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Abstract

Background: Neurodegeneration with brain iron accumulation (NBIA) is a group of genetic neurological disorders
frequently associated with iron accumulation in the basal nuclei of the brain characterized by progressive spasticity,
dystonia, muscle rigidity, neuropsychiatric symptoms, and retinal degeneration or optic nerve atrophy. Pantothenate
kinase-associated neurodegeneration (PKAN) is the most widespread NBIA disorder. It is caused by mutations in the
gene of pantothenate kinase 2 (PANK2) which catalyzes the first reaction of coenzyme A (CoA) biosynthesis. Thus,
altered PANK2 activity is expected to induce CoA deficiency as well as low levels of essential metabolic intermediates
such as 4’-phosphopantetheine which is a necessary cofactor for critical proteins involved in cytosolic and mitochon-
drial pathways such as fatty acid biosynthesis, mitochondrial respiratory complex | assembly and lysine and tetrahy-
drofolate metabolism, among other metabolic processes.

Methods: In this manuscript, we examined the effect of PANK2 mutations on the expression levels of proteins with
phosphopantetheine cofactors in fibroblast derived from PKAN patients. These proteins include cytosolic acyl carrier
protein (ACP), which is integrated within the multifunctional polypeptide chain of the fatty acid synthase involved

in cytosolic fatty acid biosynthesis type | (FASI); mitochondrial ACP (mtACP) associated with mitocondrial fatty acid
biosynthesis type Il (FASII); mitochondrial alpha-aminoadipic semialdehyde synthase (AASS); and 10-formyltetrahydro-
folate dehydrogenases (cytosolic, ALD1L1, and mitochondrial, ALD1L2).

Results: In PKAN fibroblasts the expression levels of cytosolic FAS and ALD1L1 were not affected while the expres-
sion levels of mtACP, AASS and ALD1L2 were markedly reduced, suggesting that 4’-phosphopantetheinylation

of mitochondrial but no cytosolic proteins were markedly affected in PKAN patients. Furthermore, the correction
of PANK2 expression levels by treatment with pantothenate in selected mutations with residual enzyme content
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pathophysiology.

was able to correct the expression levels of mitochondrial phosphopantetheinyl-proteins and restore the affected
pathways. The positive effects of pantothenate in particular mutations were also corroborated in induced neurons
obtained by direct reprograming of mutant PANK2 fibroblasts.

Conclusions: Our results suggest that the expression levels of mitochondrial phosphopantetheinyl-proteins are
severely reduced in PKAN cells and that in selected mutations pantothenate increases the expression levels of
both PANK2 and mitochondrial phosphopantetheinyl-proteins associated with remarkable improvement of cell

Keywords: Pantothenate kinase, Pantothenate kinase-associated neurodegeneration, Coenzyme A, Mitochondria,
Pantothenate, Induced neurons, Acyl carrier protein, 4-phosphopantetheinylation

Background

The term Neurodegeneration with Brain Iron Accu-
mulation (NBIA) refers to a group of genetic and pro-
gressive neurodegenerative diseases characterized by
dystonia, rigidity, and choreoathetosis caused by iron
accumulation in certain parts of the brain mainly basal
ganglia [1, 2]. Currently, 15 genes have been identified
to cause the main clinical entities of NBIA [3]. How-
ever, the causative mutation is unknown in around 20%
of cases [4].

More than 50% of cases of NBIA are originated by
mutations in the gene of pantothenate kinase 2 (PANK2)
which encodes an essential enzyme in coenzyme A (CoA)
biosynthesis [5]. This clinical subtype is termed panto-
thenate kinase-associated neurodegeneration (PKAN).
The pantothenate kinase gene family includes PANKI1a,
PANK1b, PANK2 and PANK 3, but only the PANK?2, is
the gene responsible for PKAN. PANK2 enzyme is local-
ized in mitochondrial intermembrane space and trans-
forms (R)-pantothenate into (R)-4’-phosphopantothenate
using ATP.

The enzyme alteration causes coenzyme A deficiency,
mitochondria dysfunction and low energy production,
intracellular iron accumulation, alterations in cell mem-
branes renewal and impaired protection against oxidative
damage, which provokes lipid peroxidation and patho-
logical changes of cell membranes, and eventually cell
demise [4, 6]. Altered mitochondrial membrane poten-
tial and defective mitochondrial respiration have been
demonstrated in PANK2-defective neurons derived from
KO mice [7] and in cellular models derived from PKAN
patients [8—10]. However, the precise pathological mech-
anisms involved in PKAN are not completely understood.

Apart of metabolic alterations including impair-
ment of the citric acid cycle, sterol and steroid biosyn-
thesis, heme biosynthesis, amino acid synthesis, and
B-oxidation [11], low CoA levels particularly in mito-
chondria can also affect the 4’-phosphopantetheinyla-
tion of essential proteins for mitochondrial function
and cell homeostasis [12]. The rationale is that CoA
is the supply source for the 4/-phosphopantetheine

moiety needed for the posttranslational 4’-phospho-
pantetheinylation required to activate specific proteins.

Thus, multi-enzyme complexes which sequentially
catalyse several reactions are often dependent on the
covalent binding of a 4/-phosphopantetheine cofac-
tor to specific proteins. This protein carries metabolic
intermediates in the process of different enzymatic
reactions. In mammals, the transfer of the 4’-phos-
phopantetheinyl cofactor from coenzyme A to specific
proteins takes place following protein biosynthesis as a
post-translational modification [13]. Thus, 4’-phospho-
pantetheinylation is necessary for the transformation
enzymes into their full-active forms [13].

In mammals, 4/-phosphopantetheinylation is
required for several enzymes, including acyl carrier
protein (ACP) in type I Fatty Acid Synthesis (FAS) and
mitochondrial ACP (mtACP) in type II mitochondrial
FAS, a-Aminoadipate semialdehyde synthase (AASS) in
lysine metabolism and 10-formyltetrahydrofolate dehy-
drogenase (10-FTHFDH) with two isoforms (Cytosolic
10-FTHFDH or ALDHI1L1 and mitocondrial 10-FTH-
FDH or ALDH1L2) involved in folate metabolism [13].
Surprisingly, mammals only encode one unique phos-
phopantetheinyl transferase (PPTase) in their genome
which is called L-aminoadipate-semialdehyde dehydro-
genase-phosphopantetheinyl transferase (AASDHPPT)
[14]. The enzyme catalyzes the hydrolysis of coenzyme
A to 3',5'-adenosine diphosphate and 4’-phospho-
pantetheine, and the transfer of the 4’-phosphopanteth-
einyl moiety to a serine residue at the active site of the
particular proteins.

The mammalian 10-FTHFDH requires a 4’-phospho-
pantetheine cofactor for catalysis [15]. This enzyme is
phosphopantetheinylated by AASDHPPT, and siRNA
silencing of this enzyme completely blocks the post-
translational modification of 10-FTHFDH. A mito-
chondrial homolog of 10-FTHFDH was found to be
activated by the same PPTase [16]. The human PPTase
AASDHPPT acts on several of apo-proteins [13], sug-
gesting that is not specific for particular proteins.
Recently, the human PPTase has been crystallized
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allowing a better knowledge of its molecular mecha-
nism [17].

The mitochondrial localization of PANK2 and the reg-
ulation of PANK?2 activity by species of acyl CoA may
have potential importance for the presence of a inde-
pendent biosynthesis pathway of fatty acids in type II
mitochondrial FAS [18]. The fatty acid synthase complex
uses acetyl and malonyl CoA in addition to acyl carrier
protein (ACP), which depends on a phosphopantetheine
cofactor for its function as an acyl carrier. Although the
cytosolic ACP and fatty acid synthetase complex have
been described as the main proteins participating in fatty
acid synthesis, a mtACP protein different from cytosolic
ACP, and containing a phosphopantetheine prosthetic
group, has also been identified [19, 20]. The specific
meaning for a separate pathway for fatty acid synthesis in
the mitochondrial compartment is not completely under-
stood, although several findings show that it may be
essential for phospholipid metabolism in mitochondrial
membranes [21, 22].

