dr Alexis Brice

Institut du Cerveau, Hopital Pitié-Salpétriere
47 bd de I'Hopital, 75013 Paris, France
E-mail: alexis.brice@icm-institute.org

Correspondence to: Dr Vincenzo Bonifati
Department of Clinical Genetics, Erasmus MC

PO Box 2040, 3000 CA Rotterdam, The Netherlands
E-mail: v.bonifati@erasmusmc.nl

PTPA; PPP2R4; parkinsonism; intellectual disability; PP2A

Introduction

The identification of monogenic forms of Parkinson’s disease
(PD) and parkinsonism has shed light on molecular pathways
underlying the disease pathogenesis and pointed to new thera-
peutic targets. Rare heterozygous variants in SNCA,* LRRK2,%*
and VPS35*° are established causes of autosomal dominant
forms of typical PD, while bi-allelic variants in PRKN,® PINK1,”
and DJ-1% cause autosomal recessive (AR) forms of PD, usually
of early-onset. Furthermore, disease-causing variants in several
other genes have been shown to cause atypical forms of juvenile
parkinsonism, with variable occurrence of additional clinical
features. Yet, other causative genes likely remain to be
identified, as in many families, particularly with early-onset
parkinsonism, variants are not detected in any established/no-
minated gene.

In this study, we nominate PTPA/PPP2R4 as a novel gene for
early-onset parkinsonism and intellectual disability (ID). The en-
coded PP2A Phosphatase Activator (PTPA) is a major modulator of
the protein phosphatase 2A (PP2A) complex function, and it is ubi-
quitously expressed throughout the human organism and within
the brain. PP2A is the major Ser/Thr phosphatase in the brain and
targets a myriad of proteins involved in diverse cellular functions
such as cellular metabolism,’ cell cycle and proliferation,'® embry-
onic development,* cytoskeleton dynamics,'? and apoptosis.’® The
PP2A core dimer is composed of a catalytic (PP2A-C) and a scaffold-
ing subunit (PP2A-A). This core dimer associates with one of more
than a dozen regulatory subunits (PP2A-B) to form the PP2A hetero-
trimeric holoenzyme.'* These alternative regulatory subunits con-
fer substrate and (sub)cellular localization specificity to the
enzyme.™*

The activation of PP2A™¢ is highly dependent on its methyla-
tion,"”?° which is negatively regulated by the PP2A-specific methy-
lesterase, PME-1.7*8 PTPA plays a key activating role by binding
PME-1 and counteracting its negative influence on PP2A.>%*° This
key modulating role of PTPA on PP2A function has also been shown
in vivo, where PTPA loss-of-function (LOF) was found to resemble a
PP2A-deficient state.’® Furthermore, PTPA deletion has been found
to be lethal in fruit fly?* and yeast,'®**?* further highlighting its es-
sential role in PP2A regulation.

PP2A dysregulation has been implicated in neurodegenerative
disorders. The methylated, and therefore active, form of PP2A ap-
pears to be decreased in post-mortem brains from subjects with
PD, Alzheimer’s disease, dementia with Lewy bodies, and pro-
gressive supranuclear palsy, whereas the level of demethylated
PP2A is increased.?® Furthermore, PP2A is known to directly
target and dephosphorylate alpha-synuclein,® tyrosine
hydroxylase,”® LRRK2,”” and tau.”® PP2A has been shown to
dephosphorylate  phospho-Ser129  alpha-synuclein, the
aggregation-prone form of alpha-synuclein.”®> Moreover, en-
hanced PP2A activity has been demonstrated to reduce phos-
phorylation and subsequent activation of tyrosine hydroxylase,
the rate-limiting enzyme in dopamine synthesis.?**° Finally,
downregulation of PP2A activity might promote tau pathology
in Alzheimer’s disease®*? as well as cognitive and electro-
physiological impairments in transgenic mice.??

Interestingly, deregulation of PTPA activity has also been ob-
served in Angelman syndrome, a neurodevelopmental disorder
with severe ID due to UBE3A LOF, encoding an E3 ubiquitin ligase
that ubiquitinates PTPA.>®* To our knowledge, however, variants
in PTPA have not previously been described as a cause of mono-
genic human disease. Here, we report the identification of
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different bi-allelic variants in PTPA, associated with impaired acti-
vation of PP2A, in patients from two families with parkinsonism
and ID.

Materials and methods

The study procedures were approved by the ethical authorities at
the participating institutions, and written informed consent was
obtained for each participant. Initially, a South African family
with two siblings affected by juvenile-onset parkinsonism and ID
(Family 1) was clinically characterized and genetically studied.
Subsequently, two large independent series of unrelated cases
with early-onset (onset <40 years) and/or recessive PD/parkinson-
ism were studied in order to identify additional PTPA variants. In
a first series of 200 patients (Erasmus MC Rotterdam and the
International Parkinsonism Genetics Network), the entire coding
region and exon-intron boundaries of PTPA (NM_178001) were
screened by Sanger sequencing (primers listed in Supplementary
Table 1). This series comprised 91 probands with familial PD or par-
kinsonism, compatible with AR inheritance (12 patients with
early-onset), 78 patients with sporadic early-onset PD, and 31 pa-
tients with early-onset atypical parkinsonism (four with parkin-
sonism and ID).

The second series assembled by the French and Mediterranean
Parkinson’s Disease Genetics Study group (FMPD cohort) consisted
of 589 index PD patients with available whole-exome sequencing
(WES) data. Most of these patients present with early-onset PD. In
this study group, no variants of interest were identified in known
genes causing or related to PD/parkinsonism (Supplementary
Table 2).

