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Coenzyme A (CoA) is an essential cofactor involved in a range of metabolic
pathways including the activation of long-chain fatty acids for catabolism.
Cells synthesize CoA de novo from vitamin B5 (pantothenate) via a pathway
strongly conserved across prokaryotes and eukaryotes. In humans, it involves
five enzymatic steps catalyzed by four enzymes: pantothenate kinase (PANK
[isoforms 1-4]), 4'-phosphopantothenoylcysteine synthetase (PPCS), phospho-
pantothenoylcysteine decarboxylase (PPCDC), and CoA synthase (COASY). To
date, inborn errors of metabolism associated with all of these genes, except
PPCDC, have been described, two related to neurodegeneration with brain iron
accumulation (NBIA), and one associated with a cardiac phenotype. This
paper reports another defect in this pathway (detected in two sisters), associ-
ated with a fatal cardiac phenotype, caused by biallelic variants (p.Thr53Pro
and p.Ala95Val) of PPCDC. PPCDC enzyme (EC 4.1.1.36) catalyzes the decar-
boxylation of 4’-phosphopantothenoylcysteine to 4’-phosphopantetheine in
CoA biosynthesis. The variants p.Thr53Pro and p.Ala95Val affect residues
highly conserved across different species; p.Thr53Pro is involved in the binding
of flavin mononucleotide, and p.Ala95Val is likely a destabilizing mutation.
Patient-derived fibroblasts showed an absence of PPCDC protein, and nearly
50% reductions in CoA levels. The cells showed clear energy deficiency prob-
lems, with defects in mitochondrial respiration, and mostly glycolytic ATP
synthesis. Functional studies performed in yeast suggest these mutations to be
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1 | INTRODUCTION

Coenzyme A (CoA) is an essential cofactor involved in
approximately 9% of metabolic reactions." It is synthesized
de novo via a pathway strongly conserved across prokary-
otes and eukaryotes. This involves five steps catalyzed
by the enzymes pantothenate kinase (PANK—for which,
in mammals, four gene-encoded isoforms have been
described: PANKI1, PANK2, PANK3, and PANK4),
4’-phosphopantothenoylcysteine synthetase (PPCS), phos-
phopantothenoylcysteine decarboxylase (PPCDC), and 4'-
phosphopantetheine adenylyltransferase (PPAT) and
dephosphoCoA kinase (DPCK)—which in humans is a
bifunctional enzyme known as CoA synthase (COASY)?
(Figure 1).

Eukaryotic cells obtain CoA via the uptake of extracellu-
lar precursors, especially vitamin B5, which is then con-
verted into CoA. However, an alternative mechanism has
been described that allows low intracellular CoA levels to be
compensated via the use of exogenous CoA. In mice, Cae-
norhabditis elegans and Drosophila melanogaster, extracellu-
lar CoA is directly converted into 4’-phosphopantetheine via
the action of ectonucleotide pyrophosphatases (ENPPs)>
(Figure 1). 4’-phosphopantetheine is stable in serum and
can be translocated via passive diffusion. Inside the cell, it is
reconverted into CoA by COASY.

Defects in three of the four genes involved in
the canonical CoA synthesis pathway have been
described in mammals. Pathogenic variants in PANK2®>’
(MIM#606157) and COASY® (MIM#609855) cause a neu-
rodegenerative phenotype associated with brain iron
accumulation (NBIA).” Surprisingly, the phenotype
described in the two families reported with pathogenic
variants of PPCS (MIM#609853), involved a cardiac phe-
notype and the absence of any neurodegeneration.'
PPCDC encodes a cysteine decarboxylase that uses flavin
mononucleotide (FMN) as a cofactor'’ and is the only
gene in this pathway yet to be associated with human dis-
ease. PPCDC (EC 4.1.1.36) catalyzes the decarboxylation
of 4'-phosphopantothenoylcysteine to 4'-phosphopan-
tetheine. In humans, the native form is a predominantly
cytosolic, 204 amino acid homotrimer (Uniprot, Gene-
cards, and Human Protein Atlas).

functionally relevant. In summary, this work describes a new, ultra-rare,
severe inborn error of metabolism due to pathogenic variants of PPCDC.

biosynthesis of coenzyme A, dilated cardiomyopathy, inborn errors of metabolism, PPCDC

