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Biallelic PTPMT1 variants disrupt cardiolipin
metabolism and lead to a
neurodevelopmental syndrome
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Primary mitochondrial diseases (PMDs) are among the most common inherited neurological disorders. They are
caused by pathogenic variants in mitochondrial or nuclear DNA that disrupt mitochondrial structure and/or function,
leading to impaired oxidative phosphorylation (OXPHOS). One emerging subcategory of PMDs involves defective
phospholipid metabolism. Cardiolipin, the signature phospholipid of mitochondria, resides primarily in the inner
mitochondrial membrane, where it is biosynthesized and remodelled via multiple enzymes and is fundamental to
several aspects of mitochondrial biology. Genes that contribute to cardiolipin biosynthesis have recently been linked
with PMD. However, the pathophysiological mechanisms that underpin human cardiolipin-related PMDs are not fully
characterized.

Here, we report six individuals, from three independent families, harbouring biallelic variants in PTPMT1, a mito-
chondrial tyrosine phosphatase required for de novo cardiolipin biosynthesis. All patients presented with a complex,
neonatal/infantile onset neurological and neurodevelopmental syndrome comprising developmental delay, micro-
cephaly, facial dysmorphism, epilepsy, spasticity, cerebellar ataxia and nystagmus, sensorineural hearing loss, optic
atrophy and bulbar dysfunction. Brain MRI revealed a variable combination of corpus callosum thinning, cerebellar
atrophy and white matter changes.

Using patient-derived fibroblasts and skeletal muscle tissue, combined with cellular rescue experiments, we charac-
terized the molecular defects associated with mutant PTPMT1 and confirmed the downstream pathogenic effects that
loss of PTPMT1 has on mitochondrial structure and function. To further characterize the functional role of PTPMT1 in
cardiolipin homeostasis, we created a ptpmt1 knockout zebrafish. This model had abnormalities in body size, devel-
opmental alterations, decreased total cardiolipin levels and OXPHOS deficiency.

Together, these data indicate that loss of PTPMT1 function is associated with a new autosomal recessive PMD
caused by impaired cardiolipin metabolism, highlighting the contribution of aberrant cardiolipin metabolism
towards human disease and emphasizing the importance of normal cardiolipin homeostasis during neurodevelop-
ment.
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Introduction

Primary mitochondrial diseases (PMDs) are a heterogeneous group of
genetic disorders with a prevalence of approximately 1 in 4300." They
may have severe neuromuscular and multisystem manifestations
and can reduce lifespan in children and adults.” PMDs are caused
by pathogenic variants in either mitochondrial DNA (mtDNA) or nu-
clear DNA (nDNA) that lead to defects in oxidative phosphorylation
(OXPHOS). An emerging class of PMDs involves impaired phospho-
lipid metabolism.>* Cardiolipin is a mitochondria-specific glycero-
phospholipid that comprises 10%-15% of the total mitochondrial
phospholipid content. It is primarily located within the inner mito-
chondrial membrane (IMM), where it is central to several aspects of
mitochondrial biology, including mitochondrial membrane architec-
ture, OXPHOS and the stabilization of supercomplexes.® In addition,
cardiolipin contributes to mitochondrial fission and fusion dynamics,
thus preserving the mitochondrial network® and ensuring an appro-
priate response to cellular metabolic demands.”®

Molecular defects in genes involved in cardiolipin biosynthesis
and remodelling have been associated with several human diseases.

mitochondrial

dynamics; primary mitochondrial disease;

Pathogenic variants in the acyltransferase tafazzin (TAZ) gene were
the first to be reported and are associated with Barth syndrome,*°
an ultra-rare disorder characterized by cardiomyopathy, skeletal my-
opathy, growth delay and neutropenia. Other monogenic cardiolipin
disorders include Sengers syndrome (AGK),'* cerebellar ataxia and
peripheral neuropathy (PNPLAS),"**® dilated cardiomyopathy with
ataxia syndrome (DNAJC19)** and MEGDEL syndrome (SERAC1)."* In
2022, two cardiolipin biosynthesis genes, cardiolipin synthase 1
(CRLS1) and mitochondrial translocator assembly and maintenance
homolog 41 (TAMMA41), were linked to human diseases'®" with
neurological, cardiac and skeletal muscle manifestations.

Protein tyrosine phosphatase mitochondrial 1 (PTPMT1) is a
highly conserved mitochondrial tyrosine phosphatase that
plays a crucial role in de novo cardiolipin biosynthesis.'®*%° It loca-
lizes to the matrix leaflet of the IMM via an N-terminal signal
sequence,”! where it dephosphorylates phosphatidylglycerol phos-
phate to phosphatidylglycerol, an essential intermediate within the
cardiolipin biosynthetic pathway. Total body ablation of Ptpmt1 is
embryonically lethal, suggesting the protein is fundamental for car-

diolipin biosynthesis and cellular survival during development.'®*
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Notably, in vivo studies using a conditional knockout in the heart,
skeletal muscle and brain have shown that PTPMT1 is essential
for cardiac and skeletal muscle physiology®?; reduced levels are as-
sociated with impaired cellular proliferation and aberrant post-
natal development,?*?® emphasizing the crucial role of PTPMT1
in mitochondrial aerobic metabolism and embryonic development.
Although PTPMT1 has been associated with defects in mitochon-
drial activity in several in vitro and in vivo models, its pathogenic
role in humans has not yet been described.

Here, we report six individuals from three unrelated families pre-
senting with a neonatal/infantile onset neurological and neurodeve-
lopmental syndrome associated with cardiolipin abnormalities
resulting from novel biallelic variants in the PTPMT1 gene (GenBank:
NM_175732.3). Using patient-derived fibroblasts and skeletal muscle
tissue, combined with cellular rescue experiments, we have charac-
terized the molecular defects caused by mutant PTPMT1 and validated
the pathogenicity of the reported variants. These studies revealed that
loss of PTPMT1 impairs cardiolipin biosynthesis, OXPHOS and mito-
chondrial morphology, thus establishing PTPMT1 as a new
cardiolipin-related disease gene and implicating cardiolipin in
neurodevelopment.

