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CHAPTER 1 

 

 

General introduction:  

Neurodegeneration with brain iron accumulation 

(NBIA), neurodegenerative diseases and 

modeling approaches.  
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NEURODEGENERATIVE DISEASES  

 

Neurodegeneration is a common term which identifies any 

pathological condition primarily affecting neurons and leading to 

distinct loss of nervous system structure and function (Deuschlc G. 

2009) (Przedborski S. 2003). 

Age is the most risk factor  for neurodegenerative diseases (NDDs) 

that represent a major cause of disability and premature death among 

older people worldwide. For instance, the number of cases of 

Alzheimer’s disease (AD) and other dementias, including Lewy body 

disease and frontotemporal dementia, was estimated by the World 

Health Organization in 2005 at almost 25 million individuals 

worldwide, with 5 million new cases annually (Shon and Przedborski 

2011). It is currently estimated that the number of neurodegenerative 

diseases is approximately a few hundred, and they show a great 

phenotypic and clinical diversity. There are classifications based on 

clinical symptoms or the topography of the principal lesion, but 

sometimes the pathological characteristics of these diseases overlap, 

suggesting the necessity of a new classification that points its attention 

on the pathogenesis of these diseases (Kovacs G. 2016). The 

hypothesis that have come to prominence are: accumulation of 

misfolded proteins, proteasomal and autophagy dysfunction, oxidative 

stress, impaired calcium homeostasis, axonal transport deficits, 

mitochondrial dysfunction, inflammation,  and  white matter 

alterations. Many of these mechanisms are likely to be connected, so 

that a defect in one cellular pathway will have a “domino effect” 

leading to multiple stresses for the cell (Thompson LM. 2008).  
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Despite numerous progresses in understanding the aetiopathogenesis 

of neurodegenerative diseases have been done, the precise pathway 

that firstly leads to neuronal dysfunction and then to death isn’t yet 

known and there are currently no therapies available. Furthermore, the 

overwhelming majority of neurological disease is of a sporadic nature, 

renders the discussion about eatiology more difficult.  

 

However, the purpose of the experimental work I carried out during 

my DIMET course has been focused on a neurodegenerative 

syndrome identified with the acronym NBIA,  which means  

Neurodegeneration with Brain Iron Accumulation.  NBIA identifies a 

group of clinically and genetically heterogeneous rare pathological 

conditions (1 every 1 000 000 citizens), characterized by progressive 

extra-pyramidal disorders and by evidence of focal iron accumulation 

in the brain, especially in basal ganglia (Gregory and Hayflick 2013). 

In the following paragraphs I have reported the clinical and 

pathological findings for each NBIA-related genes and then, the main 

pathogenic themes related to neurodegenerative disorders because the 

major overlap seen between NBIA and more common 

neurodegenerative diseases may highlight conserved disease 

processes. So, although relatively rare as individual genetic diseases, 

mechanisms that lead to NBIA, share similar aspect with other 

diseases such as frontotemporal dementia (FTD), Parkinson’s disease 

(PD), Alzheimer’s disease (AD), Friedreich’s ataxia and amyotrophic 

lateral sclerosis (ALS). Thus studying monogenetic orphan diseases 

such as NBIA, is very useful to define the processes involved in 
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common and genetically undefined diseases like the ones mentioned 

above. (Arber C. 2015).  

 

NEURODEGENERATION WITH BRAIN IRON 

ACCUMULATION (NBIA) 

 

NBIA identifies a group of clinically and genetically heterogeneous 

rare pathological conditions, characterized by progressive extra-

pyramidal disorders and by iron accumulation in the brain, especially 

in basal ganglia, observed initially in autopsy studies and more 

recently in MRI studies (Gregory A. 2005). In NBIA, specifically, 

iron accumulates in the globus pallidus and in the substantia nigra. 

These basal ganglia, due to the fact that contain high iron levels and 

have a high metabolic requirement, are more susceptible to iron-

related demage (Hill J. 1984). During normal aging, brain iron 

accumulation is evident even in neurologically healthy people 

(Hallgreen B. 1958). But in NBIA it occurs even in childhood or 

adolescence and it can extends to other site, such as cerebellum, 

depending on the disease. Iron deposition has been at the same time 

associated with various disorders, such as Parkinson’s disease, 

Alzheimer’s disease and multiple sclerosis and it has been evidenced 

as a potential damaging element for tissues either directly or because 

it changes the cellular environment, making it more prone to toxins. 

