Mutations in PPCS, encoding phosphopantothenoylcystein synthetase, cause autosomal recessive
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ABSTRACT

Coenzyme A (CoA) is an essential metabolic cofactor used by around 4% of cellular enzymes. Its role is to
carry and transfer acetyl and acyl groups to other molecules. Cells can synthesize CoA de novo from
vitamin B5 (pantothenate) through five consecutive enzymatic steps. Phosphopantothenoylcystein
synthetase (PPCS) catalyzes the second step of the pathway during which phosphopantothenate reacts
with ATP and cysteine to form phosphopantothenoylcystein. Inborn errors of CoA biosynthesis have
been implicated in Neurodegeneration with Brain Iron Accumulation (NBIA), a group of rare neurological
disorders characterized by accumulation of iron in the basal ganglia and progressive neurodegeneration.
Exome sequencing in five individuals from two unrelated families presenting with dilated
cardiomyopathy revealed biallelic mutations in PPCS, linking CoA synthesis with a cardiac phenotype.
Studies in yeast and fruit flies confirmed the pathogenicity of identified mutations. Biochemical analysis
revealed a decrease in CoA levels in fibroblasts of all affected individuals. CoA biosynthesis can occur
with pantethine as a source independent from PPCS, suggesting pantethine as targeted treatment for
the affected individuals still alive.
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INTRODUCTION

The pathway of CoA de novo biosynthesis from vitamin B5 is conserved in Eukaryotes and Prokaryotes
and consists of five consecutive enzymatic steps. Dysfunction of two of the involved enzymes, PANK2
(OMIM: 606157) and COASY (OMIM: 609855), has been identified as a cause of autosomal recessive

Neurodegeneration with Brain Iron Accumulation (NBIA). Mutations in PANK2, encoding pantothenate



kinase 2 necessary for the first enzymatic step of CoA biosynthesis, represent a major cause of NBIA and
are detected in about half of cases with the eye-of-the-tiger sign, a pathognomonic finding on brain MRI
!, Mutations in COASY, encoding bifunctional CoA synthase, catalyzing the last two steps, have so far
been identified in only five patients with basal ganglia lesions *°. To our knowledge mutations in PPCS
(OMIM: 609853), encoding phosphopantothenoylcystein synthetase have so far not been associated
with human diseases. PPCS catalyzes the second enzymatic step during which phosphopantothenate
reacts with ATP (or CTP) and with cysteine to form phosphopantothenoylcystein (Figure 1). The yeast
orthologue YILO83C/CAB2 (yPPCS) is an essential gene with haploid CAB2 mutants being non-viable even
after medium supplementation with fatty acids ® In Drosophila melanogaster CG5629 (dPPCS) is
required for tissue morphogenesis during oogenesis ’. Null mutants for dPPCS are lethal at the first
instar larvae, while hypomorphic alleles exhibit locomotor defects, altered lipid homeostasis, and
reduced life span 8 In human there are two consistently annotated isoforms of PPCS (Figure 2A). A
canonical isoform (NM_024664.3) encoding a protein of 311 aminoacids, and a shorter isoform
(NM_001077447.2) encoding a protein of 138 aminoacids. The two isoforms share the C-terminal
region. According to public databases both isoforms are ubiquitously expressed (The Human Protein
Atlas), although with tissue-specific differences (GTEx Portal). Here we report on the identification of
biallelic mutations in PPCS in five individuals from two unrelated families presenting with severe dilated

cardiomyopathy (Figure 2B). Clinical findings are summarized in Table 1.

SUBJECTS AND METHODS

Informed written consent to participate in the study was obtained from all individuals or their parents in
the case of minors. The study was approved by the ethics committee of the Technische Universitat
Minchen (Munich, Germany), and the Institutional Review Board of the Sheba Medical Center (Tel Aviv,

Israel).


https://www.proteinatlas.org/ENSG00000127125-PPCS/tissue

Subjects

Family A, individual 11.2, born to healthy non-consanguineous parents of German descent, presented in
the first few hours after birth with an acute life-threatening event followed by a tonic seizure. She
showed minor dysmorphic features including cutis laxa, abnormally placed thumbs, abnormal
dermatoglyphics, hypoplastic toe nails and additional findings. She experienced a complicated course of
illness requiring several hospitalizations. An extensive evaluation revealed severe dilated
cardiomyopathy, pulmonary arterial hypertension, suspected pituitary dysfunction and muscular
hypotonia. Unfortunately, she succumbed to multi-organ failure, at three months of age.

Family B is a multiplex consanguineous family of Arab-Muslim descent. The parents are reportedly
healthy and are first-degree cousins. Four out of eight siblings exhibited dilated cardiomyopathy of
varying severity, without apparent extracardiac manifestations. Among the four affected siblings, two
(individuals IV.1 and IV.4) showed a milder form of dilated cardiomyopathy, enabling a degree of regular
daily activities. The other two siblings (individuals IV.5 and IV.8) showed a severe form of dilated
cardiomyopathy, fatal in early childhood (three years of age). The four unaffected siblings are
asymptomatic and healthy. The echocardiograms of the unaffected siblings and their parents were
normal. Detailed clinical case reports are available in the Supplemental Data (Case Reports)

Demographic, clinical and molecular findings are summarized in Table 1.

Whole Exome Sequencing and Sanger Sequencing

We performed exome sequencing at two centers (Family A in Munich, Family B in Tel Aviv). In affected
individuals of families A and B, coding regions were enriched with a SureSelect Human All Exon V5 Kit
(Agilent) and sequenced as 100-bp paired-end runs on an Illumina HiSeq 2500. Reads were aligned to

the human reference genome (UCSC Genome Browser, build hgl19) with the Burrows-Wheeler Aligner



(v.0.7.5a). Single-nucleotide variants and small insertions and deletions (indels) were detected by
SAMtools (v.0.1.19). Sanger sequencing was used to confirm the identified mutations and test the
carrier status of unaffected family members using the following primer pairs: F-5'
TGGACAACTTCAGCAGCG 3' / R-5' ACAGATGCAAATAGTCCGCC 3' and F-5' CCCTTACCTCCTGCTTACCC3' /
R-5' ACAGATGCAGAAAGGCCATC 3' for family A, and F-5'TTCCATGAGATTGACCTGGTA3' / R-5'

CAAATGCCAAACCATATTTGC3' for family B.