When defects are described in a gene for the first time,
functional analysis is required to demonstrate their clinical
effects. This can be performed in patient-derived fibroblasts,
cellular models of disease generated by gene editing, and
other models. Yeasts also offer, in many cases, an excellent
model system.'* In the present work, Saccharomyces cerevi-
siae was used as a model organism to test the functional
effects of PPCDC variants identified in two patients who
were sisters. In S. cerevisiae and related yeasts, PPCDC is an
unusual heterotrimer composed of a necessary subunit,
Cab3 (Ykl088W), plus two Hal3 or Vhs3 subunits (or a com-
bination of both)."* The catalytic site is formed at the inter-
face of the Hal3/Vhs3 and Cab3 monomers; Cab3 provides
the catalytic Cys478 residue, and Hal3 (or Vhs3) the crucial
His378 (459 in Vhs3) residue. CAB3 is thus an essential
gene, and concurrent mutations in HAL3 and VHS3 result
in a lethal phenotype. Hal3 and Vhs3 are moonlighting pro-
teins since they are also negative regulatory subunits of the
Ppz1 protein phosphatase,'*'* and thus affect salt tolerance
and the cell cycle.'*™*®

This work describes the detection of two patients
from a non-consanguineous family with variants in
PPCDC, the only gene involved in CoA synthesis for
which pathogenic variants have not yet been described.
Two different models, patient-derived fibroblast, and the
yeast S. cerevisiae, were used to demonstrate the patho-
genic effect of these variants: an ultra-rare, fatal, inborn
error of metabolism associated with cardiomyopathy.

2 | PATIENTS AND METHODS

The work adhered to the Declaration of Helsinki and was
approved by the Ethics Committee of the Universidad
Auténoma de Madrid (CEI-105-2052). Informed written
consent to be included in the study was obtained from
the patient's parents.

2.1 | Patients

The study patients were two sisters (P1 and P2) from a non-
consanguineous family. P1, the firstborn daughter, debuted
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proteins, and the alternative route of incorporation of 4-phosphopantetheine.> COASY has been localized in the outer mitochondrial

membrane, in the mitochondrial matrix, and in the nucleus.* The brain or heart is the most commonly affected tissue related to each gene
defect (see cartoons). CYTO, cytoplasm; MITO, mitochondria; SERUM, cell medium with serum.

at just 2 days of age with lactic acidosis (HP:0003128),
hyperammonemia (HP:0001987), hypertransaminaemia
(HP:0002910), and elevated creatine kinase (HP:0003236).
She showed neurological involvement with lethargy
(HP:0001254), a tendency to opisthotonus (HP:0002179),
axial hypotonia (HP:0009062), hypertonia of the four limbs
(HP:0002509), genu valgum feet (HP:0002857), hip dysplasia
(HP:0001385), a triangular face (HP:0000325), micrognathia
(HP:0000347), swallowing difficulties (HP:0002015), and
dilated cardiomyopathy (HP:0001644). Biochemical analysis
in body fluids revealed hypoglycemia (HP:0001943), keto-
nuria (HP:0002919), alanine elevation (HP:0003348), urinary
excretion of dicarboxylic acids (HP:0003215), and increased
levels of long-chain acylcarnitine in plasma samples
(HP:0045045). At 4 months, she showed a general worsen-
ing of her condition, with refusal to feed (HP:0011968),
tachycardia (HP:0001649), and hepatomegaly (HP:0002240).
An echocardiogram revealed a 15% reduction in the ejection
fraction compared to her baseline (HP: 0012664) plus sys-
tolic dysfunction (HP:0005185). After 10 days, she died. Her
mother had polyhydramnios (HP:0001561) from the second
trimester of gestation. All clinical and biochemical data are
summarized in Table S1.

P2, the second daughter, debuted at 6 days of age with
hypotonia (HP:0001319), lethargy (HP:0001254), hypoglyce-
mia (HP:0001943), metabolic decompensation, hyperammo-
nemia (HP:0001987), elevated transaminases (HP:0002910)
and creatine kinase (HP:0003236). Analysis of metabolites
in physiological fluids revealed high levels of lactic acid
(HP:0003128) (3.7 mmol/mol of creatine normal value

around 2 mmol/mol), with metabolites of Kketosis
(HP:0002919), components of the Krebs cycle (succinate,
fumarate, and 2-oxoglutarate [HP:0012401]), increased
levels of alanine (values > 2x normal) (HP:0003348), plus
long-chain acylcarnitine (C12-C18) (HP:0045045) and long-
chain dicarboxylic acids (HP:0003215), all suggestive of a
defect in fatty acid oxidation (FAO) or mitochondrial dis-
ease. At 15 days of age, P2 developed dilated cardiomyopa-
thy (HP:0001644) like her elder sister. Dietary treatment
with medium-chain fatty acids (Monogen®, Nutricia) and
carnitine was started, which notably improved her bio-
chemical phenotype, restoring normal levels of acylcarni-
tine and amino acids, but succinate, fumarate, and
2-oxoglutarate remained elevated. At 4 months of age, after
a bout of pneumonia (HP:0002090), her cardiac function
deteriorated, manifested as contractility problems
(HP:0006670) and episodes of tachycardia (HP:0006670).
Very high levels of creatine kinase and liver dysfunction
were also observed (HP:0001392). She died a few days later
from cardiac (HP:0001635) and respiratory failure
(HP:0002093). An anatomopathological study revealed she
had suffered a myocardial infarction (Table S1).