On the other hand, iron deposition may be just a consequence of 

axonal disruption (Sian-Hulsmann J. 2011) (Weinreb O. 2010).   

To date, it isn’t known if iron accumulation may be just an 

epiphenomenon, and not a primary cause of NBIA diseases, the things 
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that we certainly know is that iron is indispensable in mammalian 

metabolism because of its role in formation of haem, iron-clusters and 

as cofactor in numerous metabolic reactions (Rouault T.A. 2013) . 

The clinical spectrum of this devastating disorder includes dystonia, 

parkinsonism and spasticity. Pyramidal involvement or ataxia are 

frequent and also retinopathy or optic atrophy may be diagnostic. 

Furthermore, pathological studies have identified protein aggregates 

and axonal swellings that are reminiscent of other common 

neurodegenerative disorders. As previously stated, the term “NBIA” 

encompasses a wide group of similar diseases, which are nevertheless 

distinguishable; it is thus necessary to provide the researchers with a 

classification, that can help avoid confusion and eventual 

misunderstandings. Previously NBIA, known as Hallervorden-Spatz 

disease, was classified in two categories based on the onset and the 

progression of the disease.  Up to now 10 genes have been associated 

with specific forms of NBIA and the actual classification is based on 

these genetic findings, however the clinical and molecular 

heterogeneity of NBIA disorders causes a large fraction (around 20%) 

of affected patients to be without a molecular genetics diagnosis 

(Arber C. 2015). The table below summarizes the known genes 

involved in NBIA and the main molecular, clinical and 

neurophatological features of NBIA subtypes. Only two proteins are 

specifically related to iron metabolism: neuroferritonopathy and 

aceruloplasminemia. While the others, apparently unrelated to each, 

can be clustered together:  some of them are related to fatty acid 

metabolism (PANK2 and COASY,C19orf12, PLA2G6, FA2H), DNA 

damage response (DCAF17), autophagy (WDR45), lysosomal activity 
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(ATP13A2). In 2015 another two genes has been associated with 

NBIA, the first, SCP2 (Horvarth R. 2015)  that is related to fatty acid, 

and the second, GTPBP2, (Elham J. 2015) that is involved in cell 

proliferation and differantiotion, intracellular transport, regulation of 

cytoskeleton and protein synthesis (Bourne H.R. 1990).  

 

NBIA DISORDERS AND ASSOCIATED GENES 

DISEASE 
DISEAS

E GENE 

INHERITANC

E 
SYMPTOMS 

Neuroferritinopath

y 

FTL 

(19q13.3) 

Autosomal 

Dominant 

Extrapyramidal 

signs, dystonia, 

orofacial dystonia, 

cognitive decline. 

Aceruloplasminem

ia 

CP 

(3q23.25) 

Autosomal 

Recessive 

Iron not only in 

the basal ganglia 

but also in liver, 

pancreas and 

myocardium, 

cognitive 

impairment, 

diabetes mellitus, 

retinal 

degeneration, 

blepharospasm, 

facial and neck 
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dystonia, chorea, 

dysarthria, ataxia. 

Pantothenate 

Kinase-Associated 

Neurodegeneration 

(PKAN) 

PANK2 

(20p12.3) 

Autosomal 

Recessive 

Dystonia, 

spasticity, 

cognitive decline, 

pigmentary 

retinopathy. 

PLA2G6-

Associated 

Neurodegeneration 

(PLAN) 

PLA2G6 

(22q12.13

) 

Autosomal 

Recessive 

Infantile 

neuroaxonal 

dystrophy, 

progressive motor 

and mental 

retardation, 

cerebellar ataxia, 

pyramidal signs. 

Mitochondrial 

Membrane Protein 

Associated 

Neurodegeneration 

(MPAN) 

C19orf12 

(19q12) 

Autosomal 

Recessive 

Iron-containing 

deposits, dystonia, 

parkinsonism, 

psychiatric 

symptoms, spastic 

paraparesis. 

FA2H-Associated 

Neurodegeneration 

(FAHN) 

FA2H 

(16q23) 

Autosomal 

Recessive 

Spastic 

quadriparesis, 

severe ataxia, 

dystonia. 
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Kufor-Rakeb 

disease 

ATP13A

2 

(1p36) 

Autosomal 

Recessive 

Early onset 

levodopa-

responsive 

parkinsonism with 

pyramidal tract 

involvement, 

dementia. 