Materials and methods

Next-generation sequencing was undertaken via the whole gen-
ome or exome, depending on local availability (Supplementary
Table 1). Families underwent whole exome or whole genome se-
quencing via the 100000 Genomes Project (Family 1) and the
Consequitur Project (Family 2)*”?® or clinical diagnostic testing
(Family 3). During the initial analysis, data were filtered for var-
iants in known childhood onset disease genes (https:/
panelapp.genomicsengland.co.uk/panels/486/) following a re-
cessive, de novo or X-linked inheritance pattern and classified ac-
cording to American College of Medical Genetics (ACMG)
criteria.?® However, no likely pathogenic or pathogenic variants
were identified. Data were also annotated with ClinVar disease
status, and no relevant likely pathogenic or pathogenic variants
were identified. Additionally, copy number variant analysis was
undertaken using various methodologies depending on local pro-
cesses (Supplementary Table 2) and did not identify any causa-
tive variants. Finally, a research-based agnostic approach was
taken, focusing on coding variants and variants with a putative
effect on splicing. Data were filtered for rare heterozygous de
novo, rare biallelic and rare X chromosome variants in the af-
fected individuals. Minor allele frequency cut-offs were assigned
based on gnomAD v3 data (0 for de novo variants and <0.01 for
biallelic variants, <0.01 X-linked variants and 0 for hemizygous
X chromosome variants). Variants were annotated using
Ensembl Variant Effect Predictor (VEP) with CADD (Combined
Annotation Dependent Depletion), SIFT, PolyPhen2 and
SpliceAl scores. We prioritized coding and putative splice var-
iants with a CADD score of >20 (scale range: 0 = potentially be-
nign; 48 =potentially pathogenic) or SpliceAl delta scores of
>0.2 (scale range from 0 to 1). Details of variant filtering and pri-
oritization are summarized in Supplementary Table 3.

RNA was isolated from cultured fibroblasts obtained from a skin biopsy
of Subjects S1 and S2. Sequencing was outsourced to UCL Genomics,
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London and was performed on an Illumina NovaSeq with 100 bp
paired-end reads following library preparation using Kapa mRNA
Hyper Prep. Samples were sequenced to a depth of 100 million reads.
FASTQ files were aligned using Spliced Transcripts Alignment to a
Reference (STAR) software.®* Quality control was performed via
MultiQC on STAR and FastQC data.®® BAM files and Sashimi plots
were visualized using Integrative Genomics Viewer (IGV). Differential
analysis of pseudoaligned data was performed using the Sleuth pack-
age following processing using Kallisto.*?

To generate a stable zebrafish mutant line, a standard Clustered
Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9
mutagenesis protocol was used.’?> One single guide RNA
(sgRNA) was designed with the CHOPCHOP webtool** using the
zebrafish genome assembly, danRer11/GRCz11, targeting exon 3
of zebrafish ptpmtl (GCAAGACTGGGAACACCTGT). Once the
sgRNA template was synthesized and sgRNA transcribed, the in-
jection mix was prepared as follows: sgRNA (300 ng/pl), 2 uM Cas9
protein (with nuclear localization sequence) (New England
Biolabs), Cas9 buffer (New England Biolabs), 2 M KCIl and 0.05%
phenol red and heated at 37°C for 5 min. Using a microinjector,
1 nl of injection mix was injected into the yolk/cell boundary of
newly fertilized (<20 min post-fertilization) zebrafish embryos
(TLF strain). Once injected, embryos were raised following stand-
ard procedures for zebrafish husbandry as the founder gener-
ation (FO). Once the FO reached sexual maturity, they were
outcrossed with wild-type adults, and a sample of resulting em-
bryos was genotyped via Sanger sequencing to confirm germline
transmission of mutations in ptpmtl. Once confirmed, F1 fish
were then raised to maturity and genotyped via Sanger sequen-
cing to identify mutations of interest. F1 fish with the same mu-
tation were identified and in-crossed to produce the F2
generation and the stable line.

gDNA was extracted using a HotSHOT extraction method. Tissue
was lysed in 100pl (fin cip) or 50pl [larvae <5days post-
fertilization (dpf)] of 50 mM NaOH and heated at 95°C for 20 min,
followed by neutralization with 1/10th volume of 1M Tris-HCL
DNA concentration was quantified using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific). The region surrounding
the mutation site was amplified via PCR using the following pri-
mers: ptpmtl Forward, GGCCTTATTGTAAAGTGTTCCCT, ptpmtl
Reverse, TATAGACACTGCTGCCCTGTTC. PCR products were sub-
sequently analysed via Sanger sequencing (in-house service) or di-
gested with the restriction endonuclease SexAl (New England
Biolabs) at 37°C, which specifically targets and digests the mutant
sequence. Digested products were analysed via agarose gel
electrophoresis.

Zebrafish were imaged at 19 dpf using a stereo microscope with a
Dino-lite AM7025X eyepiece camera. Morphological parameters
were quantified using FIJI software.?® Standard length was taken
as the distance from the mouth to the tip of the tail, not including
caudal fin. Head area was taken as the total area anterior of the
height at the nape.

G20z Aenuer oz uo 1senb Aq gzZHSh/ //89zZ9eMe/ulRIq/S60 1 0 | /I0p/a|oIiB-80UBAP./UIRIG /WO dNOo™oIWapeoR//:sdly Wol) papeojumoq


http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae268#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae268#supplementary-data
https://panelapp.genomicsengland.co.uk/panels/486/
https://panelapp.genomicsengland.co.uk/panels/486/
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae268#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae268#supplementary-data