Bioinformatic Analysis

Structural files of the human PPCS °(PDB 1P90) and of the orthologous E. coli gene *° (PDB 1U7W) were
downloaded from the protein data bank (PDB) . Sequence alignment to detect the evolutionary
relation between the enzymes was done using psi-blast **. Structural alignment between proteins was
done using triangular match . Initial analysis of the variant location was done using G23D *. Structural
images were created using UCSF Chimera *. Calculation of solvent accessible area of residues at the
variant positions was done using Getarea A variety of programs for assessment of function and
stability changes following the mutations were applied and are listed in Table S1 including the URL and
reference. Conservation analysis and mapping of conservation scores on the structure were done using
Consurf'. Prediction of binding site based on structural data was done using the Coach algorithm *® in

the I-Tasser website *°

RNA Extraction, RT-PCR, Cloning and Mutagenesis of PPCS

Total RNA was isolated from fibroblasts of healthy donors (80% confluence) with the AllPrep RNA Kit
(Qiagen). RNA quantity was measured with the Nanodrop instrument (Nanodrop Technologies). For the
RT-PCR, one microgram of RNA was reverse transcribed with M-MLV reverse transcriptase (Promega,

GmbH) and oligo dT. PPCS (NM_024664.3) coding region was amplified with Thermo-Start Tag DNA



Polymerase (ABgene, Epsom, UK) and primers F-5'CACGATGGCGGAAATGGATCCGGT3' and R-
5'TCAGTTTCTGTCACCTATAAAAGCTGTG3'. Wild—type PPCS retaining the endogenous terminal stop-
codon was cloned in the vector pLenti6.3/V5™-TOPO (Invitrogen).

The PPCS variants were obtained by site-directed mutagenesis of the cloned PPCS ORF using the kit
QuikChange Il Site-Directed Mutagenesis (Stratagene) and the primer pairs:

F-5' TTACCTGGCTGCGCCTGTGTCAGATTTCTATG 3' / R-5' CATAGAAATCTGACACAGGCGCAGCCAGGTAA 3'
to introduce the change 538G>C, F-5' TGTCCGCTCTGCGGCTTTCGGGCTTGC 3' / R-5
GCAAGCCCGAAAGCCGCAGAGCGGACA 3 for  the change 320_334del, and F-5'
TTTCCTTTAAGTTGGTGACTGACCCCGCCATT 3' / R-5' AATGGCGGGGTCAGTCACCAACTTAAAGGAAA 3' for
the change 698A>T. The following plasmids were hence generated: PPCS_wild type plenti6.3, PPCS

_€.320_334del pLenti6.3, PPCS _c.538G>C pLenti6.3, and PPCS _c.698A>T plLenti6.3.

Complementation of PPCS-deficient Fibroblast Cell Line
The fibroblast cell line derived from individual 11.2 of family A was complemented with the wild type

copy of PPCS cloned in the pLenti6.3/V5™-TOPO (Invitrogen) as described in *°.

Yeast Strain and Plasmids

Construction of Yeast Expression Plasmids

PPCS_ wild type plenti6.3, PPCS_c.320_334del plLenti6.3, PPCS _c.538G>C plenti6.3, and PPCS
_C.698A>T plLenti6.3 were used as templates to amplify cDNAs of the human PPCS (hPPCS) variants. The
amplification was performed with a proofreading-competent Phusion DNA polymerase (ThermoFisher)
using primers PPCS-XbalStart (5" GATCTCTAGAAAAATGGCGGAAATGGATCCGGT 3°) and PPCS-SallStop (5
GATCGTCGACTCAGTTTCTGTCACCTATAAAAG 3°). PCR fragments were cleaved with Xbal and Sall and

cloned into the single-copy expression yeast plasmid p415-MET25 %%, p415-MET25 contains LEU2 as a



selection marker and MET25 as promoter to activate heterologous genes. MET25 is a promoter of
intermediary strength typical for most yeast genes with a metabolic function while extreme
overexpression of heterologous genes is prevented.

We thus obtained plasmids pMET-PPCS-WT (hPPCS, wild-type), pMET-PPCS-320_334del (hPPCS deletion
allele 320_334), pMET-PPCS-538G>C (hPPCS 538G>C missense variant) and pMET-PPCS-698A>T (hPPCS
698A>T missense variant).

Plasmid Shuffling

Single-copy plasmid pGE11 containing yPPCS together with URA3 as a selection marker was transformed
into S. cerevisiae wild-type strain J591.15-23 (ura3 leu2 trp1 his3 CAB2).Subsequently the chromosomal
yPPCS gene was deleted by using the gene disruption cassette from plasmid pJO9 (cab2A::HIS3). After
selecting for His-prototrophic transformants, strain MGY9 was obtained which is viable due to the
plasmid copy of yPPCS compensating for the loss of chromosomal yPPCS. The authenticity of the desired
genomic alteration was verified by PCR, using gene-specific primers (not shown).

S. cerevisiae strain MGY9 was hence transformed with plasmids pMET-PPCS-WT, pMET-PPCS-
320_334del, pMET-PPCS-538G>C, and pMET-PPCS-698A>T, together with the empty vector p415-MET25
(negative control) and pGE12 (authentic CAB2 as a positive control). Dilutions of Leu-prototrophic
transformants were subsequently spotted on a medium containing 5-Fluoroorotic acid (5-FOA) which
allows counter-selection of plasmids containing URA3 as a genetic marker. Thus, plasmid pGE11 (URA3
CAB2) is lost and growth is possible only when LEU2-containing plasmids compensate for the loss of

pGE11.