Recently, it has been demonstrated that CoA-depend-
ent activation of mitochondrial acyl carrier protein
(mtACP) is a possible process linking several neurode-
generative diseases such as PKAN, CoPAN (CoA syn-
thase protein-associated neurodegeneration), MePAN
(Mitochondrial enoyl CoA reductase protein-associated
neurodegeneration), and PDH-E2 (pyruvate dehydro-
genase-E2) deficiency which share key phenotypic fea-
tures but harbor defects in distinct metabolic processes
[12]. Specific severe damage to the globus pallidus, one
of the nuclei that make up the basal ganglia, occurs in
these hereditary neurodegenerative disorders, which are
caused by defects in CoA biosynthesis (PKAN, CoPAN),
protein lipoylation (MePAN), and pyruvate dehydroge-
nase activity (PDH-E2 deficiency). The authors propose
that CoA-dependent activation of mtACP is a possible
event connecting these clinical and molecular entities
through its effect on PDH activity.

In this work using cellular models derived from PKAN
patients, we examine the hypothesis that CoA deficiency
caused by PANK2 mutations may affect the expres-
sion levels and activity of key mitochondrial proteins
harboring a 4/-phosphopantetheiny cofactor such as
mtACP, ALDH1L2 or AASS. The pathophysiological and
therapeutic consequences of these alterations are also
discussed.

Results

Expression levels of mitochondrial 4’-phosphopantetheinyl
proteins are markedly reduced in fibroblasts derived

from PKAN patients

In a previous work, we analyzed PANK2 expression
levels in fibroblast cell lines derived from three PKAN
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patients and three healthy subjects [8]. Two PKAN
patients, P1 and P2, harbouring compound heterozy-
gous mutations and decreased PANK2 expression lev-
els, while patient P3 carried a homozygous frame shift
mutation that results in the complete lack of PANK2
expression [8]. As shown by Western-blot analysis
in Fig. la, PANK2 expression levels were markedly
reduced in patients P1 and P2 and practically absent
in P3 while normal expression levels were present in
control fibroblasts. As a compensatory mechanism for
PANK2 deficiency, expression levels of PANK1 were
significantly increased in all three PANK2 mutant
fibroblasts. However, expression levels of PANK3 were
not altered.

Interestingly, supplementation with pantothenate
(500 uM), the substrate of the PANK2 enzyme, was able
to stabilize the expression levels of the mutant enzyme
in selected patients, P1 and P2, but not in P3 fibroblasts
with a frame shift mutation (Fig. 1la, b) [8]. To further
characterize the pathological consequences of CoA
deficiency in PANK2 mutations, we then examined the
expression of cytosolic and mitochondrial proteins car-
rying 4’-phosphopantetheine cofactors, an intermediate
metabolite in the CoA biosynthesis pathway. Expression
levels of mitochondrial 4/-phosphopantetheinyl pro-
teins such as mtACP, AASS and ALD1L2 were markedly
reduced in PANK 2 fibroblasts. However, the expres-
sion levels of cytosolic FAS, which also contains an ACP
domain containing phosphopantetheine, and ALDILI,
the cytosolic counterpart of ALD1L2, were not affected.
These results suggest that the mitochondrial, but not the
cytosolic, phosphopantetheinyl-proteins was severely
affected in PKAN. Interestingly, pantothenate treatment
significantly restored the expression levels of 4’-phospho-
pantetheinyl proteins in responder PKAN fibroblasts, P1
and P2, but not in non-responder P3 fibroblasts (Fig. 1a,
b).

To compensate the low mitochondrial CoA levels in
PKAN cells [8], the expression levels of AASDHPPT, the
enzyme responsible of the transfer of phosphopanteth-
eine from CoA to particular proteins, were markedly
increase in all PKAN fibroblasts. As expected, pantoth-
enate treatment corrected the expression levels of AAS-
DHPPT in responder mutations (P1 and P2) but not in
fibroblast harbouring bi-allelic mutations encoding trun-
cated PANK2 proteins (P3). The positive effect of pan-
tothenate on PANK2 and mtACP expression levels was
dose dependent in responder mutant fibroblasts (Fig. 2a,
b). Furthermore, the favourable effect of pantothenate on
PANK?2 protein expression levels was associated with an
increase in the steady-state levels of PANK2 transcripts
(Fig. 3) suggesting that pantothenate was able to up-reg-
ulate PANK2 gene expression or transcript stabilization.
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Fig. 1 Expression levels of 4-phosphopantetheinyl proteins in mutant PANK2 fibroblasts. a Immunoblotting analysis of cellular extracts from
Control (C) and patients P1, P2 and P3 fibroblasts. Cells were treated with 500 uM pantothenate for 20 days. Protein extracts (50 pg) were separated
on a SDS polyacrylamide gel and immunostained with antibodies against PANK1, PANK2, PANK3 and the 4’-phosphopantetheinyl proteins cytosolic
FAS and ALD1L1 and mitochondrial mt-ACP, AASS and ALD1L2. b Densitometry of the Western blotting. Data represent the mean = SD of three
separate experiments. *p <0.01 between PKAN patients and controls; °p < 0.01 between untreated and treated fibroblasts. A.U, arbitrary units.
R=responder fibroblasts

Mitochondrial protein lipoylation was reduced in PKAN potentially induced by mtACP deficiency. Thus, as
fibroblasts mtACP is essential for lipoic acid synthesis by mito-
Next, we focused in the pathological alterations chondrial FAS II [23], we explored protein lipoylation in
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Fig. 2 Dose-effect of pantothenate treatment on PANK2 and mt-ACP expression levels. a Control (C1) and PKAN fibroblasts (P1, P2 and P3)

were treated with increasing concentrations of pantothenate (1, 5, 10, 50, 500 uM) for 20 days. Protein extracts (50 ug) were separated on a SDS
polyacrylamide gel and immunostained with antibodies against PANK2 and mt-ACP. b Densitometry of the Western blotting. Data represent the
mean = SD of three separate experiments. *p < 0.01 between PKAN patients and controls; °p < 0.01 between untreated and treated fibroblasts. A.U,,
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control and PKAN fibroblasts. Lipoic acid is a cofactor
central to cellular metabolism [24, 25]. As a lysine post-
translational modification on particular components of
enzymatic complexes, this functional group is required
for the activities of these multimeric complexes [26, 27].
For example, the pyruvate dehydrogenase (PDH) and
alpha-ketoglutarate (KDH) complexes regulate carbon
entry points into the central metabolic pathway of the
tricarboxylic acid cycle (TCA) cycle [28]. On both com-
plexes, lipoylation is critical for proper enzyme func-
tion, and deficiency of this modification inhibits their
activities.

As in shown in Fig. 4a, b, PDH and KDH lipoyla-
tion were drastically reduced in PKAN fibroblasts.
Accordingly, the enzymatic activity of PDH was mark-
edly reduced in PKAN fibroblast (Fig. 5a). Interestingly,

pantothenate supplementation was able to increase both
mitochondrial protein lipoylation (Fig. 4a, b) and restore
partially PDH activity (Fig. 5a, b) in responder mutant
PANK?2 fibroblasts.

Expression of iron-sulfur cluster biosynthesis proteins were
also affected in PKAN

As ACP also participates in Fe/S cluster biosynthesis
[29], we then explored the expression levels of several
proteins participating in the mitochondrial Fe/S cluster
synthesis complex. As displayed in Fig. 4a, b, expression
levels of NFS1 (NFS1 cysteine desulfurase), ISD11(Iron-
sulfur protein biogenesis, desulfurase-interacting pro-
tein 11) and LYRM4 (LYR Motif Containing 4) were
dramatically reduced in PANK2 mutant fibroblast, sug-
gesting that ACP deficiency causes a disassembly of the



Alvarez-Cérdoba et al. Orphanet J Rare Dis (2021) 16:201

Page 6 of 16

120 -

Gene expression normalized
versus PANK2 %

100 -
80 -
60 -
40 -
20 -
| - m

C + Pant

P1 + Pant

Fig. 3 Effect of pantothenate treatment on PANK2 transcripts. Control (C) and patients P1, P2 and P3 fibroblasts were treated with 500 uM
pantothenate for 20 days. PANK2 transcripts were quantified by gPCR as described in Material and Methods. Data represent the mean =+ SD of three
separate experiments. *p <0.01 between PKAN patients and controls; °p < 0.01 between untreated and treated fibroblasts. A.U,, arbitrary units
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Fe/S cluster synthesis complex and, as a consequence
a deficiency of Fe-S cofactor biosynthesis. To confirm
the hypothesis we next examined cytosol and mito-
chondrial aconitase activity, an enzyme that dependent
of Fe-S prostetic groups. Both cytosolic and mitochon-
drial aconitase activities were significantly reduced in
PKAN mutant fibroblasts. As expected, pantothenate
treatment was able to restore their activities to control
levels in responder mutant cells with residual PANK2
enzyme expression (Fig. 5¢, d).