Woodhouse-Sakati 

Syndrome 

DCAF17 

(2q31.1) 

Autosomal 

Recessive 

Hypogonadism, 

alopecia, diabetes 

mellitus, mental 

retardation, 

deafness, 

electrocardiograph

ic abnormalities. 

-propeller 

Protein-Associated 

Neurodegeneration 

(BPAN) 

WDR45 

(Xp11.23

) 

X-Linked 

Cognitive 

impairment, 

progressive 

dystonia-

parkinsonism, 

corticospinal 

signs. 

COASY protein- 

associated 

neurodegeneration 

(CoPAN) 

COASY 

(17q12.21

) 

Autosomal 

Recessive 

Oro-mandibular 

dystonia, 

dysarthria, spastic 

dystonic 

paraparesis, 

obsessive-
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compulsive 

behaviour 

? 
SCP2 

(1p.32) 

Autosomal 

recessive 

Gait disturbance 

and deafness 

? 
GTPBP2 

(6p.21) 

Autosomal 

recessive 

Mental 

retardation, ataxia, 

dystonia features 

Table 1. Overview of NBIA conditions and genes. The table summarizes the 

currently known genes involved in NBIA. FTL: ferritin light polypeptide, CP: 

ceruloplasmin, PANK2: pantothenate kinase 2, PLA2G6: phospholipase A2, 

C19orf12: chromosome 19 open reading frame 12, FA2H: fatty acid 2 hydroxylase, 

ATP13A2: ATPase type 13A2, DCAF17: DDB1 and CUL4 associated factor 17, 

WDR45: WD repeat domain 45, COASY: CoA synthase, SCP2: sterol carrier protein 

2, GTPBP2: GTP binding protein 2. 

 

Here I propose a summary of the diseases present in the table.  

 

1. NBIA disorders directly involving iron metabolism 

1.1.Neuroferritinopathy 

Neuroferritinopathy (MIM#606159) is an adult-onset autosomal 

dominant progressive movement disorder, due to mutations in Ferritin 

Light Chain gene (FTL).   

The first medical recognition of neuroferritinopathy relates to an 

English family (Curtis A.R. 2011).
 
 The proband was a woman who 

developed a movement disorder in middle age, but who retained all 

her cognitive functions; subsequent DNA analysis revealed an 

autosomal dominant genetic condition with symptom onset between 

the fourth and the sixth decade. Genetic analysis identified the cause 

of the syndrome in a 2 Mb region located at position 19q13.3, and 
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specifically in a sequence variant of Ferritin Light Chain gene (FTL), 

exon 4, constituted by an adenine insertion in position 460-461 near 

the 3’ end of the coding region (Curtis A.R. 2011). Research 

conducted after the discovery of new cases in the UK revealed that a 

common haplotype had been inherited by all patients and 

consequently that all their families derived from a common ancestor. 

To date, seven distinct disease-causing mutations have been reported 

in this disease, all of them localized in exon 4 of the FTL gene. The 

most common mutation is the insertion of an extra nucleotide in the 

fourth exon, which causes a frame-shift and synthesis of an abnormal 

C-terminus (McNeill A. 2011). Ferritin(Ft) is the main protein iron 

storage from prokaryotes to mammals and is characterized by a highly 

conserved structure that consists of a virtually spherical shell with an 

internal cavity that can accommodate up to 4500 iron atoms.  

Ferritin is a heteropolymer of 24 subunits, which can be either heavy 

or light in different proportions and form a proteinaceous shell that 

can store 4500 iron atoms (Arosio and Levi 2010).  

The heavy chain has a ferroxidase activity and the light chain aids 

mineralisation within the ferritin structure. The C-terminus is involved 

in the formation of the hydrophobic channel of the ferrin shell. So, 

when is mutated, it is incorporated into the ferrin heteropolymer, but  

leads to a poisoning of the holo-ferritin structure, potentially at the 

iron entry pore (Burn and Chinnery 2006) leading to an iron-porous 

ferritin structure (Friedman A. 2011). The mutated peptide assembles 

with the H- and L- subunits to form ferritin shell, which is unable to 

incorporate iron properly. This leads to iron excess in the cytosol 

(cytLIP), which induces iron-dependent ferritin translation, generating 
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a self-maintained vicious cycle, and at the same time stimulating ROS 

production and oxidative damage. In long period this causes 

impairment of the proteasome, ferritin aggregation, and cell death. 