Saccharomyces cerevisiae strain:
MGY9 (o ura3 leu2 trp1 his3 cab2A::HIS3 [ARS CEN URA3 CAB2])

Plasmids:



pJO9 (cab2A::HIS3 deletion cassette)

pGE11 (ARS CEN URA3 CAB2)

pGE12 (ARS CEN LEU2 CAB2)

p415-MET25 (ARS CEN LEU2 MET25p,0m.)

PMET-PPCS-WT (ARS CEN LEU2 MET25p,om -hPPCS)
PMET-PPCS-320_334del (ARS CEN LEU2 MET25p,,,-hPPCS 320_334del)
PMET-PPCS-538G_C (ARS CEN LEU2 MET25p,,,-hPPCS 538G>C)

PMET-PPCS-698A_T (ARS CEN LEU2 MET25p,,, -hPPCS 698A>T)

Western Blotting

Analysis of PPCS protein level was performed on whole cellular lysate under denaturing conditions and
proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE;
Lonza, PAGEr EX Gels). The analysis of PPCS dimer formation was performed on whole cellular lysate
under non-reducing non-denaturing conditions and separated by blue native polyacrylamide gel
electrophoresis (BN-PAGE; ThermoFisher, NativePAGE Novex Bis-Tris Gel System). Denaturing and native
gels were blotted onto PVDF membrane (GE-Healthcare) for subsequent incubation with primary
antibodies and probing with appropriate secondary antibodies. Chemiluminescence was documented on
a Fusion FX7 system (Peqglab, Erlangen, Germany). The following antibodies were used for western
blotting: rabbit anti-PPCS (ab140626, 1:2000) purchased from Abcam (Cambridge, UK), mouse anti-
Tubulin (T5168, 1:15000) purchased from Sigma-Aldrich (St. Louis, USA), and mouse anti-ATP5[
(ab14748, 1:1000). HRP-conjugated secondary antibodies for western blot were obtained from Jackson

Immunoresearch Laboratories (USA) (1:15,000).

Measurement of Cellular CoA



Total cellular CoA was measured using a fluorimetric-based kit (Abcam, ab138889) according to
manufacturer instructions. Briefly, 1*¥10° cells of fibroblasts, growing in exponential phase under
standard medium (Dulbecco's Modified Eagle Medium High Glucose, 10% Fetal Bovine Serum, 4mM
glutamine, 1% penicillin/streptomycin) were collected, and the pellet resuspended in 500ul of lysis
buffer (Abcam, ab179835). After 15 minutes incubation at room temperature, cell debris was spun down
by centrifugation at 1500 rpm for 5 minutes. For each measurement, 50ul of clear supernatant was
used. A CoA standard curve was generated by plotting relative fluorescence values (RFU) and serial
dilution of CoA standard. CoA levels in test samples were calculated by using the calibration curve.
Results are mean + SD of n=16 values. p-values were calculated with an independent sample t-test. All p-

values were two-sided with a significance level of 0.05.

Serum Pantothenic Acid, PPCS and CoA Measurements

Serum samples were obtained from individuals V.1 and 1V.4, family B, as well as from healthy controls.
Pantothenic acid levels were measured at Mayo Medical Laboratories (Mayo Clinic). ELISA commercial
kits (MBS283149, MYBioSource) were used for measurement of PPCS levels, and Coenzyme A detection

kit (ab102504, Abcam) for measurement of CoA levels in serum.

Drosophila Stocks and Cardiac Physiological Measurements

In all experiments, we used dPPCS mutant flies carrying a P element insertion in the 5’-UTR of the gene,
resulting in a lower expression of dPPCS protein. This mutant, indicated as dPPCS'/TM3-GFP, was
extensively described in . All flies were maintained at 25°C on standard medium. Heterozygous and
homozygous pre-pupae were selected on the basis of GFP fluorescence (homozygous pre-pupae are
GFP-negative). High-speed movies of spontaneous heart wall contractions in whole pre-pupae were

recorded for 3x10 seconds at a rate of 100 frames per second by using a BlueFOX3 digital camera on a



Leica DM IL LED microscope with a 10x lens. Heart rate was manually analyzed with Imagel. Kymographs
were constructed using ImageJ and used to measure heart wall shortening, systolic and diastolic length.
Arrhythmia index was obtained from a 2 minute/100 frames per second high-speed movie with a 20x
lens of spontaneous heart wall contractions in whole pre-pupae and analyzed by via software as

described before %,

Drosophila Viability and Pantethine Treatment

Heterozygous males and females dPPCS'/TM3-GFP were transferred into vials and were allowed to
produce embryos on control food, food containing 12 mM Vitamin B5 and food containing 8 mM
pantethine, as previously described in 2. After 5 days, adult flies were removed and after 12 days, the

amount of homozygous and heterozygous pupae was determined.

Targeted Treatment with Pantethine in Affected Individuals

After obtaining informed consent of the affected individuals or their parents, as well as institutional
review board approval as compassionate treatment, the only two living affected individuals (IV.1 and
IV.4, family B) commenced oral pantethine (Now Foods, Bloomingdale, IL, USA) supplementation at an
initial dose of 6-8 mg/kg/day (once daily), which was subsequently gradually increased to 20-24

mg/kg/day.

RESULTS

Molecular Diagnosis by Next Generation Sequencing
In family A, a search for homozygous or potentially compound heterozygous non-synonymous rare

variants with a minor allele frequency (MAF)<0.1% prioritized in the Munich in-house database,



containing 11.525 control exomes, rare variants in two genes, PPCS and C4orf21. Neither of these genes
have so far been associated with human disease. Due to the function of the encoded protein and in
silico prediction, we considered PPCS (NM_024664.3) as the top candidate gene. In family B, a search for
recessive inheritance, resulted in 26 genes harboring rare (MAF<0.01%) non-synonymous variants, for
which the proband was homozygous and the mother heterozygous (Table S2). Further analysis excluded
21 variants (benign, reported in unaffected individuals, genes unrelated to the phenotype), resulting in 5
candidate genes. As 3 of these variants were located within introns, the remaining two (in PPCS and
PPID) were further evaluated for segregation in the family. Finally, PPCS, which was not previously
associated with a human phenotype however is known for its role in the CoA biosynthesis pathway,
remained as the most promising candidate for further analysis.