4 | BRAIN 2024: 00; 1-16

Zebrafish were lysed at 19 dpf in 0.5% n-dodecyl-B-p-maltoside, 1 M
6-aminocaproic acid, 50 mM Bis-Tris (pH 7.0), 1 mM phenylmethane-
sulfonyl fluoride, 1 pg/mlleupeptin and 1 ug/ml pepstatin A on ice for
15 min and centrifuged at 13 000g for 15 min at 4°C. Protein lysates
were quantified using the BCA Protein Assay Kit (Thermo Fisher
Scientific, Cat. No. 23225) and the supernatant diluted into an equal
protein concentration and 1/6 volume of 1 M 6-aminocaproic acid,
5% Serva blue G (Serva Electrophoresis, Cat. No. 3505003). Native
samples were separated using 3%-12% native polyacrylamide gels
with a 3% stacking gel (23.8 ug of protein/lane) as described by
Schigger.®® Blue-native polyacrylamide gels were transferred to
Immobilon-PSQ polyvinylidene fluoride (PVDF) membranes
(Millipore, Cat. No. 1SEQ00010).>” The membranes were rinsed three
times with methanol to remove residual dye, then blocked with 10%
skimmed milk powder in PBS and incubated overnight at 4°C with
primary antibodies against NDUFS3 (Abcam, Cat. No. ab14711,
1:300 dilution); MTCO1 (Abcam, Cat. No. ab14705, 1:1000 dilution) or
SDHA (Proteintech, Cat. No. 14865-1-AP, 1:3000 dilution) diluted in
3% bovine serum albumin in PBS-Tween 20. Membranes were incu-
bated with anti-rabbit (Dako, Cat. No. P0448, 1:4000) or anti-mouse
(Promega, Cat. No. W402B, 1:3000 dilution) horse radish peroxidase-
conjugated secondary antibodies for 1 h. Images were detected with
the Bio-Rad Chemidoc MP Imaging System and quantified using
Bio-Rad Image Lab 5.1 software. Uncropped images are shown in
Supplementary Fig. 7.

For the Complex I (NADH dehydrogenase) in-gel activity as-
say, the blue-native gel (35.7 pg of protein/lane) was stained
with 30 ml 2 mM Tris-HCI (pH 7.4), 3mg NADH and 75 mg of
nitroblue tetrazolium (NBT) for 1h at 37°C with gentle shak-
ing. The reaction was stopped by incubating the gel with 10%
acetic acid and 40% methanol overnight, as previously de-
scribed.®® Finally, the gel was rinsed with ddH,0 and imaged.
For the Complex V in-gel activity assay, samples (11.4 ug of
protein/lane) were mixed with 1/10 of a volume of 50% glycerol
and 1/10 of a volume of 0.01% Ponceau S and separated using
3%-12% clear native polyacrylamide gels with a 3% stacking
gel (10 pg of protein/lane) and a cathode buffer composed of
50 mM tricine, 15 mM Bis-Tris (pH 7.0), 0.05% Triton X-100
and 0.05% sodium deoxycholate.®® The gel was incubated
with 50 ml 34 mM Tris, 270 mM glycine, 14 mM MgSO,4, 0.2%
Pb(NO3), and 8 mM ATP (pH 7.8) for 1h at 37°C with gentle
shaking, rinsed with ddH,0 and briefly incubated with 1% am-
monium sulfide [S(NH,),] solution.*® The reaction was stopped
with 50% methanol, the gel rinsed with ddH,O and imaged.
Images were quantified using Image] v.2.0.0 software
(National Institutes of Health). To determine the linear dy-
namic range for the in-gel activity assays, two dilution series
were performed using protein extracted from control (CTR)
zebrafish at 19 dpf (Supplementary Fig. 6C and D). Uncropped
images are shown in Supplementary Fig.8.

Statistical analysis was performed by two-way ANOVA test, Mann-
Whitney U-test (two-tailed), or unpaired t-test (two-tailed) using
GraphPad Prism 8 software (GraphPad Software Inc., CA). All data are
expressed as mean + standard error of the mean (SEM) or standard de-
viation (SD). For gPCR experiments, the value of each biological repli-
cate represents the mean of three technical triplicate reactions.
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Significance values are expressed as follows: *P <0.05, **P<0.01,
P <0.001 and P <0.0001. Figures were created using BioRender.
com.

Results

We identified three families, including six affected individuals with
biallelic variants in PTPMT1. Pedigrees are displayed in Fig. 1A.
Given no pathogenic variants in known disease-causing genes
were identified, a research re-evaluation was performed to identify
rare de novo and biallelic variants in the affected individuals.
Through this filtering strategy, we identified candidate variants in
PTPMT1 (other shortlisted candidate variants are summarized and
interpreted in Supplementary Table 4): a homozygous missense
variant in Family 1 and a homozygous variant, predicted to have
both missense and splicing effects (falling in the last nucleotide
of exon 2, NM_175732.3; Table 1 and Fig. 2) in Families 2 and
3. Both variants were absent from gnomAD v3. All PTPMT1 variants
identified resided within a region of homozygosity and were con-
firmed by Sanger sequencing (Fig. 1B). Given the presence of the
same variant in Families 2 and 3, we undertook a DNA microarray
analysis to establish genetic relatedness. Analysis of DNA from
Subjects S2 and S5 revealed that the two individuals shared a
haplotype, suggesting some common ancestry between the two in-
dividuals, likely more distant than a second cousin relationship
(Supplementary Fig. 1A).

Subject S1 (Family 1; Fig. 1A) was the first child born to consanguin-
eous Iragi Kurdish parents at 39 weeks, following an emergency
caesarean section for fetal distress. At birth, she showed signs of
hypoxic-ischaemic encephalopathy (HIE) and persistent pulmon-
ary hypertension (PPHN). Birth anthropometry was normal. As a
neonate, she was diagnosed with sensorineural hearing loss and
found to have hepatomegaly with elevated transaminases. She
had persistent vomiting, requiring gastrostomy, which was re-
moved at 8 years. Development was globally delayed; she crawled
at 12 months, walked at 18 months, and at 24 months, had 15
words. She was later diagnosed with a mild learning disability
and oppositional defiant behaviour disorder. Despite significant fa-
tigue, muscle strength testing was normal. She developed noctur-
nal generalized tonic-clonic and absence seizures at 6 years.
Anticonvulsants were initiated but discontinued aged 12 years
after no further seizures were reported. Brain MRIs at 24 months
and 8 years showed thinning of the corpus callosum and atrophy
of the pons and medulla (Fig. 3A and B). There was normal appear-
ance of the cerebellum and cerebral hemispheres, with no white or
grey matter signal change. Lactate peak on brain MR spectroscopy
at 8years was normal. Respiratory chain enzyme analysis of
muscle tissue showed a reduction (~50%) in Complex I activity
(0.053, reference range 0.104 + 0.036). A complete report of mus-
cle mitochondrial respiratory enzyme activities is provided in
Supplementary Table 5.