Expression levels of respiratory complex | proteins were
reduced in PKAN fibroblasts
As mtACP is also critically involved in the assembly
of mitochondrial respiratory complex I [30], we next
evaluated both the expression levels of two subunits
of complex I, MT-ND1 and NDUFAY, and complex I
activity in control and PANK2 mutant fibroblasts.
Expression levels of MT-ND1 and NDUFA9 were
markedly reduced in PKAN fibroblasts suggesting com-
plex I disorganization (Fig. 4a, b). In agreement with
these results the activity of complex I was significantly
reduced in mutant fibroblasts (Fig. 5e, f). The restora-
tion of PANK2 expression levels by pantothenate was
also able to restore the expression levels of complex I
subunits (Fig. 4a, b) and complex I enzymatic activity
(Fig. 5e, f).

Generation of induced neurons from control and PANK2
mutant fibroblasts

To further demonstrate the beneficial effect of pan-
tothenate in specific PANK2 mutations, control and
patient responder fibroblasts were transdifferentiated to
induced neurons by direct reprograming. Thus, control
and PANK2 mutant fibroblasts were infected with lenti-
viral vectors expressing proneural genes Ascll and Blc2
and promoting the knock down of the REST complex
[31]. After transdifferentiation, cells manifested a typical
neuron-like morphology and showed positive immuno-
reactivity against two neuron-specific proteins, Tau and
MAP2 (microtubule associated protein 2). In contrast,
undifferentiated fibroblasts did not show Tau or MAP2
staining. Positive cells for Tau and MAP2 were used
to evaluate neuronal conversion efficiency, which was
approximately 50% in control cells and 20% in PANK2
mutant cells (Additional file 1: Fig. S1a). Neuronal purity
was almost 35% in control cells and 55% in PANK2
mutant cells (Additional file 1: Fig. S1b).

Next, the beneficial effect of pantothenate in mutant
PANK2 induced neurons derived from P1 fibroblasts,
which respond positively to pantothenate supplemen-
tation, was evaluated by examining iron accumulation
using Prussian Blue staining. PANK2 mutant induced
neurons showed increased Prussian Blue staining indi-
cating iron accumulation (Fig. 6a—c). As expected, iron
accumulation was eliminated after 500 pM pantothenate
treatment (Fig. 6a—c).

To corroborate the beneficial effect of pantothen-
ate treatment, PANK2 and ACP expression levels were
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Fig. 4 Expression levels of lipoyl proteins, Fe-S cluster complex proteins and mitochondrial complex | subunits in mutant PANK2 fibroblasts. Control
(C) and PKAN fibroblasts (P1 and P3) were treated with 500 uM pantothenate for 20 days. a Immunoblotting analysis of cellular extracts from
Control (C) and patients P1, P2 and P3 fibroblasts. Protein extracts (50 ug) were separated on a SDS polyacrylamide gel and immunostained with
antibodies against lipoic acid, Fe-S cluster complex proteins NFS1,1SD11 and LYRM4 and mitochondrial complex | subunits MT-ND1 and NDUFA9. b
Densitometry of the Western blotting. Data represent the mean £ SD of three separate experiments. *p <0.01 between PKAN patients and controls;
?p<0.01 between untreated and treated cells. A.U,, arbitrary units. R=responder fibroblasts

addressed in induced neurons. As shown in Fig. 7a, b, Discussion

pantothenate treatment was able to correct the expres-  Our results demonstrate that mitochondrial 4'-phospho-
sion levels of both proteins in mutant PANK2 induced  pantetheinyl-proteins are severely reduced in mutant
neurons. PANK?2 cells and that pantothenate treatment in selected
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mutations increases the expression levels of both PANK2
and mitochondrial phosphopantetheinyl-proteins. This
result is predicted because mitochondrial CoA levels, the
source for the 4’-phosphopantetheinylation in this orga-
nelle, are low in PANK2 mutations [8]. On the contrary,
the increase of PANK2 levels by pantothenate treatment
may increase mitochondria CoA levels in responder
mutations [8] and, as a consequence, may correct at least
partially mitochondrial 4’-phosphopantetheinyl-proteins
levels.

Consistent with a markedly decrease of PANK2
activity and mitochondrial CoA levels, as previously
demonstrated by our group [8], the expression lev-
els of 4’-phosphopantetheinyl proteins such as mtACP,
ALDHI1L2 and AASS were dramatically reduced in
mutant PANK2 cells. In contrast, the expression levels of
AASDHPPT which catalyzes the transfer the 4’-phospho-
pantetheine moiety from coenzyme A to target proteins,
were increased, presumably as a compensatory mecha-
nism to overcome the low mitochondrial CoA levels and
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(See figure on next page.)

Fig. 6 Mutant PANK2 induced neurons show iron accumulation. a Tau positive immunostaining and bright-field (BF) of Prussian Blue staining
images of control (C) and P1 induced neurons after 500 UM pantothenate treatment during 20 days. Scale bar=15 um. b Representative
bright-field images at higher magnification of Control (C) and P1 induced neurons after Prussian Blue staining. Scale bar= 15 ym. ¢ Quantification
of Prussian Blue staining. Data represent the mean = SD of three separate experiments. *p <0.01 between PKAN patients and controls; °p < 0.01

between untreated and treated cells

the 4/-phosphopantetheinylation defect. Our data sug-
gest that the down-regulation of phosphopantetheinyl-
proteins in PANK2 mutant fibroblast was confined to
mitochondria because the expression levels of cytosolic
4/-phosphopantetheinyl proteins such as ALDHIL1 and
FAS were normal.

In agreement with mtACP deficiency, which impairs
lipoic acid biosynthesis in mitochondria, we also show
a specific influence of impaired CoA biosynthesis on
lipoylated protein levels. Thus, PDH lipoylation and
activity were severely reduced in PKAN cells. The activ-
ity of other enzyme complexes such as aKGDH that are
regulated by lipoylation [32] are presumably also affected
because the levels of lipoylated « KGDH are dramatically
reduced (Fig. 4a, b).

Furthermore, mt-ACP deficiency may also affect several
metabolic pathways because mtACP serves to numerous
and crucial mitochondrial functions. Indeed, NDUFABI,
the human ortholog of mtACP, is a subunit (and required
for its assembly) of mitochondrial respiratory complex
I [33, 34] and it is also involved in iron-sulfur biogenesis
[35]. Thus, the prediction would be that under conditions
of mtACP deficiency, complex I activity and iron-sulfur
cluster formation would be also decreased, which is in
agreement with the results obtained by Jeong et al. in a
mouse model of PKAN [36] and the findings of Lambre-
chts et al. in Drosophila models of CoA deficiency [12].
In the mouse model of PKAN they demonstrated the
presence of a specific alterations in the globus pallidus
including impaired complex I activity, reduced activity of
PDH and Fe-S dependent enzymes. All these findings are
consistent with a primary defect in 4’-phosphopantethei-
nylated mtACP [36]. Likewise, in the Drosophila model
under conditions of CoA deficiency, mtACP levels were
decreased associated with reduced protein lipoylation
and PDH activity [12].

Furthermore, it was recently shown in eukaryotic cells
that mtACP is involved in iron-sulfur cluster biogenesis
and stability, indicating an essential role for the 4/- phos-
phopantetheinyl modification of mitochondrial proteins
[37] In Saccharomyces cerevisiae, loss of mtACP leads
to reduced iron-sulfur cluster formation, inactivation
of Fe-S cluster-dependent enzymes such as aconitase,
and activation of iron-responsive factors Aftl and Aft2
[35]. Consistently, decreased Fe-S cluster levels result in

mitochondrial iron accumulation [38]. Abnormal iron
metabolism and decreased aconitase activity are charac-
teristic features of mutant PANK2 fibroblasts, as well as
induced pluripotent stem cells-derived neurons [9, 10].

Our observations in cellular models derived from
PKAN patients corroborated all these predictions and
observations. Thus, mutant PANK?2 fibroblasts showed
marked reductions in both mitochondrial complex I
activity as well as aconitase activity, which depends on
Fe-S center biogenesis.