This cohort included 661 patients with PD, 258 females and
403 males, from 589 families. Four hundred and ninety-two were
from Europe, 82 from North Africa, seven from South Africa, and
80 of unknown origin. Among them, 87 families with at least two af-
fected siblings (n=159 patients) were compatible with AR PD, in-
cluding 13 families (n=22 patients) with parental consanguinity.
502 patients were isolated cases, including 62 with consanguinity.
This cohort included 41 patients with familial early-onset parkin-
sonism (30 families) and three patients with early-onset parkinson-
ism and ID. WES data were available for all index cases, 72
additional affected members and 50 unaffected relatives. The
mean age at onset of motor signs was 38.7 years (range: 6-80 years).
Seventeen patients presented either MMSE <24, intellectual im-
pairment or cognitive decline. Information on cognitive status
was not available for 78 patients.

Regarding Family 1, genomic DNA was extracted from peripheral
blood using standard protocols. High-density genome-wide geno-
typingin Subjects F1-1-1, F1-1-2, F1-1I-1, and F1-1I-2 (Fig. 1A) was car-
ried out with the Infinium® CytoSNP-850K v1.1 kit ([llumina), and
we performed linkage analysis to generate a list of genomic regions
of interest, defined as regions with logarithm of odds (LOD) score
>0. Multipoint parametric linkage analysis was performed with
MERLIN®* assuming an AR mode of inheritance.

WES on Subject F1-II-2 was performed by using the Nextera
Rapid Capture Exome v1.2 kit (Illumina) and HiSeq4000, paired-end
150-bp sequencing ([llumina). The reads were processed according
to the GATK v3.7 guidelines,®® and aligned to the human reference
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genome GRCh37/hg19 with the Burrows-Wheeler Aligner (BWA).3¢
The variants were called with GATK HaplotypeCaller.* Finally,
WES variants were filtered using Alissa Interpret v5.3 (Agilent
Technologies).

In the WES data of Subject F1-II-2, we first searched for variants
in genes causing/related to PD/parkinsonism (Supplementary
Table 3). We then searched for variants located within the regions
of interest with LOD >0 resulting from the AR linkage analysis mod-
el. Variants were filtered if they (i) had a minor allele frequency
(MAF) <0.1% in public population databases as well as in in-house
reference datasets; (ii) were homozygous or double heterozygous;
and (iii) had a coding effect or were located within +5 bp from
intron-exon boundaries and predicted to affect splicing by at least
one out of four tools (ADA,* RF,%” SpliceAl,*® and SQUIRLS®).
Predictions and scores across in silico algorithms were obtained
via the Ensembl Variant Effect Predictor (VEP) v105.*°

Furthermore, genome-wide copy number variant analysis was
performed with Nexus Copy Number v10 (BioDiscovery),
PennCNV,*! and QuantiSNP.** Copy number variants were consid-
ered of interest if they fulfilled the following criteria: called by
at least two out of the three above-listed analysis tools and (i) lo-
cated in genes causing and/or related to PD/parkinsonism
(Supplementary Table 3) or (ii) spanning coding genes located in
the linkage regions of interest with LOD >0, in bi-allelic state in
both affected siblings.

WES in the FMPD cohort was performed at the ICM IGenSeq core
facility, Integragen service (Evry, France) or through the NIH facility.
Exons were captured using the SureSelect Human All Exon Kits
Version 2 Agilent, the Human All Exon V4 + UTRs—70 Mb Agilent,
the Human All Exon Agilent, the Roche V.3, Medexome or the
Twist Refseq kit, followed by a massively parallel sequencing on
the HiSEQ 2000, or the NextSeq500 or NovaSeq system (Illumina).
The mean coverage was 104.6x (range 51.1-216.4x) and 25-, 30-,
50-fold mean sequencing depth was achieved across 85.1% (range
79.5-90.4%), 86% (range 58.4-95.5%) and 80.9% (range 57.0-97.3%)
of targeted regions, respectively. Read alignment and variant call-
ing were done using an in-house pipeline. Briefly, FastQC was
used to check the quality of the reads and low-quality reads were
removed using Trimmomatic. Sequencing data were then aligned
to the human reference genome hgl9 using the bwa suite®® and
variant calling was performed using GATK HaplotypeCaller® or
Dragen (Illumina).

Exomes were analysed using VaraFT software.** Since all known
PD genes (Supplementary Table 2) had been previously excluded,
we filtered all homozygous or double heterozygous variants in
PTPA that possibly affected the cDNA or localized in the splice
site region (—8+ 11 bp from exon/intron junction) and with a MAF
<1% in the gnomAD public database.**

To assess whether PTPA variants contribute to the risk of PD,
exploratory analyses were also performed in the FMPD cohort
and in publicly available PD variant databases (Supplementary
material, Appendix 4).

We generated a schematic representation of the 3D structure of
PTPA, including positions of the variants identified in this study
as well as positions of ATP binding and PP2A-C binding sites.
Atomic coordinates for the PTPA protein were downloaded from
Protein Data Bank with accession code 2G62,* corresponding to
the canonical isoform NP_821067 (NM_178000). Functional domains
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were annotated according to Chao et al.*® Pymol 2.4.1 (Schrédinger
LLC) was used to generate the molecular rendering.

All DNA constructs used for overexpression experiments were de-
rived from the sequence-verified pCMV3-PTPA cDNA plasmid,
which contains the canonical c¢DNA sequence of PTPA
(NM_178000; Sino Biological, HG12287-UT).¥ Both variants
€.893T>G and c.512C>A were introduced using the QuikChange
Lightning site-directed mutagenesis kit (Agilent, 210518), as recom-
mended by the manufacturer. The negative control plasmid was
generated by depletion of the PTPA insert via restriction digestion
(HindIII and Notl), blunt end generation and T4 ligation. All plas-
mids were verified by Sanger sequencing.