Subject S2 (Family 2; Fig. 1A) was born at term to consanguin-
eous Turkish parents. At birth, he was noted to be hypotonic. His
birth weight was 2.6 kg. His development was globally delayed; he
achieved head control at 2 years, started crawling/rolling at 5 years
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Family 3
c.(255G>C)

Family 3
3:1V:S5
Exon2 |Intron 2
TCACACGTGAG

Father (3:111:1)
Exon2 |Intron 2
TcacABleTG AB

Mother (3:111:2)
Exon 2 Intron 2

Tcaca@eTe aG

Brother (3:1V:S6)

TCACACGTG AG TCACAGGTG AG

Intron 2 Exon 2 Intron 2

CACACGTEAG

Figure 1 Family pedigrees and details of PTPMT1 variants. (A) Pedigrees of the three unrelated families showing consanguinity (double horizontal
lines). Affected subjects (Subjects S1-S6) are represented by filled circles for females and filled squares for males. Arrow indicates proband (Subject
S5) of Family 3. (B) Chromatograms from Sanger sequencing of PTPMT1 (NM_175732.3) genotypes for probands, parents and siblings of Families 1-3.

and never walked. Language was severely delayed; he had three to
four words only at 4 years. He was noted to have microcephaly
(44.2 cm, <-2 SD at 11.5 years) and dysmorphism, with hypertelor-
ism, exotropia, large ears, high palatal arch and pectus carinatum.
A severe learning disability was later diagnosed, and he was de-
pendent for all daily activities. In addition, he had severe spasticity,
cerebellar involvement, sensorineural hearing loss and mild bulbar
dysfunction. He developed generalized seizures at 6 months, which
terminated with valproic acid at 6 years. Serial brain MRIs at
12 months, 4 years and 8 years showed thinning of the corpus cal-
losum, progressive cerebellar atrophy and diffuse hypomyelination
(Fig. 3C and D). Brainstem auditory evoked potentials elicited no re-
sponse bilaterally and there was delayed right P1 latency in visual
evoked potentials. He died at the age of 16 years following a severe
lower respiratory tract infection.

Family 3 was of Iraqi descent, with four affected males (Subjects
S3-56) derived from two branches, who were the fourth generation

of the same grandparents (Fig. 1A). In both branches, parents were
first cousins.

Subjects S3 and S4 were born at term with normal birth weights
following uneventful pregnancies. Subject S3 exhibited global de-
velopmental delay with regression at 18 months. At 14 months,
clinical examination revealed nystagmus, tetraparesis, spasticity
and microcephaly [45.7 cm (—4.8 SD) at 18 months]. Brain MRI at
18 months showed mildly dilated lateral ventricles and white mat-
ter signal abnormalities, with a normal cerebellum. Subject S4 had
mild developmental delay and microcephaly [45.0 cm (—3.9 SD) at
18 months]. At 12 months, there was nystagmus, spasticity and ab-
normal limb movement. Brain MRI at 4 years showed mild cortical
atrophy, cerebellar atrophy and white matter signal changes.

The antenatal and perinatal history of Subject S5 was unre-
markable [weight 3 kg (-0.9 SD), length 48 cm (—0.8 SD) and head
circumference 34 cm (-0.8 SD)]. He presented with nystagmus, un-
steadiness and head nodding at the age of 6 months. Motor skills
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PTPMT1 variants disrupt cardiolipin metabolism

were delayed, with head control at 4 months, sitting at 12 months
and standing (supported) at 15 months. He could speak two words
at 15 months. Developmental regression followed from 22 months,
with an inability to stand, speak or react to simple commands. At
20 months, he was noted to have developed microcephaly [44.8 cm
(—4.8 SD)] and was dysmorphic, with a sloping forehead, upward pal-
pebral fissures, epicanthal folds, prominent nose and low-set large
ears. He subsequently developed lower limb spasticity and abnormal
limb movements (Supplementary Video 1). Pale optic discs were docu-
mented. There were no seizures or multisystemic manifestations.
Metabolic screening of blood and urine was normal, apart from a
mildly elevated plasma lactate of 3.11 mmol/l (reference range 0.5~
2.2 mmol/l). Brain MRI at 14 months and 4 years showed progressive
cerebellar atrophy, mild dilatation of the lateral ventricles and white
matter signal changes (Fig. 3E and F).

Subject S6 was delivered by caesarean section with normal an-
thropometry at birth [weight 3.3 kg (0.4 SD), length 47 cm (-1 SD)
and head circumference 34 cm (-0.8 SD)]. There was mild develop-
mental delay, with sitting at 9 months. Nystagmus and head nod-
ding were reported at 12 months. By 12 months, he was noted to
be microcephalic [43.0 cm (-2.8 SD)] and dysmorphic. Brain MRI
was normal at 9 months.

The PTPMT1 (NM_175732.3):c.65A>C; p.Tyr22Ser missense variant
identified in Subject S1 (Family 1) had a CADD score of 28 and was pre-
dicted to be deleterious and probably damaging by SIFT and
PolyPhen-2, respectively. In addition, the Tyr22 residue is highly con-
served across species, from human to Arabidopsis thaliana (Fig. 2A and
Supplementary Fig. 2A). To understand the localization and effect of
the missense variant c.65A>C on the PTPMT1 protein, AlphaFold
was used to predict the structure of human PTPMT1 and identify
the location of the affected amino acid residue.** The Tyr22 residue,
localized in the N-terminus domain of the protein, includes a highly
conserved a-helix and is predicted to be involved in hydrogen bonding
with Arg26 (Supplementary Fig. 2B and C). PTPMT1 localizes to the
mitochondria via the N-terminal amino acids 1 to 37.?! We speculate
that the p.Tyr22Ser substitution affects protein stability and correct
localization of PTPMT1 within the IMM.

The missense/splice variant c.255G>C; p.GIn85His identified in
Subjects S2 and S3-S5 had a CADD score of 35 and was predicted
to have a deleterious effect on the PTPMT1 mRNA (Supplementary
Table 6) by other in silico prediction programs, including Splice Al
Delta Score*? and MaxEntScan.*®> We speculated that this variant
is more likely to exert its effect through aberrant splicing rather
than amino acid substitution as (i) the GIn to His substitution is pre-
dicted to be benign by the metapredictor REVEL (0.2)*; (ii) the region
contains a high level of missense variation on gnomAD and hence
may be missense tolerant; and (iii) the variant location (neighbour-
ing an acceptor site) is likely to cause abnormal splicing and a loss-
of-function effect, which is typically more deleterious than a
substitution.