It is interesting to note that although the altered
PANK2 activity causes perturbations in the expression
of iron-sulfur cluster biosynthesis proteins such as NFSI,
ISD11 and LYRM4, the clinical and neuroimaging find-
ings in patients with PKAN and related disorders are
quite different from primary disorders of Fe-S cluster
biogenesis (globus pallidus involvement in PKAN ver-
sus the preferential leukoencephalopathy pattern seen in
FE-S cluster biogenesis disorders) [12, 39]. This hetero-
geneity of clinical manifestations although needs a bet-
ter clarification can be ascribed to the fact that PANK2
defect (affecting ACP expression levels) also affects mito-
chondrial phospholipids biosynthesis as well as lysine
and folate metabolism among others essential mitochon-
drial pathways [13]. Several critical questions still remain
such as: Why do PANK2 deficiency and some defects
(but not all) of Fe—S cluster biogenesis cause iron over-
load? Why is iron preferentially accumulated in basal
ganglia in PKAN patients?

Our observations together with the findings of other
authors [12] have implications for potential therapeutic
approaches for PKAN. Thus, replacement with lipoic
acid [40] and/or PDH boosting agents such as dichloro-
acetate (DCA) [41] or thiamine [42] may help as com-
plementary therapies in PKAN. However, the alteration
of iron metabolism or other dysfunctions emerging
from downstream of mtACP activity such as of acon-
itase and complex I activities may not benefit from this
approach [12]. Nevertheless, in responder mutations
the best option would be pantothenate treatment that
is able to increase PANK expression, correct CoA levels
in mitochondria [8], and normalize the expression lev-
els of mtACP and other phosphopantetheinyl proteins
in cellular models of PKAN. For those patients with
pantothenate non-responder mutations this strategy is
not feasible and the solution it would be to bypass the
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Fig. 7 Pantothenate corrected PANK2 and mtACP deficiency in mutant PANK2 induced neurons. a Immunoblotting analysis of cellular extracts
from Control (C) and patient P1 induced neurons treated with 500 uM pantothenate during 20 days. Protein extracts (5 pg) were separated on a
SDS polyacrylamide gel and immunostained with antibodies against PANK2 and mtACP. Tau expression levels in induced neurons were used as
loading control. b Densitometry of the Western blotting. Data represent the mean =+ SD of three separate experiments. *p <0.01 between Control
and mutant PKAN induced neurons. °p<0.01 between untreated and treated induced neurons. AU, arbitrary units
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PANK2 defect with 4’-phosphopantetheine or similar
molecules [12].

Pantothenate is the substrate of the defective enzyme
PANK2. The existence of residual enzyme activity in
some individuals with PKAN has suggested the pos-
sibility of treatment using high-dose pantothenate
[43], given that it has no known toxicity in humans.
However, the efficacy of pantothenate supplementa-
tion in ameliorating symptoms has not been system-
atically demonstrated; some individuals have reported
improvement in their symptoms under pantothenate
treatment [1]. According to our results is critical the
identification of patients that can respond positively
to pantothenate by examining the cellular response
to the treatment. Likewise, from a clinical point of
view it would be important to find out the optimal
concentration of pantothenate capable of correcting

pathophysiological alterations in the cell models of par-
ticular mutations. For this reason, precision person-
alised medicine approach in PKAN together with the
pharmacokinetics data of different pantothenate for-
mulations can provide a useful information for making
appropriate therapeutic decisions [44].

In our work, the positive effect of pantothenate has
been also proved in induced neurons derived from
PKAN patients. Thus, pantothenate was able to elimi-
nate iron accumulation and significantly increase the
expression of PANK2 and mtACP in responder muta-
tions confirming previous findings of our group [8].

For future investigations, it could be also interest-
ing to explore the positive effect of pantothenate on
other pathological alterations present in PKAN such
as accantocytosis which is due to alterations of plasma
membrane proteins and/or lipids in erythrocytes [45].
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Conclusion

We show that impaired CoA homeostasis due to
PANK2 mutations leads to decreased expression lev-
els of essential mitochondrial proteins such as mtACP
which participates in lipoic acid biosynthesis, and
consequently affects protein lipoylation and activity
of lipoylated proteins including PDH. Furthermore,
mtACP deficiency was associated to reduce mitochon-
drial complex I activity and down-regulation of pro-
teins forming the Fe/S cluster synthesis complex.

These findings support the hypothesis that PANK2
mutations dramatically alter mitochondrial function
affecting the expression levels of mitochondrial phos-
phopantetheinyl-proteins. Therefore, expression levels
of these proteins can be excellent biomarkers to address
disease severity and effectiveness of potential treat-
ments. Thus, in responder mutations, pantothenate can
rescue PANK2 and all pathological alterations includ-
ing mtACP levels, PDH and complex I activity, and the
expression of Fe—S cluster proteins.

Our results suggest that alterations in mitochondrial
metabolism such as lipoic acid synthesis, complex I
assembly and Fe-S cluster biogenesis may underlie the
neurodegenerative process in PKAN.

Methods

Reagents

Monoclonal Anti-actin antibody, anti-fatty acid synthase
(FAS), Prussian Blue, sodium pantothenate and trypsin
were purchased from Sigma Chemical Co. (St. Louis,
MO). Anti-mitochondrial acyl carrier protein (mtACP),
anti-aminoadipate semialdehyde dehydrogenase phos-
phopantetheinyl transferase (AASDHPPT), anti-NADH
dehydrogenase [ubiquinone] 1 alpha subcomplex subu-
nit 9 (NDUFA9), anti-NADH-ubiquinone oxidoreduc-
tase chain 1 (MTND1), DAPI and Hoechst 3342, were
purchased from Invitrogen/Molecular Probes (Eugene,
OR). NFS1 antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-PANK2, complex
1 activity kit, PDH activity kit and aconitase activity kit
were purchased from Abcam (Cambridge, UK). Anti-
mitochondrial 10-formyltetrahydrofolate dehydrogenase
(ALDH1L2), anti-cytosolic 10-formyltetrahydrofolate
dehydrogenase (ALDH1L1), anti-alpha-aminoadipic sem-
ialdehyde synthase, mitochondrial (AASS), anti-LYRM4,
anti-Tau clone HT7, anti-ISD11, anti-PANK1 and anti-
PANK3 were purchased from Thermo-Fisher (Waltham,
MA). Anti-lipoic acid was acquired from Merck (Darm-
stadt, Germany). A cocktail of protease inhibitors (com-
plete cocktail) was purchased from Boehringer Mannheim
(Indianapolis, IN). The Immun Star HRP substrate kit was
from Bio-Rad Laboratories Inc. (Hercules, CA).
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Ethical statements

Approval of the ethical committee of the Hospital Uni-
versitario Virgen Macarena y Virgen de Rocio de Sevilla
(Spain) was obtained, according to the principles of the
Declaration of Helsinki and all the International Con-
ferences on Harmonization and Good Clinical Practice
Guidelines.

Cell culture

We used primary skin fibroblasts from three unaffected
subjects (control 1, 2 and 3, two adults and one neonatal)
purchased from ATCC and three patients from the Move-
ment Disorder Unit of Hospital Universitario Virgen del
Rocio, Sevilla, Spain, and from the Movement Disorders
Bio-Bank available at the Neurogenetics Unit of the Neu-
rological Institute ‘Carlo Besta’ (INCB), Milan, Italy. One
patient (P1) is compound heterozygous carrier of changes
c.[747dup] that causes a frameshift (p.Arg249Profs)
mutation triggering a premature stop codon and
¢.[1475C>T] (p.Alad92Gly) that causes a missense muta-
tion which is predicted to be damaging by prediction
tools such as PolyPhen2 [46]. The second patient (P2) is
compound heterozygous carrier of changes in position
c.[240_241del] and c.[650C>T] (p.Asp217Gly) which
have been previously described [47]. The third patient
(P3) P3 carries a homozygous mutation c.[1259delG]
causing a frameshift p.[Gly420Valfs*30] mutation [48].
The reference sequence used for the PANK2 mutations
was NM_153638. Control values represent means=+ SD
for three control fibroblast cell lines. Fibroblasts were
grown in DMEM (Sigma) supplemented with 10% FBS
(Sigma), 100 mg/ml streptomycin, 100 U/ml penicillin
and 4 mM l-glutamine (Sigma). All the experiments were
performed with fibroblasts cell cultures with a passage
number < 10.

Immunoblotting

Western blotting was performed using standard Methods
described in previous manuscripts of the research group
[8]. After protein transfer, membranes were incubated
with various primary antibodies diluted 1:1000, and then
with the corresponding secondary antibody coupled to
horseradish peroxidase at a 1:10,000 dilution. Specific
protein complexes were identified using the Immun Star
HRP substrate kit (Biorad Laboratories Inc., Hercules,
CA, USA).