The result is that iron leaks out of ferrin (Friedman A. 2011) . This 

cause iron-dependent oxidation, particularly in cells that normally 

express high amounts of FTL. Recently, it has also been reported a 

greater propensity to oxidation of the mutated chains, both in vitro and 

in vivo, stressing that oxidative stress is a key component of the 

pathogenesis (Baraibar M. A. 2010) . 

Clinically, the major extrapyrimidal symptoms, which manifest 

between the third and the sixth decades of life are chorea, dystonia, 

bradykinesia or a mixture of the three, with choreiform movements, 

tipically asymmetrical and more evident in the face, orolingual 

musculature and upper limbs.  Dystonia affects face, tongue, arms and 

legs and is usually asymmetrical as well. A number of patients 

experience reduced facial expression and gait instability. Dysarthria is 

common and dysphagia can also be a late feature, while eye 

movements are usually well preserved.  The diagnosis of 

neuroferritinopathy is still quite difficult, as its symptoms can easily 

be confused with those deriving from Huntington’s disease, 

Parkinson’s disease and idiopathic torsion dystonia, and it can also be 

confused with an unclassified movement disorder syndrome.
14

 In 

patients, serum ferritin level tends to be reduced (Crompton E. 2002). 

  

An abnormal deposition of iron and ferritin is found in the brain of 

neuroferritinopathy patients. At MRI their locations are usually in the 

basal ganglia, in the cerebellum and motor cortex; histologically,  in 
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glia and neurons. Importantly, evidence of iron deposition has been 

seen in presymptomatic familial carriers of the disease, leading to the 

hypothesis that iron accumulation begins in childhood and worsens 

until symptoms begin, in the fourth decade of life. (Keogh M. J. 

2012).  

Mitochondrial abnormalities have been highlighted and an increased 

oxidative stress of the cells, possibly due to iron, was shown via 

peroxidation and nitrosylation (Mancuso M.M. 2005). Indeed, several 

animal and cell systems have confirmed an increase in oxidative stress 

in FTL mutant models: through mitochondrial and nuclear DNA 

damage, proteasomal insufficiencies and damage to proteins and lipid 

via reactive species. Iron chelators were able to reverse cell 

sensitivity, promoting iron as the main cause of disease (Cozzi A. 

2010). 
 

In conclusion, analysis of protein suggest that the pathogenesis could 

be caused by a reduction in ferritin iron storage capacity and by 

enhanced toxicity associated with iron-induced ferritin aggregates, 

where as data on cellular models, confirmed by the study on 

transgenic mouse model, imply that the pathogenesis could be mostly 

related to iron- dependent oxidative damage. Thus, time should be 

invested now in the development of therapeutic agents aimed at 

blocking the detrimental cascade of oxidative events. Some promising 

results have been recently obtained in more common diseases, such as 

Parkinson’s disease and might be extended to these cases (Devos D. 

2014).  
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Figure 1. Scheme of pathogenetic molecular mechanism of  neuroferritinopathy. 

The mutated peptide (greenellipse) assembles with the H- (redellipse) and L 

(blueellipse) subunits to form ferritin shell, which is unable to incorporate iron 

properly. This leads to iron excess in the cytosol (cytLIP), which induces iron-

dependent ferritin translation, generating a self maintained vicious cycle, and at the 

same time stimulating ROS production and oxidative damage. In long period this 

causes impairment of the proteasome, ferritin aggregation, and cell death. (Levi and 

Finazzi 2014) 

 

1.2.Aceruloplasminemia 

Aceruloplasminemia is a disease originating from loss-of-function 

mutations in the ceruloplasmin (CP) gene, first discovered in 1987. 

The gene is located on chromosome 3, at position 3q23.25 and its 

product is a protein expressed by astrocytic foot processes. 

Ceruloplasmin is a glycoprotein containing many copper atoms that 

acts as a ferroxidase. It helps the iron export activity of ferroportin and 

leads to its binding to glycosyl phosphatidylinositol (GPI); in 

astrocytes it is necessary for iron export. 
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Aceruloplasminemic patients cannot oxidize ferrous ions ( Fe
2+

) 

delivered into their CNS, to ferric ions( Fe
3+

) so that the reduced 

atoms are free to lead to un-regulation in a different pathway 

concerning non transferrin-bound iron uptake. This mechanism, 

coupled with the inability of astrocytes to export iron, is thought as 

responsible for the astrocytic iron overload observed in patients 

(Brissot P. 2012).  