2.2 | Genetic analysis

For genetic studies, DNA was extracted from periph-
eral blood using the MagnaPure system (Roche Applied
Science). For P2, whole exome sequencing was per-
formed using the Nextera DNA Exome Kit (Illumina).
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Variant calling was undertaken using the DNAnexus
bioinformatic pipeline. The overall mean target cover-
age was 61x, with a >20x base coverage of 77%. NGS
data were analyzed for copy number variations using
an in-house pipeline that compares the normalized
mean coverage of targets between a patient and three
control samples of the same pool. Sanger sequencing
was used to confirm the presence of the identified vari-
ants and for testing Mendelian segregation, as well as
to confirm the presence of the variants in the parents'
samples and those of P1.

2.3 | Functional analysis of variants
using patient-derived fibroblasts

P2 dermal-derived fibroblasts were grown under stan-
dard conditions in minimal essential medium contain-
ing 1 g/L of glucose supplemented with 2 mmol/L
glutamine, 10% fetal bovine serum, and antibiotics.
The cell lines CC2509 (Lonza) and GM8680 (Coriell
Institute for Medical Research) were used as healthy
controls.

PPCDC levels, and oligomerization of the trimer pro-
tein, were analyzed by Western blotting after SDS-PAGE
and native-PAGE, respectively. Analysis of OxPhos com-
plexes was performed in mitochondrial extracts. To that
end, mitochondria were isolated using the hypotonic swell-
ing procedure as described by ref. 19, and 15 pg of mito-
chondrial extract were incubated with 2% digitonin. The
NativePAGE™ Novex® Bis-Tris Gel System (Invitrogen)
was used (following the manufacturer's instructions) for the
preparation of protein samples for native-PAGE. The pri-
mary polyclonal antibodies used were anti-PPCDC (1:250;
PA5-61065, Thermo Fisher Scientific), anti-total OxPhos
(CI-NDUFBS, CII-SDHB, CIII-UQCRC2, CIV-MTCOI, and
CV-ATP5A) (ab110413; Abcam) at a dilution of 1:250, anti-
NDUFA9 (1:500, ab14705), anti-SDHA (1:5000, ab14715),
anti-MTCO1 (1:1000, ab14705), and anti-ATP5A (1:2000,
ab14748). Anti-tubulin (T9026, Sigma-Aldrich) and anti-
citrate synthase (C5498, Sigma-Aldrich) at 1:1000 were used
as loading controls.

pEZ-EX-11642-Lv205 (GeneCopoeia) or pEZ-EX-
[1642-M55 containing the complete open reading
sequence of PPCDC (NM_021823.4), either alone or fused
to mCherry protein, was used for the transient expression
of PPCDC cDNA in fibroblasts. For this, 300 000 cells
were seeded on p6 plates, or 700 000 on p60 plates, left
for 24 h, and then transfected with 2 and 4 pg of DNA,
respectively, using Lipofectamine™ LTX with PLUS™
reagent (Invitrogen) and OptiMEM. Cells were harvested
24-48 h after transfection or fixed on the plate for immu-
nofluorescence assays.

For normal and mutant protein localization, the vec-
tor pEZ-EX-11642-M55 containing PPCDC cDNA was
used. Changes were introduced using the Quickchange™
Lightning Site-Directed Mutagenesis Kit (Agilent) follow-
ing the supplier's recommendations. P2-derived and
healthy control fibroblasts were transfected using 2 pg of
the normal or mutant plasmid. The cells were then fixed
with 10% formalin (Sigma-Aldrich) for 20 min at room
temperature, permeabilized with 0.1% Triton X-100 in
Tris-buffered saline (TBS) for 5 min, and then blocked for
30 min with blocking solution (0.3% donkey serum, 0.3%
Triton X-100, TBS). Incubation with the primary anti-
body (anti-PPCDC, 1:50; anti-cytochrome C 1:500
[ab173529, Abcam]) was performed overnight at 4°C.
Visualization was achieved using a secondary antibody
with bound Alexa 488 or Alexa 555 (Thermo Fisher Sci-
entific) at a concentration of 1:200 in blocking solution
(left for 2 h at 37 °C). For nuclear staining, samples were
incubated with DAPI (4',6-diamino-2-phenyllindole)
(Roche) at a concentration of 1:10 000 for 10 min, and
then examined using an LSM710 confocal microscope
coupled to an Axiolimager M2 (Zeiss).