Exome Sequencing in individual 1.2 of family A, led to the identification of the heterozygous changes
€.320_334del (p.Pro107_Alallldel) and ¢.538G>C (p.Alal80Pro) in PPCS (Figure 2B). Carrier testing
confirmed that the variant ¢.320_334del was located on the paternal and the variant c.538G>C on the
maternal allele.

In family B, WES identified the homozygous c.698A>T mutation (p.Glu233Val) in exon 3 of the PPCS gene
of individual IV.8 (Figure 2B). Segregation analysis in all available family members confirmed full
segregation, with all four affected siblings found to harbor the c.178 A>T mutation in homozygous form,
both parents and two of the four unaffected siblings (subjects 1V.2 and 1V.7) found to be heterozygous
for the mutation, and the remaining two unaffected siblings (subjects V.3 and IV.6) found to be wild
type.

None of the PPCS missense variants (c.698 A>T, c.538 G>C) are listed in the gnomAD (Genome
Aggregation Database) browser (12/2017). The inframe deletion c.320_334del is listed 10x only in a

heterozygous state in 271,726 alleles of the genomAD browser. No additional rare biallelic PPCS variants



were observed in the Munich in-house database containing exome dataset from more than 11,000

individuals with unrelated phenotypes.

Bioinformatic Analysis of the Variants Found in PPCS

The two SNV mutations p. Glu233Val and p. Alal80Pro (canonical isoform) are categorized as highly
deleterious by almost all prediction tools (Table S1), including Polyphen, Sift, LRT, MutationTaster,
MutationAssessor and Provean. These tools base their predictions on different considerations, but
heavily rely on evolutionary conservation. Indeed, the mutated amino acids and their vicinity are
conserved throughout evolution (Figure 2A). Mapping the conservation scores to the protein structure
using Consurf also reveals conserved structural cluster in the general region of the mutations (Figure
S1A). These mutations are not likely to change drastically the protein stability as they are partially
exposed to the surface and not integral part of the protein.

The two positions share several topological and structural commonalities. Residues Glu233 and Alal180
of PPCS have their side chain partially exposed to the surface (33% and 20% relative accessibility,
respectively). Both are located within the core Coa-B like domain. The two positions are also spatially
close and separated by only about 10 A as indicated by the structure of the human protein which was
resolved to 2.3 A resolution (PDB 1P90). Unfortunately, PDB file 1P90 does not contain ligands or
cofactors, complicating the analysis of possible involvement of Ala180 and Glu233 in molecular binding.
We thus attempted to examine additional related structures which include cofactors. A sensitive psi-
blast sequence search identified the phosphopantothenoylcysteine synthetase protein from E. coli, as a
remote homolog of PPCS (20 % identity). This protein has been crystalized (PDB 1U7W) with a CTP
nucleotide cofactor '°. Structural alignment of 1P90 and 1U7W revealed a highly similar fold (Figure $1C)
with the best alignment encompasses 159 residues with RMSD of 0.85 A (p-value for structure similarity

< E-15). Glu233 was found to be located in close vicinity to the phosphate recognition region of the



nucleotide binding site. This residue is conserved in the bacterial protein (residue Phe330 therein) in
spite of low overall sequence similarity between the proteins. Phe330 creates contact with the CTP
phosphate group in the bacterial protein. It is not entirely clear how the negatively charged residue
creates favorable contacts with the negative phosphate. One option is that the recognition is mediated
by a divalent cation. Indeed, the binding of the phosphate in the other side of the binding cleft is
mediated by a positive calcium ion (Figure S1D) which is coordinated to a negatively charged aspartate
(Asp276). It can well be that Phe330 also coordinates a mediator ion which was not resolved by the X-
ray crystallography. The other option is that an electrostatic repulsive force helps to orientate the
nucleotide in the binding site.

Alal80 is also located in the nucleotide binding cleft, but in a closer vicinity to the sugar moiety. The
equivalent residue in the bacterial protein is Ala276, suggesting the need for a small residue at this spot.
The side chain in both the bacterial and human proteins point to the opposite side of the nucleotide.
Although the nucleotide involved in the human protein reaction is ATP and not CTP, still the phosphate
and sugar binding mode are likely to be conserved as these parts are identical.

In conclusion, there is a consensus agreement regarding the deleterious effect of both p. Glu233Val and
p. Alal80Pro on the protein function, which reflects the high evolutionary conservation of both sites.
The changes are likely to affect the binding to the ATP co-factor of PPCS.

The mutation c. 320_334del affects a region which is not conserved in evolution (Figure 2A). However,
prediction programs such as Mutation taster predict the change to be deleterious since the missing
amino acids may be relevant to keep the conformation of the protein (Figure S1F). The human PPCS

%10 The dimer has two dimerization regions

forms a dimer that is biologically relevant for function
including a non-conserved sequence between helices a4 and a5 (residues 107-111). In the crystal

structure of human PPCS (PDB code 1P90) °, these residues are intertwined in the other monomer,



although for part of them there is no electron density for residues 107-111 (marked in red in Figure S1G
(zoom)).

Deletion of residues 107-111 could result in a destabilization of this dimerization region. In particular, it
is possible that the deletion leads to a shortening of the strand B5 as seen in Figure S1F, G of the SWISS-

24-27

MODEL model of the deletion mutant . Additionally, the deletion could lead to rearrangement of

helices a4 and a5 and dynamics of the protein, and eventually to change the substrate binding region.