To assess the effects on transcripts of the homozygous PTPMT1
€.255G>C variant detected in Families 2 and 3 (unrelated), we
undertook RNA sequencing (RNA-seq) analysis in cultured fibro-
blasts of Subject S2. Notably, RNA-seq data showed that three aber-
rant splicing events occur as a consequence of the c.255G>C
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variant, relative to the MANE transcript NM_175732.3 (Fig. 2B and
Supplementary Fig. 3A and B). First, a cryptic donor site in intron
2 is activated, resulting in the inclusion of 162 nucleotides. This in-
troduces a stop codon at amino acid 105 (i.e. p.Ile105Ter). In the se-
cond event, the use of this cryptic donor site in intron 2 is
accompanied by the skipping of exon 3 without the generation of
a novel stop codon. Finally, the third splicing event results in
exon 2 skipping without the use of the cryptic donor site. No effect
on mRNA splicing was observed in the cultured fibroblasts of
Subject S1by RNA-seq analysis. Aberrant splicingled to reduced ex-
pression levels of PTPMT1 mRNA in the cultured fibroblasts of
Subject S2, compared to controls, because of aberrant splicing
(Supplementary Fig. 3C). RNA-seq data were validated using gPCR
analysis of PTPMT1 mRNA relative expression in the cultured fibro-
blasts of Subjects S2 and S5 (Fig. 5A). There was extensive loss of
PTPMT1 transcripts in both cases (Fig. 5A), confirming that the
¢.255G>C variant is associated with multiple splicing events and ac-
tivation of nonsense-mediated decay (NMD).

To evaluate the effects of the PTPMT1 variants on cardiolipin, we
performed mass spectrometry-based cardiolipin species analysis
as previously described.***¢ A reduction of approximately 70% in
the 72:8 cardiolipin molecular species compared to healthy controls
was observed in the skeletal muscle tissue of Subject S1 (Fig. 4A).
Analysis of the dried blood spots of Subjects S1 and S5 revealed a
reduction in cardiolipin content (Fig. 4B). Cardiolipin modulates
complex I activity and substrate accessibility to the active site of
the enzyme.*’**® Consistent with these observations, Subject S1
had decreased Complex I activity in skeletal muscle homogenate
(Supplementary Table 5). Notably, we did not observe any reduction
in total cardiolipin content in Subject S1 cultured fibroblasts. No
skeletal muscle was available for Subjects S2 and S5. However, total
cardiolipin levels were decreased in the cultured fibroblasts of
Subject S5 (Fig. 4C). These observations correlated with the severity
of the clinical phenotype; Subject S5 had a more severe neurological
disorder compared to Subject S1 (Table 1). The milder clinical
phenotype reported for Subject S1 could explain why the cultured
fibroblasts of Subject S1 failed to display an aberrant cardiolipin
profile. Overall, these data confirmed impaired cardiolipin biosyn-
thesis in the three probands and reflected the biochemical and clin-
ical severity of the disease. These results support the pathogenic
effects of the PTPMT1 variants and confirm that protein loss is asso-
ciated with a significant reduction in total cardiolipin levels.

To determine if both PTPMT1 variants were associated with de-
creased PTPMT1 transcript abundance, we measured mRNA rela-
tive abundance by qPCR using cDNA from the cultured fibroblasts
of Subjects S1, S2 and S5. Transcript abundance was unchanged
in Subject S1 (Fig. 5A). A severe reduction in PTPMT1 mRNA levels
was detected in Subjects S2 and S5, compared to five controls
(Fig. 5A and Supplementary Fig. 4A), which was corroborated by
RNA-seq data (Supplementary Fig. 3C). To investigate the effects
of the PTPMT1 variants on protein expression and stability, we per-
formed western blot analysis on total protein extracted from cul-
tured fibroblasts. Western blot analysis revealed decreased
steady-state levels of PTPMT1 in all three probands, compared to
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Splicing event 1: Cryptic donor site activation
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Figure 2 PTPMT1 variants and gene structure. (A) Schematic representation of the PTPMT1 gene showing the localization of variants c.65A>C and
€.255G>C and their effects on protein sequence. PTPMT1 protein sequences alignment, indicating identical and highly conserved residues. (B)
RNA-sequencing analysis of the PTPMT1 c.255G>C splicing variant. Schematics of normal PTPMT1 splicing (top) and the three aberrant splicing events

associated with the ¢.255G>C variant.

three healthy controls (Fig. 5B and Supplementary Fig. 4B). This
suggested the PTPMT1 variants affect protein stability in S1, while
the reduction observed in Subjects S2 and S5 is caused by the aber-
rant splicing event and NMD.

A quantitative loss of OXPHOS subunit expression, including
NDUFB8 (Complex I), SDHB (Complex II) and COXII (Complex 1V),
was observed in the cultured fibroblasts of Subjects S1 and S2 during
early passages (Supplementary Fig. 4C); however, this phenotype was
notretainedintolater passage numbers, consistent with the reported
limitations of using fibroblasts to investigate mitochondrial func-
tion.*® The detrimental effects of aberrant PTPMT1 expression on
OXPHOS activity were confirmed by respiratory chain enzyme ana-
lysis performed on the skeletal muscle tissue of Subject S1
(Supplementary Table 5). No changes in mtDNA content were ob-
served in fibroblasts from Subjects S1 and S2 (Supplementary Fig.
4D andE). Overall, our data suggested that decreased or absent levels
of PTPMT1 protein impact cardiolipin content and impair OXPHOS
activity, which likely contributes to the clinical phenotype observed
in affected subjects.