Eventually, iron will not reach neurons, that will consequently die 

because of iron deficiency and exposure to toxins released by the 

surrounding dying astrocytes. 

Furthermore, mutant forms of ceruloplasmin could possibly promote 

cell death on the basis of a non-iron related mechanism (Kono S. 

2006).   

The most affected brain area is that of the basal ganglia (Jeong and 

David 2003), where loss of neurons and accumulation of globular 

structures which have been interpreted as astrocytic remnants are 

evident (Schneider and Bhatia 2013). Particularly affected seem to be 

the dentate nuclei, the globus pallidus, the putamen, the caudate, 

thalamus and the red nuclei.
 
Iron accumulation is also evident in liver, 

pancreas and myocardium (Gregory A. 2005). 
 

From the clinical point of view, patients present with adult-onset 

neurological disease, diabetes mellitus and retinal degeneration. 

With the pathological proceeding, there is the comparison of cognitive 

impairment, cerebellar ataxia and craniofacial dyskinesia (Schneider 

S.A. 2012). Diagnostically serum cepuplasmin is undetectable, copper 

and iron serum levels are low, while ferritin is elevated (Schneider 

S.A. 2012).  
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2. NBIA disorders caused by defects in autophagy 

β-propeller-protein-associated neurodegeneration (BPAN) 

WDR45 (WD Repeat domain 45), a gene located at position Xp11.23, 

is responsible for a form of NBIA, called β-propeller-protein 

associated neurodegeneration (BPAN), first described by Haack in 

2012.  Even thought the gene is on chromosome X, males and females 

present the same clinical phenotype, and the disease is always 

sporadic, due to “the novo” mutations in the WDR45 gene. (Haack 

T.B. 2012). It codes for a protein (WIP14) with a seven-blated beta-

propeller structure and a phosphoinositide-binding motif for 

membrane interaction. It is a member of the WD repeats protein 

family and one of the four mammalian homologous of yeast Atg18, 

and important regulator of autophagy, specially in autophogosome 

formation (Lu Q. 2011) (Dall’Armi C. 2013). In lymphoblast cells 

from BPAN patients, the protein amount is clearly reduced and there 

is a block in the autophagic flux (Saitsu H. 2013).  

The patients affected show a definite phenotype, named SENDA, 

characterized by childhood onset cognitive impairment without 

progression which proceeds in adult age and became a progressive 

dystonia-parkinsonism and dementia with corticospinal signs.The 

MRI shows clear sign of iron accumulation in the SN in the early 

disease stage, while in GP is a later event (Haack T.B. 2012).   

There are many pathologies in which autophagy is involved: 

Pakinson’s disease, Crohn’s disease, cancer and spastic paraperesis, 

but this disorder represent the first direct link between the autophagy 
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machinery and neurodegeneration. So it will be of great interest to 

analyze the correlation with iron homeostasis.  

 

3. NBIA disorders caused by defects in lysosomal 

metabolism 

Kufor-Rakeb disease 

This recently-discovered NBIA pathology comes from patients 

mutated in a gene called ATP13A2, also known as PARK9; this gene is 

located on chromosome 1, at position 1p36. It is a rare autosomal 

disorder characterized by juvenile onset parkinsonism and dementia, 

neuronal ceroid-lipofuscinosis and NBIA (Di Fonzo A. 2007) (Bras J. 

2012) (Schneider S.A 2010).  

The protein encoded by ATP13A2 is a lysosomal 5 P-type ATPase that 

functions as a divalent cation transporter. The analysis of the 

fibroblasts from patients with ATP13A2 mutations have showed 

severe perturbation of lysosomal function, with impaired degradation 

of substrate, reduced processing of lysosomal enzyme and decreased 

autophagosome clearance. This leads to cytotoxic effects together 

with α-synuclein and zinc accumulation. Moreover fibroblasts (and 

olfactory neurons) have evidenced impaired maintenance of 

mitochondria, with network fragmentation (Grünewald A. 2012), 

mitochondrial DNA alterations, reduced membrane potential and ATP 

production (Nunnari and Suomalainen 2012). Maybe these 

dysfunction are linked to the increased cytosolic heavy metal status of 

the cell. 

Post-mortem studies have not been described yet, but, with brain 

imaging technique it is possible to observe generalized atrophy, with 
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putaminal and caudate nuclei iron deposition (Schneider and Bhatia 

2013) .
 