Protein loading was assessed by Ponceau staining and
actin expression levels. If the molecular weight of pro-
teins did not interfere, membranes were re-probed with
different antibodies. In the case of proteins with different
molecular weights, membranes were cut and incubated
with specific antibodies.
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Immunofluorescence microscopy

For immunofluorescence studies, we followed a pro-
tocol previously described by our research group [49].
Cells were grown on 1 mm width (Goldseal No. 1) glass
coverslips for 24-48 h in DMEM containing 20% FBS.
Cells were rinsed once with PBS, fixed in 3.8% paraform-
aldehyde for 5 min at room temperature, and permea-
bilized in 0.1% saponin for 5 min. For immunostaining,
glass coverslips were incubated with primary antibod-
ies diluted 1:100 in PBS, 1-2 h at 37 °C in a humidified
chamber. Unbound antibodies were removed by washing
the coverslips with PBS (three times, 5 min). The second-
ary antibody, a FITC-labelled goat anti-mouse antibody
or a tetramethyl rhodamine goat anti-rabbit (Molecu-
lar Probes), diluted 1:100 in PBS, were added and incu-
bated for 1 h 37 °C. Coverslips were then rinsed with
PBS for 3 min, incubated for 1 min with PBS containing
Hoechst 33,342 (1 pg/ml) and washed with PBS (three
5 min washes). Finally, the coverslips were mounted onto
microscope slides using Vectashield Mounting Medium
(Vector Laboratories, Burlingame, CA, USA) and ana-
lyzed using an upright fluorescence microscope (Leica
DMRE, Leica Microsystems GmbH, Wetzlar, Germany).
Colocalization studies were performed using a Delta-
Vision system (Applied Precision; Issaquah, WA) with
an Olympus IX-71 microscope (Olympus Corporation,
Shinjuku, Tokyo, Japan).

Real-time quantitative PCR

Expression of PANK2 gene in fibroblasts was analysed by
real time quantitative PCR using mRNA extracts. mRNA
was extracted by using standard methods and SYBR
Green protocol as a method designed to detect accurate
quantification of gene expression and RT-PCR reactions.
PANK2 primers used 5 TTCCCACTCATGACATGC
CT-3' (Forward primer) and 5-GTGACCGTCCATTGA
ATCCG-3' (Reverse primer) amplifying a sequence of
215 nucleotides. Actin was used as a housekeeping con-
trol gene and the primers were 5-AGAGCTACGAGC
TGCCTGAC-3' (Forward primer) and 3’-AGCACTGTG
TTGGCGTACAG-5 (reverse primer).

Complex | activity

Complex [ activity in whole cells was measured using
the Complex I Enzyme Activity Dipstick Assay Kit
(ab109720, ABCAM, Cambridge, MA, USA) according
to manufacturer’s instructions. Three biological repli-
cates were used per measurement. Results are expressed
as enzyme activity respect to control. The signal inten-
sity was analyzed by a Molecular Imager ChemiDoc
XRS + System (Bio-Rad Laboratories Inc., USA).
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PDH activity

PDH complex activity in whole cells was measured using
the Pyruvate dehydrogenase (PDH) Enzyme Activity
Dipstick Assay Kit (ab109882, ABCAM, Cambridge, MA,
USA) according to manufacturer’s instructions. Three
biological replicates were used per measurement. Results
are expressed as enzyme activity respect to control. The
signal intensity was analyzed by a Molecular Imager
ChemiDoc XRS+ System (Bio-Rad Laboratories Inc.,
USA).

Cell fractionation

Cells were harvested and homogenized using a fractiona-
tion buffer containing 250 mM sucrose, 10 mM Tris,
1 mM EDTA and proteases inhibitors cocktail, pH 7.4.
Cell suspension was passed through a 25-gauge needle 10
times using a 1 mL syringe. Next, nuclei and intact cells
were removed by centrifugation at 1500 g for 20 min. The
supernatant containing intact mitochondria was trans-
ferred into a new tube and centrifuged at 12,000g for
10 min (“mitochondria fraction” Supernatant (“cytosolic
fraction”) was transferred into another new tube. Cyto-
solic fractions were concentrated using Centricon YM-10
devices (Millipore) according to the manufacturer’s
instructions.

Aconitase activity mitochondria and cytosolic

Cytosolic and mitochondria fraction were used for aco-
nitase activity using the Aconitase Activity Assay Kit
(ab83459, ABCAM, Cambridge, MA, USA) according to
manufacturer’s instructions. Three biological replicates
were used per measurement. Results are expressed as
enzyme activity respect to control. Absorbance at 450 nm
was measured using a POLARstar Omega Microplate
Reader.

Generation of induced neurons from fibroblasts by direct
reprogramming

Neurons were generated from patient and control fibro-
blasts by direct reprogramming as previously described
by Drouin-Ouellet et al. [15, 50]. Controls and patients-
derived fibroblasts were plated onto 0.1% gelatin-coated
24-well plates or p-Slide 4 Well Ibidi plates (2.8e4 cells/
cm?). The day after, dermal fibroblasts were transduced
with one-single lentiviral vector containing neural lin-
eage-specific transcription factors (Acsll and Brn2)
and two shRNA against the RE1-silencing transcrip-
tion factor (REST) complex, generated as previously
described [51]. The plasmid was a gift from Dr. Malin
Parmar (Developmental and Regenerative Neurobiol-
ogy, Lund University, Sweden). Transduction was per-
formed at a multiplicity of infection (MOI) of 30. The
day after, the cells were switched into fresh fibroblast



Alvarez-Cérdoba et al. Orphanet J Rare Dis (2021) 16:201

medium and after a further 48 h, the medium was
replaced with neural differentiation medium (NDiff227;
Takara-Clontech) supplemented with neural growth
factors and small molecules at the concentrations pre-
viously described [15]: LM-22A4 (2 uM, R&D Systems),
GDNF (2 ng/ml, R&D Systems), NT3 (10 ng/ml, R&D
Systems), db-cAMP (0.5 mM, Sigma), CHIR99021
(2 pM, Sigma), SB-431542 (10 pM, R&D Systems), nog-
gin (50 ng/ml, R&D Systems), LDN-193189 (0.5 M,
Sigma), valproic acid sodium salt (VPA; 1 mM, Sigma).
The medium was changed every 2-3 days for a fur-
ther 10 days. The medium was replaced with neuronal
medium supplemented with only growth factors until
the end of the conversion. Neuronal cells were identi-
fied by the expression of Tau or MAP2. DAPI+and
Tau+ /MAP2 + cells were considered induced neurons.
Conversion efficiency was calculated as the number of
Tau + cells over the total number of fibroblasts seeded
for conversion. Neuronal purity was calculated as the
number of Tau+ cells over the total cells in the plate
after reprogramming.

For neuronal enrichment for Western blot analysis,
eighteen days post-infection, neurons were detached and
seeded in 24 well culture plates coated using polyornith-
ine (15 pg/ml), fibronectin (0.5 ng/pl) and laminin (5 pg/
ml) to increase the purity of the iNs culture up to 95%
without the need of further purification steps.

Statistical analyses

Statical analysis was routinely performed as formerly
described by our research group [52]. We used non-
parametric statistics that do not have any distributional
assumption in cases when number of events was small
(n<30) [53]. In these cases, multiple groups were com-
pared using a Kruskal-Wallis test. In case of only two
groups, they were compared using a Mann—Whitney test.
In cases when number of events was higher (n>30), we
applied parametric tests. In these cases, multiple groups
were compared using a one-way ANOVA. Bonferroni
post-hoc testing was employed after ANOVA for test-
ing for significant differences between groups. In case of
only two groups, they were compared using a Student’s
t-test with a Welch’s correction. Statistical analyses were
conducted using the GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA). The data are reported as the
mean £ SD values or as representative of at least three
independent experiments. P-values of less than 0.05 were
considered significant.