For the expression of PPCDC-interfering sShRNA (PPCDC
MISSION shRNA Bacterial Glycerol Stock—SHCLNG-
NM_021823: TRCNO0000155649, TRCNO0000152453,
TRCN0000154478, TRCN0000155901, and TRCNO000
0155902; Sigma-Aldrich), the plasmids were packaged
in lentiviral particles for subsequent infection of the
fibroblasts as previously described.*

2.4 | Measurement of cellular ATP and
CoA concentrations

ATP was extracted from healthy control and P2-derived
fibroblasts grown in basal culture medium after incuba-
tion for 1 h with 100 mM 2-deoxy-D-glucose (2-DG)
(Sigma-Aldrich) or 6 pM oligomycin (Invitrogen). ATP
concentrations were measured using the luciferin-lucifer-
ase-based ATP Bioluminescence Assay Kit CLS 1I
(Roche), following the manufacturer's instructions. The
ATP concentration in each assay was normalized against
the total protein concentration as determined by the
Bradford method.

Total cellular CoA was measured using the Coenzyme
A Assay Kit (Abcam) according to the manufacturer's
instructions. Briefly, the cells were trypsinized and resus-
pended in 250 pl of lysis buffer without SDS (Mammalian
Cell Lysis Buffer [Abcam]), incubated for 15 min at room
temperature, and centrifuged at 1500g for 5 min. For each
measurement, 50 pl of supernatant was used. CoA levels
were determined by taking into account the number of
cells present.
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2.5 | Mitochondrial function
The oxygen consumption rate of control and P2-derived
fibroblasts was measured using an XF24 Extracellular
Flux Analyzer (Seahorse Bioscience, Izasa Scientific).
MitoStress analysis was performed as described by ref. 19.
Electron microscopy imaging of control and
P2-derived fibroblasts was performed as described by ref.
21 using a JEM1400 Flash (JEOL Ltd) electron micro-
scope operating at 80 kV. Images were recorded with a
4k CMOS Oneview camera (Gatan). For the morphomet-
ric analysis of mitochondria, the major and minor axes of
at least 100 randomly selected mitochondria were mea-
sured. The aspect ratio was defined as the major axis/
minor axis ratio.”” The minimum aspect ratio of 1 corre-
sponds to a perfect circle.

2.6 | Functional analysis of mutations in
Saccharomyces cerevisiae

S. cerevisiae was grown at 28°C in YPD (1% yeast extract,
2% peptone, and 2% dextrose) or in a synthetic medium
lacking uracil or leucine for plasmid selection. The syn-
thetic medium was composed of 0.17% yeast nitrogen
base (YNB) without ammonium sulfate or amino acids,
0.5% ammonium sulfate, 2% glucose, and 0.13% drop-out
mix.>® Growth tests were performed in drops as previ-
ously described,”**> growing cells to saturation 72 h.
Dilutions were made to ODgy, = 0.005 in fresh medium
containing doxycycline and distributed in triplicate in
96-well plates (Thermo Fisher Scientific). A Synergy HTX
multi-mode reader apparatus (Biotek) was used to moni-
tor cell growth at 28°C by reading the ODgg every
30 min for 88 h. Plates were shaken at low agitation over
the entire experimental period.

The yeast strains used in this work were MAR24
(MATa ura3-52 leu2-3112 trpl-1 his4 can-1r ptetO-HAL3
vhs3::URA3), MAR25 (MATa/MATo ura3-52 leu2-3112
trpl-1 his4 can-1r CAB3/cab3::KANMX4), and JA104
(MATa ura3-52 leu2-3112 his4 trpl-1 can-1r hal3:
LEU2).">"®> To monitor the growth of strain MAR24
in liquid medium supplemented with doxycycline, and
of JA104 in solid medium in the presence of LiCl,
the strains were transformed with plasmids
YCp111HAL3*® or YEp195HAL3?’ (the latter providing
the wild-type HAL3 gene in a URA3-based high copy
plasmid) or with the S. cerevisiee HAL3 p.Thr53Pro
(T302P) and p.Ala95Val (A385V) human-like variants.
These changes were introduced into the YEp195HAL3
plasmid using the Quickchange™ Lightning Site-
Directed Mutagenesis Kit (Agilent) following the sup-
plier's instructions. For tetrad analysis, strain MAR25

was transformed with the centromeric plasmids bearing
native Cab3 (YCp33-3FLAG-YKLO088w) or its p.Thr53Pro
(T347P) and p.Ala95Val (A398V) human-like variants.
Sporulation and tetrad analysis procedures were per-
formed as described in ref. 23. Figure S5 provides a flow-
chart describing the functional tests performed in yeasts.

2.7 | Statistical analysis

Values are expressed as means or means + SD of inde-
pendently performed experiments. Differences between
means were examined using the Student's ¢ test. Signifi-
cance was set at p < 0.05. All calculations were per-
formed using GraphPad Prism 6 (GraphPad Software).