HEK-293 cell lines were expanded in growth medium (DMEM,
ThermoFisher, 10% FCS) at 37°C/5% CO,. Prior to transfection, cells
were seeded to a 40-50% confluency in tissue culture plates.
Transfections were performed using GeneJuice® reagent
(Sigma-Aldrich, 70967) according to manufacturer’s specifications,
and the samples were further processed 48 h after transfection.
Cycloheximide (40 ng/ml, Merck, C7698-1G), MG-132 (20 pM, Enzo,
BML-PI102-0005), Bafilomycin A1 (200 nM, Enzo, BML-CM110-0100)
and Torin 1 (200 nM, Invivogen, inh-torl) were mixed with growth
medium and placed on the cells for the indicated time points at
37°C/5% CO, immediately prior to protein extraction.

Cultured cells were washed with TBS and lysed with protein lysis
buffer (100 mM Nacl, 1.0% IGEPAL® CA-630, 50 mM Tris-Cl, pH 7.4)
containing protease inhibitors Complete® (Merck) and Pefabloc®
SC (Merck). Lysates were snap frozen, thawed on ice and cleared
by centrifugation at 10 000g for 10 min at 4°C.

Protein extracts were mixed with 4x sample buffer (8% SDS, 20% v/v
glycerol, 0.002% bromphenolblue, 62.5 mM Tris-Cl, pH 6.8) supple-
mented with 100 mM dithiothreitol (DTT) and incubated for 10 min
at 95°C. Proteins were separated on 4-15% Criterion TGX precast
gels (Bio-Rad) and transferred to nitrocellulose membranes using
the Trans-Blot® Turbo™ Transfer System (Bio-Rad). Membranes
were blocked using 5% non-fat dry milk (Blotto, Santa Cruz
Biotechnologies) in TBS, 0.1% v/v Tween® 20 (Merck) for 30 min to
1h at room temperature. Primary antibody incubations were per-
formed overnight at 4°C in blocking buffer. The following primary
antibodies were wused: rabbit anti-PTPA (Cell Signaling
Technologies, 3330, 1:1000 dilution), mouse anti-PTPA (BioLegend,
824401, 1:1000 dilution), mouse anti-PP2A C (Sigma-Aldrich, 05-421,
1:1000 dilution), rabbit anti-LC3B (Novus, NB100-2220, 1:1000 dilu-
tion), rabbit anti-GADD34 (Proteintech, 10449-1-AP, 1:1000 dilution),
mouse anti-vinculin (Santa Cruz Biotechnology, V284, 1:2000 dilu-
tion). After washing in TBS, 0.1% v/v Tween® 20, blots were incubated
for 1h at room temperature with fluorescently conjugated Alexa
Fluor Plus 800 donkey anti-mouse and 700 donkey anti-rabbit (both
from ThermoFisher) secondary antibodies. After washing in TBS,
0.1% v/v Tween® 20, blots were imaged and analysed using the
Odyssey CLx imaging system (LI-COR Biosciences).
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Total RNA from cultured cells was isolated using the RNeasy Mini
Kit (Qiagen) according to manufacturer’s specifications. Integrity
and size distribution of total RNA was checked by agarose gel elec-
trophoresis and quantified using a Denovix DS-11_FX spectropho-
tometer. cDNA synthesis was performed with the RevertAid First
Strand Synthesis kit (ThermoFisher, K1622) using 1.5 pg RNA as
starting material. RT-qPCR primer sets for targeting PTPA and
PP2A-C and reference assays were designed using Primer3 and
are listed in Supplementary Table 4.*® Amplifications were carried
out in technical triplicates using 0.2 pl of 10x diluted cDNA,
100 nM primers, and 1x TaykonTM No Rox SYBR MasterMix
dTTP Blue (Eurogentec, UF-NSMT-B0701) in a final volume of 15
pl. Cycle conditions were 3 min at 95°C followed by 40 cycles of
10 sat95°C, and 1 min at 60°C in a Bio-Rad CFX96 real-time PCR de-
tection system. Data analysis was performed using Maestro CFX
2.2 software (Bio-Rad). Briefly, the normalized expression of each
target gene was calculated using the AACq method.*® Relative
PTPA and PP2A-C mRNA levels were determined after normaliza-
tion to the geometric mean of the housekeeping genes COPS5
and CLK2.

Total protein concentration from transfected HEK-293 cells lysates
was determined using the Pierce™ BCA protein assay kit (Thermo
Fisher scientific). Protein lysates (100 pg) were mixed with 40 pl of
protein A agarose slurry (Santa Cruz Biotechnology, sc-2001) and
2 pl of anti-PP2A C subunit antibody (Sigma-Aldrich, 05-421) in a to-
tal of 500 pl with pNPP Ser/Thr assay buffer (Sigma-Aldrich,
20-179), and incubated for 2 h at 4°C with constant rotation. Next,
beads were washed three times with TBS and once with pNPP
Ser/Thr assay buffer. Subsequently, threonine phosphopeptide
(Sigma-Aldrich, 12-219) was added to the washed beads and
PNPP Ser/Thr assay buffer to a final concentration of 500 pM as
substrate for the enzymatic reaction, and it was incubated for
10 min at 30°C in a shaking incubator. Twenty-five microlitres of
the enzymatic reaction were mixed with 100 pl of Malachite
Green Phosphate Detection Solution (solution A and additive,
Sigma-Aldrich, 20-105 and 20-104, respectively) in a Corning®
96-well half-area microplate (Merck, CLS3695-25EA), and incu-
bated for 10 min at room temperature. Absorbance was measured
at a wavelength of 650 nm in a Varioskan microtitre plate reader
(ThermoFisher) and compared with the Phosphate standard
(Sigma-Aldrich, 20-103).