Cardiolipin is involved in maintaining membrane architecture and
mitochondrial morphology.*® We, therefore, investigated the effects of
the PTPMT1 variants on mitochondrial morphology using confocal

microscopy analysis of mutant PTPMT1 patient-derived fibro-
blasts. Subjects S1 and S2 fibroblasts harboured fragmented mito-
chondria, characterized by an increased number of cells with small
round-shaped mitochondria and a decrease of mitochondrial
length and area compared to controls (Fig. 5C-F). Importantly, ab-
errant mitochondrial morphology was rescued using stable ex-
pression of wild-type PTPMT1 in the cultured fibroblasts of
Subjects S1and S2 (Fig. 6A and B). In particular, the number of cells
harbouring small round-shaped mitochondria and the decrease in
organelle length and area observed in patient fibroblasts was sig-
nificantly rescued in the complemented cells to levels similar to
control lines (Fig. 6C and D). These data indicated that loss of
PTPMT1 alters the mitochondrial fission-fusion balance, thereby
inducing mitochondrial fragmentation. This phenotype was res-
cued by complementing patient-derived cells with wild-type
PTPMT1, thus confirming the pathogenicity of the variants.

Phenotype of ptpmt1 knockout zebrafish

To evaluate the effect of loss of PTPMT1 in vivo, we generated a
stable ptpmtl knockout zebrafish model using CRISPR-Cas9 tech-
nology. The mutation target site was chosen in exon 3, as this
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was the highest-scoring site according to CHOPCHOP (https:/
chopchop.cbu.uib.no). Exon 1 was avoided to prevent an alterna-
tive translation start site from being chosen or for the affected

A

Figure 3 MRI sections of the brain of the three probands harbouring bial-
lelic PTMT1 variants. (A) T1 sequence, sagittal view. Evidence of thin corpus
callosum (arrow), atrophy of pons and medulla (star). (B) T2 sequence, axial
view. No white or grey matter changes were observed. (C) T1 sequence, sa-
gittal view, showing hypoplasia of corpus callosum (arrow), cerebellar and
brainstem atrophy (squares), and mega cisterna magna anomaly (asterisk).
(D) T1sequence, axial view, showing supratentorial white matter signalhy-
perintensity in keeping with hypomyelination. (E) T2 sequence, sagittal
view, showing diffuse cortical atrophy, and cerebellar atrophy (arrow).
(F) T2 sequence, axial view, showing areas of hypomyelination.

BRAIN 2024: 00; 1-16 | 9

exon potentially to be spliced out. In the F1 generation, a 4 bp dele-
tion was identified in exon 3, which was predicted to introduce a
premature stop codon, 16 amino acids downstream of the muta-
tion site (Supplementary Fig. 6A). The mutant allele is referred to
as ptpmt1%PP_ This mutation introduces a restriction site, which al-
lows for digestion with the restriction endonuclease SexAl for
genotyping. It was not possible to quantify the abundance of
Ptpmt1 protein due to the lack of a suitable antibody in the zebra-
fish model. mRNA analysis indicated that there is a significant re-
duction in the level of ptpmtl mRNA in 19 dpf ptpmt144PP/4PP figh
relative to the control group obtained by pooling together
ptpmt1** and ptpmt1*/2%®P 19 dpf fishes (P =0.009) (Supplementary
Fig. 6B). There was no morphological difference between ptpmt1*/*,
ptpmt1*/24PP and ptpmt144PP/4PP larvae <5 dpf. However, loss of
ptpmtl caused a significant reduction of body and head size in a
19 dpf ptpmt124PP/4PP zebrafish compared to their ptpmt1*/* and
ptpmt1*/2%PP clutch mates (Fig. 7A-C). In addition, all 19 dpf
ptpmt12PP/4PP figh failed to inflate the anterior chamber (AC) of
their swim bladders (Fig. 7A), suggesting that Ptpmtl protein
plays an essential role in development, as previously reported
for other in vivo models.’®***! Notably, cardiolipin analysis by
mass-spectrometry revealed that cardiolipin (72:8) levels, the
most abundant cardiolipin species, were significantly diminished
in the ptpmt124PP“®P zebrafish at 19 dpf (Fig. 7D), consistent with
the key role of the protein in cardiolipin de novo biosynthesis. To
investigate the effects of impaired cardiolipin content on the
mitochondrial respiratory chain complex in ptpmt1 knockout zeb-
rafish, blue-native gel electrophoresis was undertaken on protein
extracted from 19 dpf ptpmt1°%PP/#PP fish which confirmed a re-
duction in fully assembled Complex I (NADH dehydrogenase)
and Complex IV (cytochrome c oxidase) in the ptpmt129PP/4PP figh
compared with controls (Fig. 7E and Supplementary Fig. 7A-C).
There was increased anti-NDUFS3 immunoreactivity at 30 kDa
in the ptpmt144PP/#PP fish, suggesting accumulation of free, unas-
sembled NDUFS3 (Supplementary Fig. 7A). Complex II assembly
was normal (Fig. 7E). In-gel activity staining of blue-native gel
electrophoresis gels revealed a 50% decrease in Complex I activity
(Fig. 7F). Spectrophotometric activity confirmed that Complex IV
activity was reduced by 30% in the ptpmt12#*P/#P fish (Fig. 7G).
These data are consistent with the known role of cardiolipin in
Complex I and IV stability and activity.*®>? In-gel activity of
Complex V was normal (Fig. 7H). Additionally, there were no dif-
ferences in the activity of citrate synthase (Fig. 7I), widely used
as a biomarker of mitochondrial content.®*>* Taken together,
these data suggest that loss of ptpmt1 decreases total cardiolipin
content, disrupting mitochondrial respiratory chain assembly

A  Skeletal muscle B Dry blood spot C Fibroblasts
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Figure 4 Cardiolipin content and acyl chain composition in patient-derived tissues. (A) The 72:8 cardiolipin (CL) molecular species in three healthy
controls (CTRs) and Subject S1 (S1) skeletal muscle determined by mass spectrometry-based lipidome analysis. (B) Total cardiolipin levels measured
in dry blood spots from 11 CTRs, Subjects S1 and S5. (C) Total cardiolipin abundance measured in primary fibroblasts from four CTRs, Subjects S1, S2
and S5. Error bars represent standard deviation; n = 3-8, where each data-point represents an independent biological sample.
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Figure 5 Mitochondrial morphology in patient-derived fibroblasts. (A) Relative expression of PTPMT1 mRNA in primary fibroblasts analysed by quan-
titative PCR. No decrease was observed in Subject S1 (S1), whereas Subject S2 (S2) showed a severe loss of PTPMT1 mRNA. Error bars represent standard
error of the mean; n=5, where each data-point represents an independent biological sample. (B) Western blot detecting the PTPMT1 protein expression
in primary fibroblasts from three healthy controls (CTRs), Subjects S1 and S2. An asterisk indicates a non-specific signal. f-Actin was used as a loading
control. (C) Representative confocal images of mitochondrial morphology from three healthy CTRs, Subjects S1 and S2. Mitochondria were labelled
with an anti-TOMM?20 antibody. Scale bar = 10 um. (D) Quantification of mitochondrial morphology related to C. (E and F) Quantification of mitochon-
driallength (E) and area (F), per region of interest (ROI) (225 pm?) from D. Data are expressed as mean + standard error of the mean (SEM) (A) or standard
deviation (D-F); n =3 independent experiments. D: Two-way ANOVA, Tukey’s multiple comparison test; E and F: unpaired Mann-Whitney U-test (two-

tailed). *P <0.05, *P < 0.01, ***P < 0.001.

and activity, resulting in developmental and cellular maturation
abnormalities in zebrafish at 19 dpf.