3 | RESULTS

Exome sequencing was performed in DNA from P2. A
total of 34 967 variants were initially filtered based on
their predicted consequences, and on a minor allele fre-
quency (MAF) of 0.5% within the gnomAD database. A
virtual phenotypic panel analysis was then undertaken
using HPO terms, but the results were inconclusive. The
filtered variants were then subjected to an agnostic analy-
sis considering autosomal recessive inheritance. Variants
potentially pathogenic or with unknown clinical signifi-
cance (VUS), as assessed using the Varsome platform
(https://varsome.com/), were prioritized by reducing
the list to 23 variants (Table S2) in 15 different genes.
Finally, two potential heterozygous single nucleotide
variants (SNVs)—c.157A>C (p.Thr53Pro) and ¢.284C>T
(p.Ala95Val)—of PPCDC were selected following the
analysis in different databases of the functional role of
each gene. These variants were either absent or present
with a very low allelic frequency (c.284C>T; MAF:
0.0000319) in the gnomAD database and absent from the
Collaborative Spanish Variant Server (CSVS). All muta-
tion predictors indicated potential pathogenicity. Follow-
ing ACMG criteria, p.Thr53Pro and p.Ala95Val were
classified as VUS (codes PM2 andPP3). Mendelian segre-
gation analysis of the parents' samples indicated
c.157A>C and ¢.284C>T in the maternal and paternal
alleles, respectively (Figure 2A). P1 was confirmed as a
carrier of both variants. Both variants were present in
similar amounts in the mRNA of P2-derived fibroblasts
compared to healthy control fibroblasts. GeneMatcher
detected no further issues of interest.

Sequence alignments against bacteria through to mice
indicated the Thr53 and Ala95 residues (Figure 2B) to be
strongly conserved. Based on the crystal structure of
human PPCDC, possible functional effects for both
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FIGURE 2 Identification of PPCDC variants and their possible harmful effects. (A) Pedigree and chromatogram of the PPCDC variants
identified in P1 and P2. (B) Analysis of conservation and localization of variant PPCDC; protein sequence alignment with different species

using the ConSurf Server. Color code in the upper panel. The amino acids corresponding to human Thr53 and Ala95 are marked with red
squares. (C) Location of the substitutions p.Thr53Pro (T53P) and p.Ala95Val (A95V) in the PPCDC protein (PDB entry 1QZU), showing the
natural amino acid (on the left) and the substitution (on the right). Hydrogen bonds are represented with dotted lines. The Van der Waals

surface for Ala95 and the surrounding side chains is represented as dots. A56, Ala56; FMN, flavin mononucleotide.

pathogenic variants are proposed (Figure 2C). The side
chain of residue Thr53 participates directly in the binding
of the phosphate group of FMN and establishes an H-
bond with the amino group of Ala56, stabilizing the first
turn of the o-helix. In addition, the amino group of Thr53
makes an H-bond with the carbonyl oxygen of Val24, sta-
bilizing the H-bonds in the f-strand that nucleates the
protein. All of these interactions would be hampered by
replacing Thr53 with a proline; thus, mutation p.-
Thr53Pro should reduce affinity for the essential cofactor
FMN and likely cause protein folding and stability prob-
lems. In addition, the side chain of Ala95 is buried in a
hydrophobic cavity formed by the side chains of residues
Leu21, Trp94, and Trpl127. The presence of a larger Val at
this position would cause a steric hindrance difficult to

resolve given the limited mobility of the large Leu and
Trp residues. Thus, mutation p.Ala95Val likely causes
protein folding and stability problems.

The potential effects of the variants on the PPCDC
protein were then examined. Steady-state protein was
undetectable by Western blotting in P2-derived fibro-
blasts, while a 22 kDa protein was detected in the healthy
control cells (Figure 3A). Antibodies detected a complex
SDS-PAGE pattern, including a 22 kDa band present in
the control but absent from the P2 protein extract that
matched the predicted size of the PPCDC monomer
(22 282 Da). Transfection of healthy control and
P2-derived fibroblasts with wild-type PPCDC cDNA
recovered the 22 kDa band (Figure S1). Similar results
were obtained using native PAGE gels, which revealed a
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FIGURE 3 Western blot analysis and measurement of CoA levels in P2-derived fibroblasts. (A) Western blot following SDS-PAGE, and
(B) native PAGE analysis of PPCDC in control fibroblasts (C) and P2-derived fibroblasts. Tubulin and ATP5A were used as loading controls.
(C) Concentration of CoA in cell extracts from healthy control (C) and P2-derived fibroblasts determined using a fluorometric method

(performed with six biological replicates). Student's ¢ test analysis performed (***p < 0.001). The plotted data are normalized with respect to

the control data in each experiment.

66 kDa protein corresponding to the expected homotri-
mer assembly in the healthy control; this was absent
from the P2-derived fibroblasts (Figure 3B).