RNA-interference (RNAi) was used for targeted knock-down of
gene expression in conjunction with the Gal4/UAS system of
cell-type-specific transgene expression. Transgenic RNAI flies
were generated based on a previously published protocol.*®
Orthologues were identified based on ‘DIOPT ortholog finder’.>*
We considered ptpa (FBgn0016698), prkn (FBgn0041100) and
nsmase (FBgn0035421) as fly orthologues of PTPA, PRKN and
SMPD2, respectively. The transgenic flies were obtained from
VDRC Stock Center. The RNAI lines ptpa (VDRC ID: 41912), prkn
(VDRC ID: 47636), and nsmase (VDRC ID: 107062) were crossed
with a nSyb-Gal4 strain to drive pan-neuronal expression of the
RNAI. Flies were raised on a 12:12 light:dark schedule at 25°C
and 60% relative humidity. Adult flies of indicated genotypes
were tested for behavioural analyses at Days 10, 20, and 35.
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PTPA p.Ala171Asp
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Figure 1 Pedigrees and identified PTPA variants. A and B show the pedigrees of Families 1 and 2, respectively. Filled symbols indicate individuals af-
fected by parkinsonism; unfilled symbols indicate unaffected individuals; arrows denote index cases. AAO = age at onset; ref/var = heterozygous geno-
type for the corresponding variant; var/var = homozygous variant genotype; ref/ref = wild-type (reference) genotype. (C) PTPA gene schematic
representation, including relative positions of the variants identified in this study annotated according to NM_178001. (D) 3D molecular rendering
of PTPA, with the relative positions of the variants and the ATP binding and PP2A-C binding sites.

L-DOPA (D9628, Sigma) was mixed directly into melted fly food at
a final concentration of 1 mg/ml. We used prkn as a positive con-
trol based on previous studies.>” Based on previous behavioural
tests (data not shown), we used nsmase as a negative control.
Locomotor activity was evaluated using the climbing test based
on negative-geotaxis analysis. The experiment was performed
in triplicates, each test including at least 15 flies. The test was
performed on all lines five times at each time point after a
1-min rest. Only females were tested. Flies that did not reach
the middle of the tube (5 cm) 10 s after stimulation were consid-
ered as presenting a locomotor impairment. Fly count was auto-
matically performed by ImageJ.>*

Statistical analysis

Statistical analyses were performed using Prism 9 software
(GraphPad). For in vitro experiments, one-way ANOVA and
Dunnett’s post hoc test were used for experiments in basal condi-
tions and two-way ANOVA followed by Tukey’s post hoc test were
used in experiments including drug treatments. Significant P-va-
lues of <0.05 or lower were reported. Data are presented as means
+standard deviations (SD) and represent results from three or
four biological replicates.

Regarding the Drosophila studies, statistical analyses were per-
formed in R (R 4.1.2, native package). For comparison between
two genotypes, the y? test was performed.

Data availability

The data that support the findings of this study are available from
the corresponding authors, upon reasonable request.

Results

Clinical studies

The clinical features of the patients with PTPA variants are sum-
marized in Table 1, and more detailed case-reports and videotapes
of Family 1 patients are available (Supplementary material,
Appendix 3, Supplementary Videos 1 and 2). The patients in these
two families presented with a very similar phenotype (Table 1
and Supplementary material, Appendix 3). In short, in Family 1
(Fig. 1A) the two affected siblings, born to non-consanguineous par-
ents of South African descent, manifested learning disability and
were unable to attend mainstream school in childhood and early
adolescence. Early childhood development and motor and commu-
nication milestones were delayed in one sibling (Subject F1-II-1) but
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Table 1 Clinical findings in patients with PTPA variants
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Patient/ PTPA variant AAO/  Parkinsonian signs at Other clinical features Levodopa Levodopa-induced STN-DBS
sex AAE onset response dyskinesia response
F1-II-1/  p.Met298Arg 11/33 Rest tremor of the right ID; impulse control disorder + + +
male (homozygous) hand while on dopamine agonists;
constipation; sialorrhea
F1-1II-2/  p.Met298Arg 11/24 Gait and upper limbs ID; anxiety; depression; + + +
female (homozygous) hypo-/bradykinesia restless legs syndrome
F2-IV-5/ p.Alal71Asp 15/32 Bradykinesia; rest tremor ID + + NP
female (homozygous) of the right hand,
rigidity; gait difficulties
F2-1V-4/ p.Alal71Asp 16/31 Bradykinesia ID + - NP
male (homozygous)

-=absent; += present; AAE =age at last examination; AAO = age at onset of parkinsonian symptomatology; NP = not performed.

were normal in the other (Subject F1-1I-2). The first signs of parkin-
sonism manifested at age 11 in both siblings. Brain MRI studies
were unremarkable. At the last clinical follow-up (at ages 33 and
24 years, respectively), both patients were still independent in all
basic activities of daily life, in keeping with no referred decline in
cognitive or language abilities over the years. On the contrary, par-
kinsonism was clearly progressive in both siblings, with marked
positive response to levodopa along with early development of se-
vere, disabling levodopa-induced dyskinesias. Therefore, deep
brain stimulation of the subthalamic nucleus (STN-DBS) was car-
ried out, which was effective in both siblings.