Discussion

Cardiolipin has recently become an important area of neurological
disease research. Aberrant cardiolipin content, structure and local-
ization are linked with impaired neurogenesis and neuronal dys-
function, contributing to ageing and the pathophysiology of
several neurodegenerative disorders, including idiopathic
Parkinson’s disease, Alzheimer’s disease and amyotrophic lateral
sclerosis.” One emerging category of PMDs, which are associated

with cognitive and neurological manifestations, is caused by patho-
genic variants in cardiolipin biosynthesis and maintenance genes.
In this study, we describe six individuals (Subjects S1-S6) from
three unrelated families harbouring biallelic variants in PTPMT1
with a neonatal/infantile onset with variable severity. Subject S1
displayed mild intellectual disability associated with thinning of the
corpus callosum and atrophy of the pons and medulla, while
Subjects S2-S5 were more severely affected with microcephaly,
ataxia, increased tone and white matter changes on brain MRI
Importantly, Subject S6 shared the same PTPMT1 variant as Subjects
S2-S5 but was less severely affected. PMDs are typified by variability
in their clinical presentation, which may be influenced by environ-
mental and background genetic effects. Potentially, Subject S6 might

G20z Aenuer oz uo 1senb Aq gzZHSh/ //89zZ9eMe/ulRIq/S60 1 0 | /I0p/a|oIiB-80UBAP./UIRIG /WO dNOo™oIWapeoR//:sdly Wol) papeojumoq



PTPMT1 variants disrupt cardiolipin metabolism

benefit from protective factors that confer a milder phenotype.
Alternatively, the clinical syndrome could further progress with age
and become comparable in severity to Subjects S2-S5, given that he
is younger than these subjects. Notably, although brain MRI was nor-
mal at 9 months, he subsequently developed symptoms at 1 year.
Using next-generation sequencing, we identified two homozy-
gous variants, one missense (Family 1) and one missense/splice re-
gion variant (Families 2 and 3), which segregated with affected
individuals. We hypothesize that both reported PTPMT1 variants
lead to loss of function, although minimal PTPMT1 expression was re-
tained in Subject S1 and correlated with a milder disease phenotype.
Further evidence for a loss-of-function hypothesis includes: (i) de-
creased total cardiolipin content in skeletal muscle and dry blood
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spot; (ii) abnormal mitochondrial morphology, with increased frag-
mentation of mitochondria in fibroblasts; (iii) a cellular phenotype
in fibroblasts that was complemented by exogenous expression of
wild-type PTPMT1; and (iv) a ptpmt1 knockout zebrafish model asso-
ciated with abnormalities in body size, developmental alterations, de-
creased total cardiolipin levels and altered OXPHOS complex
assembly and activity, findings consistent with previous studies high-
lighting the important contribution of cardiolipin during cellular pro-
liferation and postnatal development.?*2°

Consistent with the central role of PTPMT1 in cardiolipin biosyn-
thesis, reduced cardiolipin (72:8) levels were detected in the muscle tis-
sue and blood from Subject S1 and were associated with low ComplexI
activity in muscle. Reduced levels of total cardiolipin were detected in

D

g 9

g

s

SE | ]

§§d Po3 i
L 124 240
] W .

= ! A BT S

o T T T L] T T

eSS0
R RS
L & R
(I S
& % ¢

Figure 6 PTPMT1 expression and mitochondrial morphology in complemented patient-derived fibroblasts. (A) Representative confocal images of
mitochondrial morphology and PTPMT1 expression in a healthy control (CTR1), Subject S1 (S1) and Subject S2 (S2) before and after transduction
with pLenti6.3/V5-DEST-GFP (empty vector, EV) or pLenti6.3/V5-DEST vector expressing wild-type PTPMT1. Mitochondria and PTPMT1 were labelled
with anti-TOMM?20 and anti-PTPMT1 antibodies, respectively. Scale bar = 10 um. (B) Quantification of mitochondrial morphology related to A. (C and D)
Quantification of mitochondrial length (C) and area (D) per region of interest (ROI) (225 pm?) from B. Data are expressed as mean + standard deviation;
n=4 independent experiments. B: Two-way ANOVA, Tukey’s multiple comparison test; C and D: unpaired Mann-Whitney U-test (two-tailed). *P < 0.05,

P <0.01, **P <0.001.
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Figure 7 Morphological, cardiolipin content, and oxidative phosphorylation complex analysis of ptpmt1 knockout zebrafish. (A) Representative image
of ptpmt1*/* (CTR) and ptpmt**PP/24®P_(B) Quantification of zebrafish body length. (C) Quantification of zebrafish head area. (D) Total cardiolipin (CL) le-
vels measured by mass spectrometry-based lipidome analysis. (E) Western blot analysis of blue-native polyacrylamide gels loaded with 23.8 pg of pro-
tein extracted from a pool of two CTRs and 10 ptpmt**PP/24®P zebrafish samples. (F) In-gel activity of Complex (Cx) I in a polyacrylamide blue-native gel
loaded with 35.7 ug of protein extracted from a pool of two CTRs and 10 ptpmt**°P/A%P zebrafish samples. (G) Spectrophotometric enzyme activity of
Complex IV in CTRs and 10 ptpmt**PP/%*P zebrafish samples. (H) In-gel activity of Complex V in a polyacrylamide clear-native gel loaded with
11.4 pg of protein extracted from a pool of two CTRs and 10 ptpmt**°P/24*P zebrafish samples. (I) Citrate synthase activity measured in CTRs and
ptpmt*¥PP/A%P - ATl measures were performed at 19 days post fertilization (dpf). The mutant allele is referred to as ptpmt1**°P. Control groups (CTRs)
were obtained by pooling together ptpmt1*/* and ptpmt*/***? samples. Error bars represent standard error of the mean, n = 3-71, where each data-point
represents an independent biological sample. Significance values are shown for t-test compared to CTRs.