Validation of Pathogenicity of Mutations in Yeast

yPPCS is a gene essential for yeast viability ®. In order to evaluate the functional relevance of identified
PPCS variants, we performed a functional complementation of the yPPCS null background with the
human wild type PPCS and its mutant variants using the method of plasmid shuffling *. The genuine
yPPCS gene was used as positive control, while an empty vector was used as negative control.

As expected, transformants containing pGE12 (LEU2 CAB2) are able to grow while empty vector
transformants fail to grow (Figure 4, lines 1 and 2, respectively). Importantly, expression of the cDNA of
wild-type hPPCS in yeast restores growth even in the absence of yPPCS, although slightly less efficient
than authentic yPPCS (line 3). In contrast, transformants with deletion or missense variants of hPPCS
were unable to grow on 5-FOA-containing medium after two days of cultivation (lines 4-6). However,
after four days mutant variants hPPCS 320 _334del (line 4) and hPPCS 698A>T (line 6) could support a
minimal growth while variant hPPCS 538G>C (line 5) turned out to be completely non-functional even

when the time of cultivation was extended.

Stability of PPCS Protein in Cells
In order to gain insight on the effects of identified mutations on PPCS stability, we performed an

immunoblotting analysis on fibroblasts extracts from the four affected individuals, three unrelated



controls, and one affected cell individual transduced with the wild-type PPCS cDNA (Figure 5A, Figure
S3). Under denaturing conditions, the monoclonal PPCS antibody, directed against the C-terminal region
present in both PPCS isoforms, detected both in control and affected individuals a main band of 34 kDa,
corresponding to the canonical isoform. In subject 1.2, family A (FA:11.2 in Figure 5A and Figure S3) there
is a second band corresponding to the deletion-carrying allele, in addition to the 34kDa band,
corresponding to the missense-carrying allele. The normalization of the signal of PPCS to the loading
control a-tubulin, revealed a marked reduction in PPCS levels in all affected individuals, with the
strongest reduction observed in individual II.2 (Figure 5B and Figure S3). The expression of the wild type
PPCS in the fibroblasts of individual 11.2 (FA:I.2-T-PPCS in Figure 5A) normalized the PPCS protein levels
(Figure 5B).

As the 320_314del allele carried by individual 11.2, family A was predicted to be associated with a
dimerization defect, we performed an immunoblotting analysis under native conditions on fibroblasts
extract from this subject to verify whether at least the missense allele could form a dimer (Figure 5C).
The PPCS antibody detected one band of about 70 kDa in the cell extract from a healthy control (C1 in
Figure 5C), corresponding to the expected size of a PPCS dimer (about 68 kDa). No signal was instead
present in the cell extract of the affected individual (Figure 5C). This pointed out that either the proteins
encoded by the deletion and missense alleles are extremely unstable and do not form a dimer, or if a
dimer is made by the missense carrying protein, the level is so low that the antibody cannot detect it.
We looked also for the monomeric PPCS in control and individual 1.2, but in none of them the

monomeric PPCS was detected, indicating that in physiological conditions PPCS exists mainly as a dimer.

Intracellular CoA levels in the Presence of PPCS Mutations
To gain further insight into the impact of PPCS variants on the steady state level of CoA, we measured

total cellular CoA levels in fibroblasts from all four PPCS-deficient individuals and compared this to the



levels of CoA in fibroblasts from a commercially available control (NDHFneo, C1) and two healthy
controls (C2 and C3) (Figure 6). The investigation revealed a significant reduction of CoA in all four

affected individuals, which was rescued by reintroducing the wild type copy of the gene (Figure 6).

Metabolic Investigation in Blood and Serum of PPCS-deficient Individuals

Acylcarnitine profiles in dried blood spots of the probands revealed normal levels of free carnitine (CO)
but relatively low concentrations of long chain acylcarnitines C16 and C18, leading to an elevated ratio
C0/(C16+C18) and reduced ratio (C16+C18:1)/CO (Table 2).

Pantothenic acid (Vitamin B5) in the serum of available affected individuals (1V.1 and IV.4, family B) was
within normal limits for both affected siblings (74.95 pg/L and 73.84 pg/L, respectively. Normal range for
>10 years 37-147 pg/L).

Unfortunately, the levels of PPCS and CoA were consistently undetectable in both the affected and

control samples.

Functional Metabolic Tests during Fasting

Following the identification of pathogenic variants in PPCS, known to be involved in the CoA synthesis
pathway, we sought to evaluate the Respiratory Quotient (RQ) and Basal Metabolic Rate (BMR) for the
two live affected siblings (subjects 1V.1 and 1V.4, family B). This investigation (performed during fasting,
at 21 years of age for individual IV.1 and at 9.5 years of age for individual IV.4) showed the RQ to be
0.773 and 0.796, respectively, both consistent with normal fat oxidation. BMR was found to be elevated
for both siblings, 2771 kcal/day for individual IV.1 and 2091 kcal/day for individual IV.4, consistent with
142% and 160% of expected for their body weight and composition, respectively. This elevation was to

be expected and indeed attributable to their current state of heart failure.



Homozygous dPPCS’ Flies Show Altered Physiological Cardiac Parameters

To examine the effect of the dPPCS' mutation on cardiac function, heart rate, arrhythmia index, heart
wall shortening and systolic and diastolic length were determined in heterozygous and homozygous
dPPCS' Drosophila melanogaster. In comparison with heterozygous dPPCS® flies, homozygous dPPCS’
flies showed a significant increase in heart rate, heart wall shortening and arrhythmia index and a
decrease in systolic length (Figure 7). These findings indicate that homozygous variants in dPPCS are

associated with cardiac dysfunction in Drosophila.