The two affected siblings in Family 2 with the PTPA p.Alal71Asp
variant were born to healthy first-cousin parents originating from
Libya. The index case Subject F2-IV-5 (Fig. 1B), a 32-year-old female,
had normal developmental milestones. However, she stopped at-
tending school at age 8 years because of ID. She developed progres-
sive slowness of movements at age 15 years. She noticed insidious
appearance of a tremor of the right hand particularly at rest, asso-
ciated with rigidity of the lower limbs, resulting in gait difficulties.
Neurological examination at age 15 years revealed an akinetic-rigid
parkinsonian syndrome. Good response to levodopa therapy was
obtained initially (500 mg/day) without motor fluctuation. At age
30 years, dyskinesia appeared and persisted despite splitting the
daily dose of levodopa into four administrations/day. No sensory,
sleep or autonomic dysfunctions, or psychiatric disorders were re-
ported. Neuropsychological evaluation, performed at age 30 years,
demonstrated a moderate cognitive impairment [Mini-Mental
State Examination (MMSE) = 21]. Brain MRI was normal. Her broth-
er, Subject F2-1V-4 (Fig. 1B), a 31-year-old male, had normal devel-
opmental milestones. He stopped attending school at age 7 years
due to ID. Since age 16 years, he developed progressive slowness
of voluntary movements. There was no evidence of sleep or auto-
nomic dysfunctions or psychiatric disorders. Neurological examin-
ation at age 31 years showed an akinetic-rigid parkinsonian
syndrome. The administration of levodopa (250 mg/day) induced
a complete relief of motor symptoms without dyskinesias.
Neuropsychological assessment revealed a moderate cognitive im-
pairment (MMSE = 20). Brain and cervical spinal cord MRI were nor-
mal. Their 26-year-old first cousin (Individual F2-IV-1) (Fig. 1B) was
followed-up for walking difficulties since age 16 years, displaying
progressively worsening symptoms and moderate cognitive im-
pairment. No DNA was available from this patient. Other family
members, including both unaffected parents and the 29-year-old
unaffected sibling (Individual F2-IV-2), for whom DNA was col-
lected, displayed no signs or symptoms of ID or parkinsonism.

WES in one sibling from Family 1 (Fig. 1A; Subject F1-1I-2) reached
an average coverage of 119x of target regions. No variants of inter-
est were identified in known genes causing/related to PD/parkin-
sonism (Supplementary Table 3). In this family, linkage analysis
yielded 41 regions with LOD score >0 (maximum LOD=0.204)
(Supplementary Fig. 1). Filtering these regions for WES variants
yielded a unique variant in homozygous state, the PTPA
(NM_178001) c.893T>G, p.Met298Arg, and five additional variants
in two other genes (Supplementary Table 5). Sanger sequencing
confirmed the homozygous PTPA variant in Subject F1-1I-2 and co-
segregation of this variant with disease in this family (Fig. 1A and
Supplementary Fig. 2). Co-segregation analysis excluded all the
other variants identified under the AR inheritance model. In add-
ition, we did not find any evidence of copy number variants shared
by both affected siblings in this family. The PTPA variant is absent
in population databases, predicted deleterious by most in silico algo-
rithms [Combined Annotation Dependent Depletion score
(CADD)>* =32; Table 2 and Supplementary Table 6] and Met298 is
highly conserved among orthologues (Supplementary Fig. 3).
Taking into account the absence of other disease-co-segregating
variants in the genomic regions of interest, the predicted pathogen-
icity of the PTPA variant, as well as the known functional links be-
tween the PP2A complex and neurodevelopmental disorders and
neurodegeneration, we considered PTPA as the candidate disease-
causing gene in this family.

Screening by means of Sanger sequencing of the first series of
200 unrelated probands with early-onset and/or recessive PD/par-
kinsonism did not reveal any additional cases with rare homozy-
gous or compound heterozygous variants in PTPA.

To assess the causality of PTPA in the FMPD cohort, we mined
WES data from 87 families with AR PD and 502 isolated cases.
Variants in PD-associated genes (Supplementary Table 2) were pre-
viously excluded. We identified a PTPA homozygous variant in the
index case Subject F2-IV-5 (Fig. 1B and Table 2) from a consanguin-
eous Libyan family (Family 2). WES was subsequently performed in
the affected brother, both parents and an unaffected brother of the
index (Fig. 1B). We searched for homozygous or compound hetero-
zygous variants shared by the two affected siblings, heterozygous
in both parents, and either absent or heterozygous in the unaffect-
ed sibling. We filtered all variants that possibly affected the cDNA or
splice site regions with a MAF < 1% in gnomAD.** As a result, only
the homozygous variant in PTPA, c.512C>A, p.Alal71Asp, re-
mained, which co-segregates with disease in the family, and it
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Table 2 Homozygous PTPA variants identified in the present study
Family Chromosomal position®  Refallele®  Alt allele® cDNA? Protein? gnomAD v2.1.1 CADD®  GERP®
Family 1 9:131904725 T G c.893T>G p-Met298Arg Absent 32 5.39
(South African)
Family 2 9:131893865 C A c.512C>A  p.Alal71Asp Absent 23.6 4.94
(Libyan)

2Chromosomal position is given according to GRCh37/hg19.

PRef allele=reference allele.

CAlt allele= alternative allele.

9dVariants are annotated based on the PTPA transcript NM_178001.

Predictions and scores across in silico algorithms were obtained via the Ensembl Variant Effect Predictor (VEP) v105*°; CADD_phred_hg19°% GERP= genomic evolutionary rate

profiling.*

was also confirmed by Sanger sequencing (Fig. 1B and
Supplementary Fig. 2). This variant, absent in gnomAD,** is pre-
dicted deleterious by many in silico algorithms (CADD>*=23.6;
Table 2 and Supplementary Table 6), and is localized in the 90th
percentile constrained coding region.*® Moreover, it affects an ami-
no acid conserved up to zebrafish (Supplementary Fig. 3). Analysis
of WES in the remaining 86 families and 502 isolated cases revealed
no additional rare homozygous or compound heterozygous var-
iants in PTPA.