the fibroblasts of Subjects S2 and S5 (missense/splice region variant), other cardiolipin-related disorders, including TAMM41 and CRLS1
while the fibroblasts of Subject S1 (missense variant) exhibited normal patient-derived fibroblasts, which failed to demonstrate abnormal
total cardiolipin content (Fig. 4C and Supplementary Fig. 4F). Several in cardiolipin profiles. We propose the tissue-specific cardiolipin effects
vitro and in vivo studies suggest that cardiolipin content and acyl chain of the two PTPMT1 variants reflect a hypomorphic allele in Subject

composition are tissue-specific.”>® Similar findings are reported in S1 (missense variant) and a more deleterious loss-of-function variant
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in Subjects S2 and S5. This reasoning is underpinned by RNA analysis,
which revealed that the ¢.255G>C variant was associated with aber-
rant splicing and NMD, resultingin loss of PTPMT1 protein expression,
contrary to the less severe PTPMT1 protein reduction associated with
the missense variant. The small number of subjects precludes conclu-
sive genotype-phenotype correlations, although subjects with the
splice site variant had more severe neurological manifestations, in-
cluding microcephaly and ataxia. Consequently, we suggest that dry
blood spots and skeletal muscle tissue are more sensitive to detecting
reduced total cardiolipin content in individuals with milder clinical
presentations. Analysis of fibroblasts revealed that loss of PTPMT1
was associated with fragmented mitochondria. Notably, abnormal
mitochondrial morphology was observed in the Subject S1 (c.65A>C)
and Subject S2 (c.255G>C) patient cell lines; this is a common finding
of in vitro and in vivo PTPMT1 knockout models.’*?* The altered mor-
phological features observed in the PTPMT1 patient fibroblasts are con-
sistent with the regulatory role of cardiolipin in mitochondria
morphology and dynamics.>” Similarly, other cardiolipin monogenic
disorders (e.g. patient-derived mutant CRLS1 fibroblasts and TAZ lym-
phoblasts) exhibit increased mitochondrial fragmentation.'®>® The
morphological defects caused by the PTPMT1 variants were rescued
by overexpressing wild-type PTPMT1 in the patient-derived fibro-
blasts, thus confirming the pathogenic effects of the two variants.

Cardiolipin is a key component of the IMM that facilitates the as-
sembly and stability of the OXPHOS protein complexes.**>°%¢ To
understand the effect of PTPMT1 deficiency and consequent de-
creased cardiolipin on the respiratory complexes, we performed
blue-native gel electrophoresis and mitochondrial respiratory chain
enzyme activity measurements in a zebrafish model. Ablation of
ptpmtl had a profound effect on OXPHOS function, resulting in re-
duced Complex I and IV assembly and activity. These results are con-
sistent with the findings from the skeletal muscle tissue of Subject S1,
which revealed a significant decrease in Complex I activity. Complex
IV activity was also at the lower end of the reference range despite
Complex II and III activities being at the high end. The similarity in
OXPHOS defects observed in the skeletal muscle of Subject S1 and the
zebrafish model indicates that PTPMT1 is essential for the optimal sta-
bility, assembly and enzymatic activity of these complexes. Given the
importance of cardiolipin in the structural organization and stabiliza-
tion of the mitochondrial respiratory chain supercomplexes,®-¢* further
work is required to investigate the consequences of mutant PTPMT1 on
supercomplex organization within the electron transport chain.

Major limitations of the current study include the lack of patient-
derived skeletal muscle tissue to investigate the effects of the
PTPMT1 variants.* Cardiolipin measurements in fibroblasts, a particu-
larly accessible patient-derived tissue, failed to consistently demon-
strate alterations in total cardiolipin and acyl chain composition or
altered expression of OXPHOS subunits. A mutant in vivo model was
therefore required to further elucidate the role of PTPMT1 deficiency
in total cardiolipin content and OXPHOS function. In future, it would
be valuable to evaluate the role of mutant PTPMT1 in neuronal cells re-
programmed from patient-derived fibroblasts using induced pluripo-
tent stem cell (iPSC) technology.®® Such iPSC-based modelling would
help further characterize the role of PTPMT1 in maintaining mitochon-
drial function within a relevant target tissue. Finally, six individuals
from three unrelated families were identified. Although sufficient to es-
tablish PTPMT1 as a new disease gene and undertake an extensive mo-
lecular characterization, the small sample size does not enable a
complete understanding of the phenotypic spectrum of
PTPMT1-related diseases. Consequently, identification and collation
of additional pathogenic PTPMT1 variants will be crucial to comprehen-
sively characterize the disease spectrum.
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In summary, we established PTPMT1 as a new cardiolipin-
related PMD gene and provide evidence that supports a role for car-
diolipin during neurodevelopment. This discovery also contributes
to the clinical and genetic spectrum of Mendelian disorders asso-
ciated with aberrant cardiolipin biosynthesis and acyl chain re-
modelling. Such phenotypes range from severe myopathy,
cardiomyopathy and neutropenia (TAZ) to multisystemic disorders
comprising progressive encephalopathy and neurodevelopmental
regression (PNPLAS, CRLS1, TAMM41, PTPMT1).***¢176* Cardiolipin
is particularly abundant in heart tissue; however, cardiac manifes-
tations were not observed in the herein reported subjects. This find-
ing is consistent with previous reports of other cardiolipin-related
disease genes (TAMM41).” Importantly, several aspects of cardioli-
pin metabolism are not fully understood, including the factors that
regulate the tissue-specific acyl chain composition of cardiolipin
and the contribution of cardiolipin-related genes to human patho-
physiology. Consequently, as further cardiolipin-related genes
emerge, research should attempt to better understand the variable
clinical manifestations linked to abnormal cardiolipin species.
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