The expression and subcellular localization of native
PPCDC and the p.Thr53Pro and p.Ala95Val variants were
assessed by confocal microscopy in P2-derived fibroblast
using N-terminal mCherry tagged constructs (Figure S2).
PPCDC protein was detected in both healthy control and
P2-derived fibroblasts always cytosolic and with no obvi-
ous differences in quantity. A different detection capacity
of the antibodies used and/or the stabilizing effect of the
mCherry label could explain the apparent discrepancy
between the results of western blot and immunofluores-
cence analysis.

3.1 | Biochemical phenotyping of P2-
derived fibroblasts

To gain further insight into the metabolic impact of
PPCDC deficiency, CoA in cell extracts was determined
fluorometrically. A significant (43%) reduction in CoA
was seen in the P2-derived fibroblasts compared to
healthy controls (Figure 3C).

Since a reduction in CoA would likely have different
metabolic effects, mitochondrial respiration was studied
in P2-derived fibroblasts grown under standard condi-
tions (glucose), or in the presence of galactose (forcing
the cell to obtain energy via mitochondrial respiration).
Significant differences in respiratory variables were

observed between the healthy control and P2-derived
fibroblasts (Figure 4). In the presence of galactose, a sig-
nificant reduction was seen in the latter in terms of the
maximum respiration (Rmax) and the reserve capacity
(Spare). However, ATP levels in these cells were signifi-
cantly increased in the presence of glucose (Figure S3).
The inhibition of glycolysis with 2'-deoxy-D-glucose led
to a drastic decrease in intracellular ATP concentrations
(Figure S3); thus, ATP production occurs via the glyco-
lytic pathway rather than mitochondrial respiration.

Finally, mitochondrial ultrastructure was assessed via
mitochondrial elongation (measuring the aspect ratio).
No variation was seen in this respect, nor in the structure
of the cristae between the control and P2-derived fibro-
blasts (Figure S4).

3.2 | Modeling the disease in PPCDC
knock-down fibroblasts

A knock-down model of healthy, control fibroblasts was
used to determine the impact of reducing PPCDC on total
CoA. Five shRNAs directed against different regions of
PPCDC were tested. The efficiency of their interference
was verified by RT-qPCR (data not shown) and Western
blotting (Figure 5A). sh3 and sh4 were selected to assess
the silencing effect on CoA levels in cell extracts.
Figure 5B shows that the CoA levels underwent a signifi-
cant reduction of 26% for the sh3 model compared to the
control ShRNA, and 17% for sh4. These results reinforce
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FIGURE 4 Mitochondrial respiration with glucose/galactose. Representative respiratory profile in healthy control (C) and P2-derived
fibroblasts, in the presence of glucose (solid line) and galactose (dotted line), and after the consecutive addition of oligomycin 6 pM (OL),
FCCP 20 pM (FCCP), rotenone and antimycin A 1 pM (R/A). All data are the average of at least three biological replicates of experiments
performed in triplicate-quintuplicate. Student's ¢ test analysis performed (**p < 0.01; ***p < 0.001). Rmax, maximum respiration; Spare,
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shRNA, showing the results for two (sh3 and sh4). Tubulin and GAPDH were used as loading controls. Citrate synthase (CS) was used as a
mitochondrial marker. (B) Cellular CoA levels after interference with sh3 and sh4. Data are from at least five experiments performed in
triplicate. shsc, control shRNA; shx, 5 different shRNA. Student's ¢ test analysis performed (*p < 0.05). The plotted data are normalized with

respect to the control data in each experiment.

the P2-derived fibroblast data which revealed an almost
complete absence of PPCDC in these cells, although the
CoA levels were not drastically reduced.

3.3 | Phenotypic analysis of the specific
mutations in a yeast model

To verify whether the p.Thr53Pro and p.Ala95Val vari-
ants identified in the human PPCDC gene impair its
function and might be responsible for the clinical and
biochemical phenotype observed in the patients, the yeast
S. cerevisiae was used as a model (see flowchart in
Figure S5 describing the functional tests performed).
Overexpression of the Hal3 protein is known to confer

tolerance to toxic monovalent cations, such as LiCl, an
effect derived from its capacity to inhibit the Ppzl phos-
phatase. In the first instance, the growth behavior of the
haploid strain JA104, which is defective in HALS3, after its
transformation with multicopy plasmids bearing either
native Hal3 or its human-like p.Thr53Pro and p.Ala95Val
variants, was assessed; this was performed on a solid
medium with different concentrations of LiCl. A dra-
matic reduction in LiCl tolerance was detected in clones
bearing either mutation compared to the wild-type
(Figure S6).