Pantethine Supplementation in Drosophila with dPPCS Deficiency Improves Viability

Based on Mendelian inheritance, the genotype of the F1 embryonal progeny of crossing dPPCS'/TM3-
GFP adults is the following: 50% will be dPPCS’/TM3-GFP; 25% will be dPPCS'/dPPCS’; 25% will be TM3-
GFP/TM3-GFP. The genotype TM3-GFP/TM3-GFP (homozygous for the balancer chromosome) induces a
fully penetrant early developmental lethality and this genotype is not present in the F1 adult progeny,
which therefore based on Mendelian inheritance consists of 66.6 % dPPCS'/TM3-GFP and 33,3 %
dPPCS'/dPPCS’ flies only. dPPCS'/dPPCS' homozygous adults are viable 2. The exact percentages of the
two viable genotypes of the F1 are not only determined by Mendelian inheritance but can also be
influenced by the impact of the PPCS’ allele on viability. In the case a homozygous mutation in dPPCS
negatively influencing viability, less than 33.3% of the F1 progeny will consist of dPPCS'/dPPCS’
homozygous mutant flies. In our crosses, the percentage of homozygous dPPCS’ pupae was ranged from
9 to 22%, suggesting a reduced viability in homozygous mutants. Pantethine can serve as a source for
CoA de novo biosynthesis, since pantothenate kinase is the first enzyme of the canonical CoA

29: .
%39 This route

biosynthesis pathway it can phosphorylate pantethine to form 4-phosphopantetheine
therefore does not require PPCS. Addition of pantethine to the fly food indeed rescued the percentage

homozygous survivors to levels that can be expected based on Mendelian inheritance. Vitamin B5 was



used as a control. Experiments were repeated twice. In both experiments a rescue of 10% was observed

(Figure S2).

Effects of Pantethine Supplementation in Individuals with PPCS Deficiency

The two living affected individuals (IV.1 and IV.4, family B) commenced oral pantethine
supplementation, initially at a dose of 6-8 mg/kg/day (once daily), which was subsequently gradually
increased over a period of two months, reaching 20-24 mg/kg/day. At two months intervals, serial
clinical evaluations, including pediatric cardiology visits and echocardiograms, and serum acylcarnitine
profiles using dried blood spots were obtained (Table 2). Compared to their baseline evaluations, both
clinical and echocardiographic evaluations had shown individual IV.1 to experience a mild improvement
in exertional dyspnea and an increase of ejection fraction (EF, using the Simpson mode) from 36% (at
baseline) to 48% (at a recent visit); subject IV.4 remained stable, with symptoms of heart failure upon

exertion and an EF of 45%.

DISCUSSION

Here, we report five individuals from unrelated families in whom biallelic mutations in PPCS lead to a
cardiac phenotype. Variants identified in PPCS-deficient individuals are extremely rare. In our in-house
database containing > 10,000 WES data sets we could not identify additional individuals carrying other
rare biallelic PPCS variants. Moreover, in the gnomAD browser neither of the two missense variants are
present either as homozygous or heterozygous variants. The inframe deletion is instead only present as
a heterozygous variant with a MAF of 0.0001.

In addition to frequency considerations, identified variants are also predicted to be deleterious
according to structural assumptions. In fact, mutations either change amino acids involved in the

binding of ATP to PPCS, or amino acids relevant in humans for the dimerization of PPCS.



In order to verify the pathogenicity of identified variants, we utilised a yeast null mutant for yPPCS. It is
known that ablation of yPPCS is lethal, therefore we investigated whether transforming the yPPCS-null
mutant with the wild-type PPCS or variant-carrying PPCS constructs, could rescue the lethal phenotype.
For validation experiments we considered the long canonical isoform NM_024664.3 as the isoform
associated with the pathology since the mutation p. Pro107_Alallldel carried by subject 11.2 of family A
affects only this isoform.

While expression of the wild type PPCS complemented the lethal phenotype in the yPPCS deletion
strain, a clear growth defect was observed for all strains transformed with the identified human
variants, thus confirming their deleterious nature. c.538G>C in particular was completely inactive,
indicating that this variant impairs PPCS function more dramatically than the other variants.

It is likely that the decreased enzymatic activity of PPCS is due to decreased protein stability, as
indicated by the strong reduction of PPCS signal in all PPCS-deficient individuals in the western blotting
experiment or by the inability to assemble into a functional PPCS dimer. Of note, the monoclonal PPCS
antibody detected only one band of 34 KDa under denaturing conditions, despite the antibody’s epitope
residing within the C-terminus region, common to the two PPCS isoforms. The presence of a single band
corresponding to the canonical isoform, suggests that this is likely the only splice variant translated into
a protein.

In contrast to the neurodegenerative NBIA-related phenotypes associated with defects in PANK2 and
COASY, PPCS-deficient individuals present with a clear dilated cardiomyopathy with a variable degree of
severity and no neurodegeneration. Only in one individual (Il.2, family A) were extra-cardiac features
present in addition to severe dilated cardiomyopathy. Presumably the presence of a completely inactive
PPCS allele determines a more severe phenotype in this individual, as expected from the lack of rescue

in yeast. Nonetheless no neurodegeneration was present.



In fruit flies, impairment of dPPCS is associated with neurological impairment. In view of the fact that
PPCS-deficient individuals have dilated cardiomyopathy, we reinvestigated dPPCS mutants with a focus
on cardiac function. With deeper inspection, dPPCS mutants presented with reduced viability, and
moreover showed increased heart rate, increased arrhythmia index, reduced systolic function and
increased heart wall shortening; all manifestations indicative of dilate cardiomyopathy in fruit flies *'.
We therefore conclude that the cardiac phenotype of dPPCS flies recapitulates the pathophysiological
alteration seen in PPCS-affected individuals, suggesting that alteration in PPCS can cause dilated
cardiomyopathy.

In Zebrafish for instance, the down regulation of pank2 leads to perturbation in the vasculature
development, reduced heart beat and slower blood flux in addition to neurodegenerative signs **, while
the down regulation of coasy leads to edema at a cardiac level *, suggesting already a link between CoA
biosynthesis and cardiac function. With this knowledge in mind, it would be interesting to also
investigate if fruit flies with dPANK and dCOASY impairment have a subtle cardiac dysfunction,
accompanying the most obvious neurodegeneration.