Considering both series together, the proportion of unrelated
patients that underwent secondary screening and were found to
carry bi-allelic PTPA variants was 1/42 (2.38%) for cases with familial
early-onset parkinsonism and 1/7 (14.29%) for cases with
early-onset parkinsonism and ID.

The PTPA gene is extremely intolerant to LOF variants [pLI=0.98
for ENST00000337738.1 (NM_178001)],** suggesting that LOF var-
iants could be pathogenic even in heterozygous state. Therefore,
we looked for LOF variants in the FMPD cohort and in the PD variant
browser®” (Supplementary material, Appendix 4) but no such var-
iants were found in PD patients therein. Furthermore, we per-
formed burden tests®® using the publicly available data from the
PD variant browser>” to explore whether PTPA variants contribute
to the risk of developing PD (Supplementary material,
Appendix 4). We found no evidence of enrichment of PTPA variants
in PD (Supplementary material, Appendix 4).

To investigate the effect of the identified disease-associated PTPA
variants on PTPA protein and RNA stability, we assessed protein
and RNA levels via western blotting and RT-qPCR in an overexpres-
sion model.

First, we examined PTPA protein levels in cultured cells overex-
pressing wild-type PTPA (PTPAwr), p.-Alal71Asp PTPA (PTPAa171p),
p-Met298Arg PTPA (PTPAposr), and a control plasmid (transfection
control). Western blotting (Fig. 2A) revealed a significant decrease
in protein levels for both PTPA variants when compared to
PTPAwrT, With a stronger effect for PTPAa171p (Fig. 2B).

To assess if RNA stability is involved in the observed reduction
of PTPA variant protein levels, we performed RT-qPCR analyses in
our overexpression model. We observed reduced relative amounts
of PTPA transcript for both variants, indicating RNA instability
(Fig. 2C).

Subsequently, to test whether the presence of PTPA variants af-
fected protein stability, we tracked PTPA protein levels over time
after blocking protein translation using cycloheximide (Fig. 2C).
This experiment revealed that 2h after treatment, PTPAa171p

displayed significantly lower PTPA levels when compared to
PTPAwT, While PTPAMa9sr had a similar turnover rate to PTPAwr,
with significantly reduced protein levels 3h after treatment
(Fig. 2D).

Last, we studied PTPA levels upon inhibition of the proteasome
and autophagy-lysosome degradation pathways. Treatment for4 h
with MG-132, a potent proteasome inhibitor, led to a significant in-
crease in PTPAai171p levels but had no effect on PTPAwr and
PTPAmoosr levels (Supplementary Fig. 4A and B). In contrast,
PTPAwt and PTPAA171p Were sensitive to induction of autophagy
via Torinl combined with lysosomal degradation inhibition via
BafA1l for 4 h, whereas PTPAy0gr remained unchanged, suggesting
an abnormal interaction of this variant with the autophagy-
lysosome pathway (Supplementary Fig. 4C and D).

Taken together, these results show evidence for decreased RNA
stability for both transcripts encoding PTPAA171p and PTPAymogr
variants, and, additionally, decreased PTPA protein stability for
PTPAA171p, mainly due to increased proteasomal degradation.

PP2A complex function is regulated both by post-translational mod-
ifications and by altering the levels of its components.>*** To study
the consequences of the expression of the identified PTPA variants
on PP2A levels and activity, we studied protein and RNA levels of
PP2A-C and quantified the PP2A Ser/Thr phosphatase activity.

First, comparison of endogenous PP2A-C protein levels by west-
ern blotting in cultured cells expressing either PTPAyt or the iden-
tified PTPA variants (Fig. 3A) demonstrated that overexpression of
PTPAyleads to a significant increase of endogenous PP2A-Clevels,
whereas overexpression of each of the PTPA variants does not
(Fig. 3B).

To study the consequence of expression of wild-type or PTPA
variants on PP2A-C RNA expression, we performed RT-qPCR in cul-
tured cells. In contrast to what we observed at the protein level,
PP2A-C mRNA levels were only mildly affected by PTPA overexpres-
sion, with only a significant reduction in cells expressing PTPAa171p
(Fig. 3C).

PTPA is a powerful activator of PP2A Ser/Thr phosphatase activ-
ity.’®2° We determined the effect of PTPA disease-associated var-
iants on PP2A Ser/Thr phosphatase activity in a cell-free assay by
quantifying the amount of released phosphate groups from the
substrate by immunoprecipitated PP2A complexes. We observed
that expression of the PTPA variants leads to a significant decrease
in Ser/Thr phosphatase activity induction when compared to
PTPAwr (Fig. 3D). All quantifications were compared to baseline ac-
tivity in cells expressing endogenous levels of PTPAyr. Taken
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Figure 2 Comparison of protein and RNA levels of wild-type PTPA and the identified PTPA variants p.Ala171Asp PTPA and p.Met298Arg PTPA in cul-
tured cells. (A) Representative western blot of protein extracts from cultured cells transfected with wild-type PTPA (PTPAwr), p.Alal71Asp PTPA
(PTPAA171p), P-Met298Arg PTPA (PTPAm2ogr) and empty vector (Transfection Ctrl). Blots were probed for expression of PTPA and vinculin. (B)
Quantification showing a significant decrease in PTPA levels in p.Alal71Asp and p.Met298Arg PTPA-expressing cells (n=3). Mean (SD); PTPAwr: 1.00
(0.13); PTPAA171p: 0.06 (0.01); PTPAp00sr: 0.81 (0.09); transfection control: 0.00 (0.00). (C) RT-qPCR analysis of PTPA in transfected cells, showing a signifi-
cant decrease in PTPA expression in PTPA171p, PTPAMoosr and empty vector-expressing cells. Data represent relative normalized expression of PTPA
mRNA. CLK2 and COPS5 were used as reference genes (n=3). Mean (SD); PTPAy: 1.00 (0.00); PTPAa171p: 0.74 (0.07); PTPApp0sr: 0.77 (0.08); transfection
control: 0.00 (0.00). (D) Representative western blot of PTPA in transfected cells treated with cycloheximide (CHX) for the indicated times. (E)
Quantification of PTPA over cycloheximide treatment, showing a significant decrease in PTPA5,71p compared to PTPAyr 2 h after treatment, indicating
protein instability. The bars indicate mean PTPA levels per time point as percentage of cells treated at time =0 h (n=3). Error bars represent + SD. Only
significant changes *P <0.05, **P <0.01, ***P <0.001 and ****P <0.0001 are shown.