The capacity of the variants to impair CoA synthesis
was also tested by transforming yeast strain MAR24
(a conditional hal3 vhs3 double mutant in which the
VHS3 gene is deleted and the HAL3 promoter replaced
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(A) Growth curves of the Saccharomyces cerevisiae strain MAR24. The haploid strain MAR24 (tetO:hal3 vhs3) was

transformed with YCpl11-based plasmid expressing either wild-type Hal3 (WT), its human-like p.Thr53Pro (T53P) and p.Ala95Val (A95V)
variants, or the YCp111 empty plasmid as a negative control. Cells were grown in YNB medium with doxycycline at 28°C on a shaking
platform. Data are means + SD. (B) A temperature-sensitive phenotype is conferred by the expression of the human-like p.Thr53Pro and
p-Ala95Val Cab3 variants in S. cerevisiae. The diploid strain MAR25, heterozygous for the cab3:KANMX4 deletion was transformed with
centromeric plasmids bearing native Cab3 or its human-like p.Thr53Pro (T53P) and p.Ala95Val (A95V) variants. Cells were induced to
sporulate and tetrad analysis was performed. Spores (haploid cells) from several tetrads were analyzed for the presence of the CAB3 deletion
and the plasmid. Cultures were spotted on plates of synthetic medium lacking uracil and grown at 28°C and 37°C for 3 days, or at 40°C for

5 days.

by a doxycycline-regulatable tetO promoter'®) with the
wild-type YCp111HAL3 plasmid, or the HAL3 human-
like p.Thr53Pro and p.Ala95Val variants. In YNB liquid
medium supplemented with doxycycline, which strongly
represses the expression of native HAL3,">*® no growth
was observed for clones with the yeast p.Thr53Pro vari-
ant, or for those transformed with YCp111 (empty vec-
tor). Clones bearing the human-like p.Ala95Val variant,
however, while showing moderate growth delay, reached
a final density of ~84% compared to the wild-type
(Figure 6A). Because the lethality in yeast of the hal3
vhs3 double mutation does not depend on Ppz1 activity,"”
but on the inability of building up a functional PPCDC
heterotrimer,"? these results suggest that the human-like
p-Thr53Pro variant, and particularly the p.Ala95Val vari-
ant, in addition to their effect on Ppzl regulation, might
affect CoA synthesis.

To further test the effect of p.Thr53Pro and p.-
Ala95Val on CoA biosynthesis, plasmids bearing native
Cab3 (essential for PPCDC activity) or its corresponding
variants were introduced into the diploid heterozygous

strain MAR25, in which one of the alleles of CAB3 is
deleted. The cells were induced to sporulate, and tetrads
were dissected to isolate viable haploid spores. Whereas
cells transformed with the empty vector showed the char-
acteristic 2:2 segregations (only two spores germinate),
most tetrads carrying the native Cab3, or its mutated ver-
sions, gave rise to four viable spores (not shown). This
indicates that, at least in part, the extrachromosomal
material is able to rescue Cab3 deficiency. To better char-
acterize the behavior of the mutated versions, viable hap-
loid clones with the CAB3 deletion were grown and
tested for a temperature-sensitivity phenotype. Figure 6B
shows that clones bearing the p.Thr53Pro variant grew
slightly worse than the wild-type at 37°C; at 40°C
reduced growth was clearly observed for clones expres-
sing either the p.Thr53Pro or p.Ala95Val human-like var-
iants of Cab3. These results suggest that the mutated
versions are associated with a temperature-sensitive phe-
notype, implying some degree of structural destabiliza-
tion and that this defect is stronger for the p.Thr53Pro
variant.
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4 | DISCUSSION

Massive parallel sequencing in combination with func-
tional genomics represents an undeniable advance in
diagnosing patients with severe, ultra-rare diseases. The
ability to identify patients with defects in genes never
associated with any pathology not only provides insight
into cellular metabolism, but also offers clues regarding
early treatments that might help avoid organ damage.
The present work describes variants of PPCDC, one of
the four genes involved in the synthesis of CoA in
humans, that are associated with an ultra-rare form of
autosomal recessive, dilated cardiomyopathy.

Whole exome sequencing identified PPCDC biallelic
variants in two sisters. The strong conservation of the
affected residues suggested these variants to be harmful.
Computational analysis indicated that variants p.-
Thr53Pro and p.Ala95Val would likely affect protein
folding and stability, and also, the p.Thr53Pro would
predictably affect the binding of FMN. The potential
pathogenic effect correlates with the absence of steady
levels of PPCDC protein in P2-derived fibroblasts. How-
ever, while the two cellular models of disease (patient-
derived fibroblasts and the knock-down model) pro-
duced no detectable protein, CoA was not completely
absent (a reduction of 43% was detected in patient-
derived fibroblast and a decrease of 17%-25% in the
knock-down model). Such apparent discrepancies have
also been described for other defects impacting the CoA
synthesis pathway (such as those in PPCS, PKAN2, or
COASY)' and can be justified by two alternative and
non-exclusive explanations: that the mutant proteins
retain some residual activity and/or that cells might syn-
thesize CoA from exogenous 4'-phosphopantetheine.®”
Such alternative routes could help maintain the CoA
pool in cultured cells.”® Recent studies associate the
PI3K pathway with the regulation of de novo CoA
synthesis,*® highlighting the different regulatory mecha-
nisms that could be controlling this pathway. Thus,
phenotypes induced by intracellular CoA reduction can
be reversed when exogenous CoA is provided except in
COASY defects due to the need for its activity to convert
4'-phosphopantetheine to CoA.