Abbreviations
AASDHPPT: L-aminoadipate-semialdehyde dehydrogenase-phosphopanteth-
einyl transferase; AASS: Alpha-aminoadipic semialdehyde synthase; ACP: Acy!
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carrier protein; Aft1: Activator of iron transcription protein 1; Aft2: Activator

of iron transcription protein 2; ALDH1L1: Cytosolic 10-FTHFDH; ALDH1L2:
Mitocondrial 10-FTHFDH; ANOVA: Analysis of variance; CoA: Coenzyme

A; CoPAN: CoA synthase protein-associated neurodegeneration; DAPI:

4/ 6-Diamidino-2-fenilindol; DCA: Dichloroacetate; 10-FTHFDH: 10-Formyltet-
rahydrofolate dehydrogenase; FASI: Fatty acid biosynthesis type I; FASII: Fatty
acid biosynthesis type II; ISD11: Iron-sulfur protein biogenesis, desulfurase-
interacting protein 11; KDH: Alpha-ketoglutarate; LYRM4: LYR Motif Containing
4; MAP2: Microtubule associated protein 2; MePAN: Mitochondrial enoyl CoA
reductase protein-associated neurodegeneration; mtACP: Mitochondrial ACP;
MTND1: NADH-ubiquinone oxidoreductase chain 1; NBIA: Neurodegeneration
with brain iron accumulation; NDUFA9: NADH dehydrogenase (ubiquinone) 1
alpha subcomplex subunit 9; NFS1: NFS1 cysteine desulfurase; PDH: Pyruvate
dehydrogenase; PDH-E2: Pyruvate dehydrogenase-E2; PKAN: Pantothenate
kinase-associated neurodegeneration; PANK2: Pantothenate kinase 2; PPTase:
Phosphopantetheinyl transferase; REST: RE1-silencing transcription factor; VPA:
Valproic acid sodium salt.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513023-021-01823-3.

Additional file 1. Direct reprograming: neuronal conversion efficiency
and neuronal purity.

Authors’ contributions

Conceptualization, JAS-A; methodology, MA-C, MT-R, SP-C, JJS and JM, S-R;
formal analysis, IV-G, AS-C, and MM-C; writing-original draft preparation, MA-C;
writing-review and editing, JAS-A; funding acquisition, JAS-A. All authors have
read and agreed to the published version of the manuscript.

Funding

This work was supported by FIS PI16/00786 and PI119/00377 grants, Instituto
de Salud Carlos Ill, Spain and Fondo Europeo de Desarrollo Regional (FEDER-
Uniodn Europea), Proyectos de Investigacion de Excelencia de la Junta de
Andalucia CTS-5725 and PY18-850 and by ENACH (Asociacion de Enfermos de
Neurodegeneracién con Acumulacion Cerebral de Hierro), AEPMI (Asociacion
de Enfermos de Patologia Mitocondrial), FEDER (Federacién Espanola de
Enfermedades Raras) and Fundacion MERK Salud. S. Povea-Cabello is a recipi-
ent of a PhD fellowship from the Ministerio de Economia y Competitividad
(MINECO).

Availability of data and materials
Data and material are available under request.

Declarations

Consent to participate

The study was approved by The Ethical Committee of Hospital Universitario
Virgen del Rocio and Virgen Macarena of Seville, protocol code BRAINCURE16,
following the Spanish laws, the principles of the Declaration of Helsinki, and
the Guideline for Good Clinical Practices.

Competing interests
The authors declare that they have no competing interests.

Author details

'Centro Andaluz de Biologfa del Desarrollo (CABD), Consejo Superior de Inves-
tigaciones Cientificas, Universidad Pablo de Olavide, Carretera de Utrera Km 1,
41013 Sevilla, Spain. 2Centro de Investigacion Biomédica en Red: Enferme-
dades Raras, Instituto de Salud Carlos Ill, 41013 Sevilla, Spain. *Departamento
de Bioquimica Y Biologia Molecular de Productos Vegetales, Instituto de La
Grasa (CSIC), Sevilla, Spain.

Received: 24 December 2020 Accepted: 20 April 2021
Published online: 05 May 2021


https://doi.org/10.1186/s13023-021-01823-3
https://doi.org/10.1186/s13023-021-01823-3

Alvarez-Cérdoba et al. Orphanet J Rare Dis

(2021) 16:201

References

1.

Gregory A, Polster BJ, Hayflick SJ. Clinical and genetic delineation

of neurodegeneration with brain iron accumulation. J Med Genet.
2009;46(2):73-80. https://doi.org/10.1136/jmg.2008.061929.

Hayflick SJ, Westaway SK, Levinson B, Zhou B, Johnson MA, Ching KH,

et al. Genetic, clinical, and radiographic delineation of Hallervorden—
Spatz syndrome. N Engl J Med. 2003;348(1):33-40. https://doi.org/10.
1056/NEJM0a020817.

Levi S, Tiranti V. Neurodegeneration with brain iron accumulation
disorders: valuable models aimed at understanding the pathogenesis of
iron deposition. Pharmaceuticals (Basel). 2019;12(1):27. https://doi.org/10.
3390/ph12010027.

Arber CE, Li A, Houlden H, Wray S. Review: insights into molecular
mechanisms of disease in neurodegeneration with brain iron accumula-
tion: unifying theories. Neuropathol Appl Neurobiol. 2016;42(3):220-41.
https://doi.org/10.1111/nan.12242.

Levi S, Finazzi D. Neurodegeneration with brain iron accumulation:
update on pathogenic mechanisms. Front Pharmacol. 2014;5:99. https.//
doi.org/10.3389/fphar.2014.00099.

Schneider SA, Dusek P, Hardy J, Westenberger A, Jankovic J, Bhatia KP.
Genetics and pathophysiology of neurodegeneration with brain iron
accumulation (NBIA). Curr Neuropharmacol. 2013;11(1):59-79. https://doi.
0rg/10.2174/157015913804999469.

Brunetti D, Dusi S, Morbin M, Uggetti A, Moda F, DAmato |, et al. Pan-
tothenate kinase-associated neurodegeneration: altered mitochondria
membrane potential and defective respiration in Pank2 knock-out mouse
model. Hum Mol Genet. 2012,21(24):5294-305. https://doi.org/10.1093/
hmg/dds380.

Alvarez-Cordoba M, Fernandez Khoury A, Villanueva-Paz M, Gomez-
Navarro C, Villalon-Garcia |, Suarez-Rivero JM, et al. Pantothenate rescues
iron accumulation in pantothenate kinase-associated neurodegeneration
depending on the type of mutation. Mol Neurobiol. 2019;56(5):3638-56.
https://doi.org/10.1007/512035-018-1333-0.

Orellana DI, Santambrogio P, Rubio A, Yekhlef L, Cancellieri C, Dusi S, et al.
Coenzyme A corrects pathological defects in human neurons of PANK2-
associated neurodegeneration. EMBO Mol Med. 2016;8(10):1197-211.
https://doi.org/10.15252/emmm.201606391.

Santambrogio P, Dusi S, Guaraldo M, Rotundo LI, Broccoli V, Garavaglia B,
et al. Mitochondrial iron and energetic dysfunction distinguish fibroblasts
and induced neurons from pantothenate kinase-associated neurodegen-
eration patients. Neurobiol Dis. 2015;81:144-53. https://doi.org/10.1016/j.
nbd.2015.02.030.

. LeonardiR, Zhang YM, Rock CO, Jackowski S. Coenzyme A: back in action.

Prog Lipid Res. 2005;44(2-3):125-53. https://doi.org/10.1016/j.plipres.
2005.04.001.

Lambrechts RA, Schepers H, Yu'Y, van der Zwaag M, Autio KJ, Vieira-

Lara MA, et al. CoA-dependent activation of mitochondrial acyl

carrier protein links four neurodegenerative diseases. EMBO Mol Med.
2019;11(12):10488. https://doi.org/10.15252/emmm.201910488.

Beld J, Sonnenschein EC, Vickery CR, Noel JP, Burkart MD. The phospho-
pantetheinyl transferases: catalysis of a post-translational modification
crucial for life. Nat Prod Rep. 2014;31(1):61-108. https://doi.org/10.1039/
c3np70054b.

Joshi AK, Zhang L, Rangan VS, Smith S. Cloning, expression, and charac-
terization of a human 4’-phosphopantetheinyl transferase with broad
substrate specificity. J Biol Chem. 2003;278(35):33142-9. https://doi.org/
10.1074/jbc.M305459200.

Strickland KC, Hoeferlin LA, Oleinik NV, Krupenko NI, Krupenko SA.

Acyl carrier protein-specific 4’-phosphopantetheinyl transferase
activates 10-formyltetrahydrofolate dehydrogenase. J Biol Chem.
2010;285(3):1627-33. https://doi.org/10.1074/jbc.M109.080556.
Strickland KC, Krupenko NI, Dubard ME, Hu CJ, Tsybovsky Y, Krupenko SA.
Enzymatic properties of ALDH1L2, a mitochondrial 10-formyltetrahydro-
folate dehydrogenase. Chem Biol Interact. 2011;191(1-3):129-36. https://
doi.org/10.1016/j.cbi.2011.01.008.