together, these results indicate that PTPAa171p and PTPAypegr lead
to decreased function of PTPA as a PP2A-activator (Fig. 3E).

PTPA loss-of-function induces a locomotor
dysfunction in Drosophila that is L.-DOPA-reversible

To determine the effect of PTPA LOF in vivo, we turned to Drosophila
as a model system. We assayed locomotor activity using the classic
negative geotaxis climbing assay and measured performance at dif-
ferent ages upon pan-neuronal RNAi-mediated ptpa knock-down
compared to controls; prkn knock-down was used as a positive con-
trol and nsmase knock-down as a negative control. No phenotype

was observed in 10-day-old flies for any of the lines. At 20 days of
age, locomotor dysfunction was observed for the prkn and the
ptpa RNAI strains. The proportion of flies that did not reach the
5 cm threshold was significantly higher in both lines compared to
nsmase knock-down. Behavioural tests at Day 35 revealed a more
severe motor impairment upon knock-down of prkn and ptpa
(Fig. 4).

In parallel, we analysed the same lines with food supplemented
with 1-DOPA. This treatment completely rescued the motor pheno-
type in the prkn and ptpa lines at Days 20 and 35 (Fig. 4). In contrast,
L-DOPA treatment had no effect on locomotor behaviour in the
nsmase line.
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shown.

Taken together, these results suggest that pan-neuronal knock-
down of ptpa leads to an age-dependent motor impairment. This
defect appears to be dopamine-dependent, as it is reversible with
L-DOPA treatment.

Discussion

We present clinical, genetic, and functional studies in two families of
South African and Libyan origin with early-onset parkinsonism and
ID, associated with variants in the PTPA gene. To our knowledge,
this is the first study reporting a monogenic disorder caused by PTPA
variants. All four affected homozygotes in this study manifested
juvenile-onset parkinsonism and ID. The parkinsonism was progres-
sive, with marked sustained response to levodopa, and in some pa-
tients, levodopa-induced dyskinesias and good response to

STN-DBS. The intellectual impairment was mild or moderate in these
different patients, possibly unmasked with more complex tasks at
school, and there was no evidence of marked progression of the cogni-
tive status over time in any of the four patients. Unfortunately, cogni-
tive evaluation using standard rating scales was not available in the
siblings in Family 1. However, both siblings had mild ID and they re-
mained independent in basic activities of daily living.

Based on the reported molecular interplay between PP2A and
alpha-synuclein, tau, and LRRK?2, it is possible that pathological pro-
tein aggregation is present in the brains of our patients with PTPA
variants. Unfortunately, brain pathology is not available, and
whether they have alpha-synuclein, tau and/or other types of protein
aggregates remains unknown. Similarly, brain SPECT (DaTSCAN) or
PET studies were not available. However, the response to levodopa
in both families and STN-DBS in Family 1, as well as the development
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of levodopa-induced dyskinesias, are in line with the presence of se-
vere presynaptic nigrostriatal dopaminergic deficit.

Further studies in additional patient series and populations will
contribute to assess the prevalence of PTPA variants in early-onset
PD or parkinsonism with ID, and further characterize the asso-
ciated phenotypes. Regarding the common forms of late-onset
PD, we did not find evidence for enrichment of PTPA variants in
PD cases in the PD variant browser,”” and no association of common
variants at the PTPA locus with PD is known from the latest
meta-analysis of genome wide association studies.®*

A variable co-occurrence of parkinsonism and ID has previous-
ly been observed in carriers of pathogenic variants in other estab-
lished or nominated genes, including DNAJC6,°°> RAB39B,%¢7
NR4A2/NURR1,%® WDR45,%>’° and PTRHD1,”*’? but the neurobio-
logical mechanisms remain incompletely understood. Some of
these genes have been implicated in ubiquitous pathways such
as vesicular trafficking,””>7> autophagy,”®’® and the ubiquitin-
proteasome system,’® proposed to be dysfunctional both in par-
kinsonism/PD and ID.2%% Future work will determine whether
these or other pathways are perturbed in patients with PTPA
variants.