PPCS is the second enzyme of the CoA de novo biosynthesis pathway. Mutations in enzymes taking part
in the route are expected to result in reduced CoA biosynthesis. Indeed, in PPCS-deficient individuals the
level of free CoA is significantly lower than in healthy controls. By reintroducing the wild type copy of
the PPCS in fibroblasts of an affected individual the level of CoA is restored to normal values.

In contrast to PPCS-affected individuals, subjects with PKAN (Pantothenate Kinase-Associated
Neurodegeneration) and COPAN (COASY protein-Associated Neurodegeneration) do not have
detectable decrease of CoA levels in fibroblasts, despite the fact that most of the mutations in PANK2
and COASY, impair the enzymatic activity of the recombinant enzymes respectively % 3*.

Explanations why mutations in PPCS do lead to decreased CoA levels in fibroblasts and mutations in

PANK2 and COASY do not show a decrease in CoA levels and how this is possibly linked to a cardiac



disease versus a neurodegenerative disease are currently not present. In order to understand these
differences, CoA should be measured in relevant tissue of all conditions, meaning in the Globus Pallidus
of PKAN and COPAN models and in cardiac tissue of PPCS-deficient models. Analysis of the abundancy of
PANK2, PPCS and COASY in relevant tissue, the identification of exact intracellular localizations of these
three de novo CoA biosynthesis enzymes in disease affected tissues, elucidation of possible
redundancies in their roles in CoA synthesis and identification of potential moonlighting functions are
required to obtain answers to these intriguing questions.

Reduced cytosolic CoA concentration in PPCS-affected individuals may lead to a reduced synthesis of
activated long chain fatty acids in PPCS-affected individuals. Therefore, there is only limited substrate for
carnitine palmitoyltransferase | (CPT1), resulting in reduced long chain acylcarnitine concentrations,
similar to individuals with carnitine palmitoyltransferase | (CPT1) deficiency. Indeed, this pattern is
present in all individuals with PPCS deficiency, but not in the asymptomatic carrier (l1l.1) and has also
been reported in two patients with COPAN®.

Since CoA has a pivotal role in heart metabolism, not only as a source of energy, but also as a modulator
of fatty acid and glucose oxidation®’, it is expected that alteration in CoA metabolism impair cardiac
function.

We cannot exclude that cardiomyopathy in PPCS-deficient individuals is also due to the generation of
toxic metabolites. For instance, L-cysteine normally funneled in the synthesis of
phosphopantothenoylcysteine, could accumulate and eventually exceed the cytotoxicity threshold
leading to detrimental effects in tissues, especially in the heart *. Consistent with this hypothesis, dPPCS
mutants have been reported to be hypersensitive to cysteine .

However, considering the ubiquitous presence of the enzymatic PPCS activity, it remains unexplained

why the brain and in general the other organs are not affected in PPCS-deficient individuals.



Aside from this open question which future studies will address, the identification of PPCS variant as the
causative mutation in families A and B, suggested a therapeutic trial of oral pantethine supplementation
as targeted treatment aimed to bypass the deficient enzyme in the CoA synthesis pathway *°. We
treated dPPCS mutants with pantethine, and the compound successfully rescued the viability in
homozygous mutants. These results are also consistent with studies performed in PPCS mutants in
Bacteria *°. Following the promising results from the Drosophila model, empirical targeted treatment
with pantethine was introduced for the two living affected siblings of Family B. Our results thus far had
not shown significant clinical improvement. This can be explained by the late introduction of the
treatment in their clinical course, after cardiac damage had already occurred. Future studies, following
early detection and initiation of treatment in additional affected families, may shed light on whether this
therapeutic intervention can indeed bring more substantial clinical benefit, as demonstrated in the
Drosophila model.

In summary, although the precise mechanism by which decreased CoA leads to cardiac rather than
neurological problems remains to be fully elucidated, we demonstrate that pathogenic changes in PPCS

lead to decreased CoA concentrations and cause cardiomyopathy with variable progression.
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Web Resources

OMIM - Online Mendelian Inheritance in Man, https://www.omim.org/

The Human Protein Atlas, https://www.proteinatlas.org/ENSG00000127125-PPCS/tissue
GTEXx Portal, https://www.gtexportal.org/home/gene/PPCS#geneExpression

Reactome, https://reactome.org/content/detail/R-HSA-196772

gnomAD, http://gnomad.broadinstitute.org/
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Table 1. Demographic, clinical and molecular findings in individuals with mutations in PPCS (labelled as

FB:IV.1, FB:IV.4, FB:IV.6, FB:IV.8, and FA:1l.2 in the table).



Individual FB:IV.1 FB:IV.4 FB:IV.6 FB:IV.8 FA:11.2

Gender M M F M F

Ethnic Arab-Muslim | Arab-Muslim Arab-Muslim Arab-Muslim Central Europe
background

Consanguinity Yes Yes Yes Yes No

Dysmorphic No No No No Yes

features

Age at | 2 years 4 months 23 months 3 years 2 weeks
presentation

Cardiac Dilated Dilated Severe dilated | Severe dilated | Severe dilated

manifestations

cardiomyopat

cardiomyopat

cardiomyopat

cardiomyopath

cardiomyopath

hy hy hy y y
Muscular No No N/D N/D Severe
hypotonia
Extracardiac None None None None Yes
manifestations
Serum lactate Normal Normal Elevated Elevated Elevated
Status Alive Alive Death at 23 | Death at 3| Death at 3

months from | years from | months from

DCM and multi




DCM DCM organ failure
Brain MRI Normal N/D N/D N/D Normal
Mutation in | c.[698A>T]; c.[698A>T]; c.[698A>T]; c.[698A>T]; c.[538G>C];
PPCS [698A>T] [698A>T] [698A>T] [698A>T] [320_334del]

N/D- no data available

Table 2. Acylcarnitine profiles in individuals with mutations in PPCS (FA:I1.2, FB:IV.1, FB:IV.4, and FB:lIl.1

in the table) before and during panthetine supplementation.