Bunkoczi G, Pasta S, Joshi A, Wu X, Kavanagh KL, Smith S, et al. Mecha-
nism and substrate recognition of human holo ACP synthase. Chem Biol.
2007;14(11):1243-53. https://doi.org/10.1016/j.chembiol.2007.10.013.
Kotzbauer PT, Truax AC, Trojanowski JQ, Lee VM. Altered neuronal
mitochondrial coenzyme A synthesis in neurodegeneration with brain
iron accumulation caused by abnormal processing, stability, and catalytic

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

Page 150f 16

activity of mutant pantothenate kinase 2. J Neurosci. 2005;25(3):689-98.
https://doi.org/10.1523/JNEUROSCI.4265-04.2005.

Sackmann U, Zensen R, Rohlen D, Jahnke U, Weiss H. The acyl-carrier pro-
tein in Neurospora crassa mitochondria is a subunit of NADH: ubiquinone
reductase (complex I). Eur J Biochem/FEBS. 1991,200(2):463-9. https://
doi.org/10.1111/.1432-1033.1991.tb 16205 X.

Zhang L, Joshi AK, Smith S. Cloning, expression, characterization, and
interaction of two components of a human mitochondrial fatty acid
synthase. Malonyltransferase and acyl carrier protein. J Biol Chem.
2003;278(41):40067-74. https://doi.org/10.1074/jbc.M306121200.
Schneider R, Brors B, Massow M, Weiss H. Mitochondrial fatty acid
synthesis: a relic of endosymbiontic origin and a specialized means for
respiration. FEBS Lett. 1997;407(3):249-52. https://doi.org/10.1016/50014-
5793(97)00360-8.

Schneider R, Massow M, Lisowsky T, Weiss H. Different respiratory-defec-
tive phenotypes of Neurospora crassa and Saccharomyces cerevisiae after
inactivation of the gene encoding the mitochondrial acyl carrier protein.
Curr Genet. 1995;29(1):10-7. https://doi.org/10.1007/BF00313188.
Hiltunen JK, Schonauer MS, Autio KJ, Mittelmeier TM, Kastaniotis AJ,
Dieckmann CL. Mitochondrial fatty acid synthesis type Il: more than just
fatty acids. J Biol Chem. 2009;284(14):9011-5. https://doi.org/10.1074/jbc.
R800068200.

Reed LJ. A trail of research from lipoic acid to alpha-keto acid dehydroge-
nase complexes. J Biol Chem. 2001,276(42):38329-36. https://doi.org/10.
1074/jbc.R100026200.

Tsai CS, Burgett MW, Reed LJ. Alpha-keto acid dehydrogenase complexes.
XX. A kinetic study of the pyruvate dehydrogenase complex from bovine
kidney. J Biol Chem. 1973;248(24):8348-52.

Perham RN. Swinging arms and swinging domains in multifunctional
enzymes: catalytic machines for multistep reactions. Annu Rev Biochem.
2000;69:961-1004. https://doi.org/10.1146/annurev.biochem.69.1.961.
Zhou ZH, McCarthy DB, O'Connor CM, Reed LJ, Stoops JK. The remark-
able structural and functional organization of the eukaryotic pyruvate
dehydrogenase complexes. Proc Natl Acad Sci USA. 2001,98(26):14802-7.
https://doi.org/10.1073/pnas.011597698.

Rowland EA, Snowden CK, Cristea IM. Protein lipoylation: an evolutionar-
ily conserved metabolic regulator of health and disease. Curr Opin Chem
Biol. 2018;42:76-85. https://doi.org/10.1016/j.cbpa.2017.11.003.

Boniecki MT, Freibert SA, Muhlenhoff U, Lill R, Cygler M. Structure

and functional dynamics of the mitochondrial Fe/S cluster synthe-

sis complex. Nat Commun. 2017;8(1):1287. https://doi.org/10.1038/
s41467-017-01497-1.

Feng D, Witkowski A, Smith S. Down-regulation of mitochondrial

acyl carrier protein in mammalian cells compromises protein lipoyla-
tion and respiratory complex | and results in cell death. J Biol Chem.
2009;284(17):11436-45. https://doi.org/10.1074/jbc.M806991200.
Drouin-Ouellet J, Lau S, Brattas PL, Rylander Ottosson D, Pircs K, Grassi DA,
et al. REST suppression mediates neural conversion of adult human fibro-
blasts via microRNA-dependent and -independent pathways. EMBO Mol
Med. 2017;9(8):1117-31. https://doi.org/10.15252/emmm.201607471.
Cronan JE. Assembly of lipoic acid on its cognate enzymes: an extraor-
dinary and essential biosynthetic pathway. Microbiol Mol Biol Rev.
2016;80(2):429-50. https://doi.org/10.1128/MMBR.00073-15.

Van Vranken JG, Nowinski SM, Clowers KJ, Jeong MY, Ouyang Y, Berg JA,
et al. ACP acylation is an acetyl-CoA-dependent modification required for
electron transport chain assembly. Mol Cell. 2018;71(4):567-80. https://
doi.org/10.1016/j.molcel.2018.06.039.

Vinothkumar KR, Zhu J, Hirst J. Architecture of mammalian respiratory
complex I. Nature. 2014;515(7525):80-4. https://doi.org/10.1038/natur
e13686.

Van Vranken JG, Jeong MY, Wei P, Chen YC, Gygi SP, Winge DR, et al. The
mitochondrial acyl carrier protein (ACP) coordinates mitochondrial fatty
acid synthesis with iron sulfur cluster biogenesis. Elife. 2016. https://doi.
org/10.7554/elife.17828.

Jeong SY, Hogarth P, Placzek A, Gregory AM, Fox R, Zhen D, et al. 4-Phos-
phopantetheine corrects CoA, iron, and dopamine metabolic defects

in mammalian models of PKAN. EMBO Mol Med. 2019;11(12):210489.
https://doi.org/10.15252/emmm.201910489.

Cory SA, Van Vranken JG, Brignole EJ, Patra S, Winge DR, Drennan CL,

et al. Structure of human Fe-S assembly subcomplex reveals unexpected
cysteine desulfurase architecture and acyl-ACP-ISD11 interactions. Proc


https://doi.org/10.1136/jmg.2008.061929
https://doi.org/10.1056/NEJMoa020817
https://doi.org/10.1056/NEJMoa020817
https://doi.org/10.3390/ph12010027
https://doi.org/10.3390/ph12010027
https://doi.org/10.1111/nan.12242
https://doi.org/10.3389/fphar.2014.00099
https://doi.org/10.3389/fphar.2014.00099
https://doi.org/10.2174/157015913804999469
https://doi.org/10.2174/157015913804999469
https://doi.org/10.1093/hmg/dds380
https://doi.org/10.1093/hmg/dds380
https://doi.org/10.1007/s12035-018-1333-0
https://doi.org/10.15252/emmm.201606391
https://doi.org/10.1016/j.nbd.2015.02.030
https://doi.org/10.1016/j.nbd.2015.02.030
https://doi.org/10.1016/j.plipres.2005.04.001
https://doi.org/10.1016/j.plipres.2005.04.001
https://doi.org/10.15252/emmm.201910488
https://doi.org/10.1039/c3np70054b
https://doi.org/10.1039/c3np70054b
https://doi.org/10.1074/jbc.M305459200
https://doi.org/10.1074/jbc.M305459200
https://doi.org/10.1074/jbc.M109.080556
https://doi.org/10.1016/j.cbi.2011.01.008
https://doi.org/10.1016/j.cbi.2011.01.008
https://doi.org/10.1016/j.chembiol.2007.10.013
https://doi.org/10.1523/JNEUROSCI.4265-04.2005
https://doi.org/10.1111/j.1432-1033.1991.tb16205.x
https://doi.org/10.1111/j.1432-1033.1991.tb16205.x
https://doi.org/10.1074/jbc.M306121200
https://doi.org/10.1016/s0014-5793(97)00360-8
https://doi.org/10.1016/s0014-5793(97)00360-8
https://doi.org/10.1007/BF00313188
https://doi.org/10.1074/jbc.R800068200
https://doi.org/10.1074/jbc.R800068200
https://doi.org/10.1074/jbc.R100026200
https://doi.org/10.1074/jbc.R100026200
https://doi.org/10.1146/annurev.biochem.69.1.961
https://doi.org/10.1073/pnas.011597698
https://doi.org/10.1016/j.cbpa.2017.11.003
https://doi.org/10.1038/s41467-017-01497-1
https://doi.org/10.1038/s41467-017-01497-1
https://doi.org/10.1074/jbc.M806991200
https://doi.org/10.15252/emmm.201607471
https://doi.org/10.1128/MMBR.00073-15
https://doi.org/10.1016/j.molcel.2018.06.039
https://doi.org/10.1016/j.molcel.2018.06.039
https://doi.org/10.1038/nature13686
https://doi.org/10.1038/nature13686
https://doi.org/10.7554/eLife.17828
https://doi.org/10.7554/eLife.17828
https://doi.org/10.15252/emmm.201910489

Alvarez-Cérdoba et al. Orphanet J Rare Dis (2021) 16:201

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Natl Acad Sci USA. 2017;114(27):E5325-34. https://doi.org/10.1073/pnas.
1702849114.