Interestingly, rare variants in genes encoding for different sub-
units/regulators of the PP2A complex have been associated with
neurodevelopmental disorders. Patients with PPP2R1A variants
present with developmental delay ranging from mild learning diffi-
culties to severe ID,25®8 and other features such as seizures, hypo-
tonia, and hypermobile joints.®” Patients with PPP2CA variants
manifest mild to severe ID, developmental delay, behavioural

problems, epilepsy, hypotonia, and structural brain abnormal-
ities.®® Variants in other PP2A-related genes, including IGBP1,°%°
PPP2R2C,°? PPP2R5C,*® PPP2R5B,%*> and PPP2R2B,°® have been de-
scribed in ID but in some cases the evidence is inconclusive, as
they are often found in unique cases or families. More importantly,
rare variants in PPP2R5D, previously established in ID and develop-
mental delay with variable occurrence of other clinical fea-
tures,®®9*%” were recently identified in patients with early-onset
levodopa-responsive 9398101 Neuropathological
examination in a single patient with early-onset parkinsonism,
mild ID, developmental delay, and the PPP2R5D p.E200K variant re-
vealed severe neuronal loss and gliosis in the substantia nigra pars
compacta with absence of Lewy body pathology.®®

Our in vitro studies show several defects in the identified PTPA
variants. First, both variants present a reduction in PTPA mRNA le-
vels (Fig. 2C). This reduction cannot be explained by defects during
pre-mRNA formation since these experiments were performed
using PTPA cDNA lacking the 5 and 3’ untranslated regions.
However, several additional mechanisms have been described
where single nucleotide variants lead to decreased RNA stability,
and many of these have been associated with diseases, including
PD.'°2 Namely, single nucleotide variants can add or remove bind-
ing sites for microRNAs and RNA-binding proteins,'*'°* or strongly
affect mRNA secondary structures, leading to changes in mRNA le-
vels and functionality.'?>1%

In addition to decreased PTPA mRNA levels, both variants pre-
sent lower protein levels (Fig. 2A and B). For the PTPAA4,1p Variant,
this effect can be explained by both the lower transcript levels and

parkinsonism.
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the decreased protein stability assessed upon cycloheximide treat-
ment (Fig. 2D and E). This increased degradation rate can be poten-
tially explained by more efficient proteasomal degradation
(Supplementary Fig. 4A and B), which would be consistent with
an abnormal PTPA protein folding due to the presence of
p.Alal71Asp. On the other hand, we did not find evidence for pro-
tein instability for the PTPAy0er Variant, which presented a similar
turnover rate to PTPAwt upon cycloheximide treatment (Fig. 2D
and E). Therefore, it is possible that the decrease in protein levels
for this variant is solely due to lower mRNA levels. Interestingly
however, this variant shows a defective interaction with the autop-
hagosomal degradation pathway (Supplementary Fig. 4C and D),
suggesting that this variant is being disposed via an alternative
proteasome- and lysosome-independent pathway.

Importantly, although the two variants have different effects on
PTPA, both lead to a similar outcome, which is the decrease in PP2A
phosphatase levels and activity (Fig. 3). While overexpression of
PTPAyt leads to increased endogenous PP2A-C protein (but not
mRNA) levels, overexpression of PTPAyosr and PTPAa;;1p fails to
do so. PP2A-Clevels have been described to be under a complex regu-
latory control at the translational level, via incompletely understood
mechanisms.**®® However, PP2A-C methylation, which is highly
regulated by PTPA, is a well-known dynamic process that deter-
mines PP2A-C stability and function.”®'”” We hypothesize that
overexpression of PTPAywr might lead to increased methylation
and stability of PP2A-C in PP2A complexes, decreasing its degrad-
ation rate; mechanism that is lacking when overexpressing the
disease-associated variants, possibly due to decreased binding or ac-
tivity. Additional work remains ahead to further elucidate the conse-
quences of these variants in the structure of the PP2A complex.

The stimulating role of PTPA on PP2A Ser/Thr phosphatase func-
tion is arguably the most relevant function for PTPA.*>*¢*° Another
function described for PTPA is to stimulate the basal tyrosyl phos-
phatase activity of PP2A, even though no known endogenous sub-
strates have yet been identified.’®'® It is therefore possible that
defects in PTPA impair PP2A function by additional mechanisms.
Last, it is unknown whether the identified PTPA variants cause dis-
ease by affecting the metabolism/aggregation of alpha-synuclein,
tau, tyrosine hydroxylase, or other proteins involved in neurode-
generation, thus further work is warranted. Taken together, our
findings from overexpression experiments could indicate that
both the identified variants are hypomorphic, and therefore point
to PTPA LOF and impaired PP2A stimulation as a common patho-
genic mechanism.

Drosophila melanogaster has proven useful for modelling certain
aspects of several neurodegenerative disorders, including PD.'%%**
Negative geotaxis tested with the climbing assay is a robust behav-
ioural test able to detect subtle changes in flies’ locomotion. Our as-
says show that neuronal-specific knock-down of the Drosophila PTPA
gene orthologue is sufficient to induce a significant locomotor defect
in adult mutant flies when compared to the negative control line
from Day 20 onwards (Fig. 4). The severity of the phenotype appears
to be age-dependent, which might reflect the progressive nature of
the underlying neuronal dysfunction or degeneration, similar to the
progressive course of parkinsonism in the PTPA variant carriers in
this study. This locomotor impairment in ptpa knock-down flies is
also dopamine-dependent, as itis fully corrected after .-DOPA treat-
ment, suggesting a possible connection between ptpa expression
and the function of dopaminergic neurons. Interestingly, since
Drosophila has no homologue of the SNCA gene,'® abnormal phos-
phorylation levels of other PP2A targets might be responsible for
the observed locomotor dysfunction.

C. Fevga et al.

To conclude, we report the identification of PTPA as a novel gene
associated with juvenile-onset parkinsonism and ID and point to
PTPA LOF and impaired activity of the PP2A complex as the most
likely pathogenic mechanism for the identified variants.
Additional work might provide further insights into the mechanism
of the disease caused by PTPA variants, and perhaps to the involve-
ment of PTPA and the PP2A complex in the pathogenesis of more
common forms of neurodegeneration.
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