After a VUS variant is identified, a functional assess-
ment is required to determine the relationship between
the genotype and the phenotype. The present work
reveals the pathogenicity of the studied variants and their
possible effects via the use of a yeast model. The complete
lack of PPCDC function in S. cerevisiae is lethal, and
PPCDC activity requires the presence of Cab3 and either
Hal3 or Vhs3. Neither of the studied human variants
allowed for normal growth when the corresponding yeast
genes were expressed in conditional hal3 vhs3 mutants or

cab3 mutants. In fact, the temperature-sensitive loss of
function of both Cab3 variants suggests that these muta-
tions result in a less stable protein, an observation that
fits well with the undetectable levels observed in the
derived fibroblast models.

To date, two types of clinical phenotypes have been
associated with deficiencies in this pathway. Patients
with defects in PANK2 and COASY manifest an early
onset neurodegenerative pathology,®>' while those with
mutations in PPCS (identified in five individuals from
unrelated families) show different degrees of dilated car-
diomyopathy but no neurodegenerative symptoms.'’
Both present patients had dilated cardiomyopathy, lactic
acidosis, and long-chain acylcarnitine as well as the more
severe form of PPCS-affected patient (Table S3). In both
defects, low CoA levels in the heart might be related to
this. It is worth noting that in bacteria both PPCS and
PPCDC activities are combined into a bifunctional
CoaBC protein, which in Mycobacterium tuberculosis has
been shown to form an oligomeric complex.*” In addi-
tion, it has been proposed that, in yeast, the CoA biosyn-
thesis enzymes (except pantothenate kinase Cabl)
associate in a CoA synthesizing complex (CoA-SPC) with
Cab3 as a nuclear component.®® It is tempting to hypoth-
esize that the strong effects of PPCS and PPCDC defi-
ciency in humans, with particular emphasis in tissues
(such as the heart) with high energy requirements, could
be related to the formation of the core of a larger CoA-
synthesizing protein complex. Further analysis in
cardiomyocyte-derived iPSC will provide insight into the
specific phenotype and the cardiac function affected.

Both present patients debuted in the neonatal period
with clinical and biochemical phenotypes compatible with
impairment of FAO. In fact, the metabolic signature of
these patients involved increased levels of acylcarnitine
and long-chain dicarboxylic acylcarnitine (C14 and C16).
This biochemical phenotype is similar to that described for
some mitochondrial fB-oxidation-associated defects, such
as Carnitine palmitoyltransferase 2 (MIM#600649) and
Very long-chain acyl-CoA dehydrogenase (MIM#201475)
deficiencies.®* It has also been described in Pankl ™/~ mice
with defects in the hepatic enzyme pantothenate kinase
1 (PANK1).*® Indeed, the biochemical signatures were
consistent with a possible reduction in intracellular CoA
that could possibly have led to a reduced synthesis of acti-
vated long-chain fatty acids.'® The determinations of total
CoA would seem to corroborate the hypothesis of a possi-
ble reduction in intracellular CoA. This would be more
significant in a cellular compartment with higher require-
ments, such as the mitochondria.

The loss of maximal respiratory capacity and the high
levels of total ATP measured in the P2-derived fibroblasts in
the presence of glucose would seem to indicate an increase
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in the use of the glycolytic pathway to produce energy. In
summary, the values for the biochemical variables measured
in physiological fluids and patient-derived fibroblasts would
appear to indicate a mitochondrial defect associated with a
reduced capacity to catabolize fatty acids.

CoA and its derivatives play a central role in regulat-
ing cardiac energy metabolism since the heart's principal
energy source comes from the oxidation of fatty acids and
a lesser extent from glucose.*® Based on this hypothesis,
the phenotype and outcome of patients with higher CoA
requirements should be experiencing more severe cardiac
alterations.

Both patients died in the first year of life; no treat-
ment was possible. However, based on the promising
results obtained with a Drosophila PPCS model,'® the
very early detection of these pathologies might allow
for 4’-phosphopanthoteine supplementation with
the aim of bypassing PPCDC deficiency. Genomic
screening of newborns would allow for the implemen-
tation of personalized treatments for those who
require it.>’

In summary, this work identifies variants in PPCDC
that cause an ultra-rare metabolic disease affecting the
CoA synthesis pathway. These are the first variants of
this gene to be associated with human disease.
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