Individual Contr | FA:Il.2 FB:IV.1 FB:IV.4 FB:Ill.1
ols
Genotype c.[538G>C];[320 | c.[698A>T];[698A>T] c.[698A>T];[698A>T] c.[698A>
_334del] T1:[=]
Pantethine no no | 600 1800 | ? no 300 900 ? no
Supplemen mg/ | mg/d mg/ | mg/
tation d d d
co 6-65 | 30 42 | 45 445 |38. |46 |39 44 42 | 225
5
Ci6 0,79- | 0,67 1.2 |18 |1.17 |15 |13 [095 |11 1.1 | 0.95




5,72 1 6 3 2
C18 0,38- | 0,33 0.7 |068 |043 |05 |06 | 046 |0.46 |05 |0.47
1,78 1 9 6
C18:2 0- 0,11 04 |065 |063 |05 |05 |049 |0.39 |04 | 043
0,49 6 6 4 7
Co/(C16+C1 | 2,30- | 30 21. | 17.7 | 2781 | 17. | 23. | 27.6 | 28.2 | 25. | 15.85
8) 18 88 |9 91 |83 |6 1 00
(C16+C18:1) | 0,08- | 0,04 0.0 |0.07 |005 |00 |00 |0.07 |0.07 | 0.0 |0.07
/co 0,42 5 7 7 7

Figure 1. Universal pathway for the biosynthesis of coenzyme A and associated diseases. In green are
indicated genes encoding either cytosolic or mitochondrial isoforms. The mitochondrial isoforms are
associated with neurodegeneration with brain iron accumulation (#234200, #615643). In grey are
labelled genes predicted to have mostly a cytosolic localization. The asterisk (*) indicates that the

association with a disease was not reported elsewhere.

Figure 2. Structure of PPCS and Pedigrees of Investigated Families. (A) Structure of PPCS with known
conserved protein domain in the gene product and localization and conservation of amino acid residues
affected by mutations identified in the two families. Intronic regions are not drawn to scale. Coloring in
the sequence alignment represents the identity of amino acid residues. (B) Pedigrees of two families
with mutations in PPCS. Mutation status of affected (closed symbols) and healthy (open symbols) family

members. n.d. not determined.




Figure 3. Cardiac Magnetic Resonance Imaging (cMRI) findings in individuals with PPCS-related dilated
cardiomyopathy. A) Four chamber view of individual IV.1 (FB:IV.1 in the figure) at the age of 21 years in
diastole (Ai) and systole (Aii). Note the decreased change in ventricular volume between phases. RA-
right atrium, LA-left atrium, RV-right ventricle, LV-left ventricle. B) Short axis oblique of individual IV.4
(at the age of 10 years) in diastole (Bi) and systole (Bii), consistent with a low cardiac output. C) Volume
rendering of gadolinium-enhanced angiography of the chest and head blood vessels in individual V.4

(posterior view), demonstrating normal vasculature.

Figure 4. Functional complementation of a yeast cab2 deletion mutation by human PPCS gene
variants. Strain MGY9, used as a recipient for transformation, contains a chromosomal cab2 null
mutation which was complemented by the single-copy URA3 CAB2 plasmid pGE11. Single-copy LEU2
plasmids used for complementation studies contain yeast CAB2 (positive control) and human PPCS
alleles (wild-type and variants c.320_334del, c.538G>C, c.698A>T). Transformants containing two
autonomously replicating plasmids are shown (left, SCD-Ura-Leu. incubation for 2 days). To counter-
select URA3 plasmid pGE11, transformants were transferred to a medium supplemented with 5-FOA

and incubated for 2 or 4 days (middle, right).

Figure 5. Western Blot analysis of PPCS protein in PPCS-mutant fibroblasts. (A) Western blot analysis of
fibroblasts from the four affected individuals (FA:Il.2, FB:IV.8, FB:IV.4, FB:IV.1), one healthy control (C1)
and from individual 1.2, family A complemented by lentiviral transduction with wild-type PPCS. 7.5 and
15 pg proteins were loaded. Blubulin was used as a loading control. (B) Densitometric analysis of this
western blot. Error bars indicate the standard error of the mean. (C) Blue native gel electrophoresis of

total cellular extract from individual 1.2, family A, and control C1 solubilized by 1% laurylmaltoside.

ATP50., ERPRRRRERRRRRERRRRes piratory chain complex V, was used as a loading control



Figure 6. Total cellular CoA in fibroblasts. Fibroblasts growing in exponential phase under standard
medium are collected, homogenized, and evaluated for CoA content. Relative fluorescence values (RFU)
of serial dilution of CoA standard were measured to generate a calibration curve. CoA levels in
fibroblasts were calculated by making use of the calibration curve. Fibroblasts from three unrelated
controls (C1, C2, C3 in the figure) and from an affected individual transduced with wild-type PPCS
(FA:11.2-T-PPCS) are labeled in blue; affected individuals (FA:II.2, FB:IV.1, FB:IV.4, FB:1V.8) are labeled in
red. Results are mean + SD of n=16 values. p-values were calculated with an independent sample t-test.

All p-values were two-sided with a significance level of 0.05.

Figure 7. Physiological cardiac parameters are changed in homozygous dPPCS' Drosophila
melanogaster. A) Heart rate in beats per minute, B) arrhythmia index, C) systolic and D) diastolic length
in seconds, E) heart wall shortening and F) representative kymographs (10 seconds). **P<0.01 and ***
P<0.001. (N=50 for heterozygous and N=36 for homozygous for A and B; N=18 for heterozygous and

N=15 for homozygous for C, D and E).

Movie S1. Three-dimensional volume rendering of gadolinium-enhanced angiography of the chest and

head blood vessels in individual IV.4, family B, demonstrating normal vasculature.