Chen OS, Hemenway S, Kaplan J. Inhibition of Fe-S cluster biosynthesis
decreases mitochondrial iron export: evidence that Yfh1p affects Fe-S
cluster synthesis. Proc Natl Acad Sci USA. 2002;99(19):12321-6. https://
doi.org/10.1073/pnas.192449599.

Lill R, Freibert SA. Mechanisms of mitochondrial iron-sulfur protein
biogenesis. Annu Rev Biochem. 2020;89:471-99. https://doi.org/10.1146/
annurev-biochem-013118-111540.

Salehi B, Berkay Yilmaz Y, Antika G, Boyunegmez Tumer T, Fawzi Maho-
moodally M, Lobine D, et al. Insights on the use of alpha-lipoic acid for
therapeutic purposes. Biomolecules. 2019;9(8):356. https://doi.org/10.
3390/biom9080356.

Berendzen K, Theriaque DW, Shuster J, Stacpoole PW. Therapeutic poten-
tial of dichloroacetate for pyruvate dehydrogenase complex deficiency.
Mitochondrion. 2006;6(3):126-35. https://doi.org/10.1016/j.mito.2006.04.
001.

Lonsdale D. A review of the biochemistry, metabolism and clinical ben-
efits of thiamin(e) and its derivatives. Evid Based Complement Alternat
Med. 2006;3(1):49-59. https://doi.org/10.1093/ecam/nek009.

Zorzi G, Nardocci N. Therapeutic advances in neurodegeneration with
brain iron accumulation. Int Rev Neurobiol. 2013;110:153-64. https://doi.
0rg/10.1016/B978-0-12-410502-7.00008-9.

Alvarez-Cordoba M, Villanueva-Paz M, Villalon-Garcia |, Povea-Cabello

S, Suarez-Rivero JM, Talaveron-Rey M, et al. Precision medicine in
pantothenate kinase-associated neurodegeneration. Neural Regen Res.
2019;14(7):1177-85. https://doi.org/10.4103/1673-5374.251203.

Aoun M, Corsetto PA, Nugue G, Montorfano G, Ciusani E, Crouzier D, et al.
Changes in red blood cell membrane lipid composition: a new perspec-

tive into the pathogenesis of PKAN. Mol Genet Metab. 2017;121(2):180-9.

https://doi.org/10.1016/j.ymgme.2017.04.006.

Adzhubei |, Jordan DM, Sunyaev SR. Predicting functional effect of
human missense mutations using PolyPhen-2. Curr Protoc Hum Genet.
2013. https://doi.org/10.1002/0471142905.hg0720s76.

Zhou B, Westaway SK, Levinson B, Johnson MA, Gitschier J, Hay-

flick SJ. A novel pantothenate kinase gene (PANK2) is defective in

Page 16 of 16

Hallervorden-Spatz syndrome. Nat Genet. 2001;28(4):345-9. https://doi.
0rg/10.1038/ng572.

48. Campanella A, Privitera D, Guaraldo M, Rovelli E, Barzaghi C, Garavaglia B,
et al. Skin fibroblasts from pantothenate kinase-associated neurodegen-
eration patients show altered cellular oxidative status and have defective
iron-handling properties. Hum Mol Genet. 2012;21(18):4049-59. https.//
doi.org/10.1093/hmg/dds229.

49. Rodriguez-Hernandez A, Cordero MD, Salviati L, Artuch R, Pineda M,
Briones P, et al. Coenzyme Q deficiency triggers mitochondria degrada-
tion by mitophagy. Autophagy. 2009;5(1):19-32. https://doi.org/104161/
auto.5.1.7174.

50. Ehmann DE, Gehring AM, Walsh CT. Lysine biosynthesis in Saccharo-
myces cerevisiae: mechanism of alpha-aminoadipate reductase (Lys2)
involves posttranslational phosphopantetheinylation by Lys5. Biochemis-
try. 1999;38(19):6171-7. https://doi.org/10.1021/bi9829940.

51. Brody S, Keller U, Degen L, Cox DJ, Schachinger H. Selective processing
of food words during insulin-induced hypoglycemia in healthy humans.
Psychopharmacology. 2004;173(1-2):217-20. https://doi.org/10.1007/
s00213-003-1722-5.

52. Villanueva-Paz M, Povea-Cabello S, Villalon-Garcia |, Alvarez-Cordoba M,
Suarez-Rivero JM, Talaveron-Rey M, et al. Parkin-mediated mitophagy
and autophagy flux disruption in cellular models of MERRF syndrome.
Biochim Biophys Acta Mol Basis Dis. 2020;1866(6):165726. https://doi.org/
10.1016/j.bbadis.2020.165726.

53. Le Boedec K. Sensitivity and specificity of normality tests and conse-
quences on reference interval accuracy at small sample size: a computer-
simulation study. Vet Clin Pathol. 2016;45(4):648-56. https://doi.org/10.
1111/vep.12390.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1073/pnas.1702849114
https://doi.org/10.1073/pnas.1702849114
https://doi.org/10.1073/pnas.192449599
https://doi.org/10.1073/pnas.192449599
https://doi.org/10.1146/annurev-biochem-013118-111540
https://doi.org/10.1146/annurev-biochem-013118-111540
https://doi.org/10.3390/biom9080356
https://doi.org/10.3390/biom9080356
https://doi.org/10.1016/j.mito.2006.04.001
https://doi.org/10.1016/j.mito.2006.04.001
https://doi.org/10.1093/ecam/nek009
https://doi.org/10.1016/B978-0-12-410502-7.00008-9
https://doi.org/10.1016/B978-0-12-410502-7.00008-9
https://doi.org/10.4103/1673-5374.251203
https://doi.org/10.1016/j.ymgme.2017.04.006
https://doi.org/10.1002/0471142905.hg0720s76
https://doi.org/10.1038/ng572
https://doi.org/10.1038/ng572
https://doi.org/10.1093/hmg/dds229
https://doi.org/10.1093/hmg/dds229
https://doi.org/10.4161/auto.5.1.7174
https://doi.org/10.4161/auto.5.1.7174
https://doi.org/10.1021/bi9829940
https://doi.org/10.1007/s00213-003-1722-5
https://doi.org/10.1007/s00213-003-1722-5
https://doi.org/10.1016/j.bbadis.2020.165726
https://doi.org/10.1016/j.bbadis.2020.165726
https://doi.org/10.1111/vcp.12390
https://doi.org/10.1111/vcp.12390

	Down regulation of the expression of mitochondrial phosphopantetheinyl-proteins in pantothenate kinase-associated neurodegeneration: pathophysiological consequences and therapeutic perspectives
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Results
	Expression levels of mitochondrial 4′-phosphopantetheinyl proteins are markedly reduced in fibroblasts derived from PKAN patients
	Mitochondrial protein lipoylation was reduced in PKAN fibroblasts
	Expression of iron-sulfur cluster biosynthesis proteins were also affected in PKAN
	Expression levels of respiratory complex I proteins were reduced in PKAN fibroblasts
	Generation of induced neurons from control and PANK2 mutant fibroblasts

	Discussion
	Conclusion
	Methods
	Reagents
	Ethical statements
	Cell culture
	Immunoblotting
	Immunofluorescence microscopy
	Real-time quantitative PCR
	Complex I activity
	PDH activity
	Cell fractionation
	Aconitase activity mitochondria and cytosolic
	Generation of induced neurons from fibroblasts by direct reprogramming
	Statistical analyses

	References