 

4. NBIA disorders caused by defects in DNA damage 

response 

Woodhouse-Sakati Syndrome 

The Woodhouse-Sakati syndrome, first described in 1983, is a 

recessive disease which does not necessary involve iron accumulation 

in the brain but that has nevertheless been welcomed in the NBIA 

group. This is because it involves lipid metabolism, another main 

pathway whose dysfunctions have been recognized shared by most 

NBIA pathologies (Alazami A.M. 2008).   

Patients suffering from this condition present mutations in DCAF17 

(DDB1 and CUL4 Associated Factor 17). DCAF17 encodes a 

nucleolus transmembrane protein of unknown function, which actively 

associates with CUL4 and DDB1 (Cullin 4 ubiquitin ligase 

complex/damaged DNA binding protein 1) (Jin J. 2006). This 

association links DCAF17 to DNA damage and cell cycle control. 

Patients affected by the Woodhouse-Sakati syndrome suffer from a 

multisystemic disorder characterized by hypogonadism, alopecia, 

diabetes mellitus, mental retardation, deafness and 

electrocardiographic abnormalities (Alazami A.M. 2008). 
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5. NBIA disorders caused by defective lipid 

metabolism 

The remaining five disease genes have a direct or an indirect role in 

fatty acid metabolism, and the reason for iron accumulation is less 

clear. Here I will summarize each of these five different diseases and 

the potential implication of lipid metabolism in NBIA, pointing the 

attention on Coenzyme A, that play an important role in two NBIA 

syndromes.  

 

5.1.1 NBIA caused by defective coenzyme A biosynthesis 

 

Coenzyme A 

Coenzyme A (CoA) is an essential cofactor of enzymatic reactions. 

CoA is utilized in about 100 biosynthetic and degrading reactions, 

where it acts as a high-energy carrier of acetyl and acyl groups, 

including  tricarboxylic acid cycle and fatty acid metabolism. 

The CoA biosynthetic pathway is higly conserveted and it involves 

five universal enzymatic steps, which use pantothenate (vitamin B5), 

ATP, and cysteine. [Figure 2].It is initiated by pantothenate kinase 

(PANK), which converts pantothenic acid into 4'-phosphopantothenic 

acid. The 4'-phosphopantothenoylcysteine synthase (PPCS) and 

phosphopantothenoylcysteine decarboxylase catalyze the formation of 

4-phosphopantothenoylcysteine and 4'-phosphopantetheine (4'PP), 

respectively. The last two steps of CoA biosynthesis are mediated by 

CoA synthase (COASY), which possesses 4'PP adenylyltransferase 

(PPAT) and dephospho-CoA kinase (DPCK) activities to couple 
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phosphopantetheine with ATP and subsequently phosphorylate the 3'-

hydroxyl group to generate CoA. (Aghajanian and Worral 2002). 

In mammals, the first step, catalysed by PANK, is the rate limiting 

one, whereas the last two steps are catalysed by COASY, a 

mitochondrial bifunctional enzyme having a PPAT (4-

phosphopantetheine-adenylyl transferase) and a DPCK (dephospho-

CoA kinase) activities. In other organisms, such as bacteria and yeast, 

PPAT and DPCK activities reside in two different enzymes:  Cab4 

and Cab5 in yeast, CoAD and CoAE in bacteria.    

 

 
 
Figure 2. Coenzyme A biosynthetic pathway in human 
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CoA consists of 3’-phosphoadenosine linked through the 5’ position 

of the ribose, to pantothenic acid via pyrophosphate linkage. The 

carboxyl end of pantothenic acid is then attached to β-

mercaptoethylamine with an amide linkage. The active form of CoA, 

acetyl-CoA, derives from a thioester composed of the –SH group of 

the mercaptoethylamine moiety and acetate. The thiol group at the end 

is essential to the chemical reactions where CoA is involved in, for 

this reason the enzymes involved in CoA biosynthesis are highly 

specific in incorporating cysteine, but not other amino acids (Strauss 

and Begley 2005). 

Tissue levels can vary widely depending on the organ in question, diet 

and fed/fasting state. The ratio of free CoA to acyl-CoA is important 

for regulating many key metabolic enzymes, such as acyl-CoA 

synthetase, PDH (pyruvate dehydrogenase) and 2-OG (2-oxoglutarate) 

dehydrogenase. The level of CoA is regulated by numerous 

extracellular stimuli, including hormones, glucocorticoids, nutrients 

and cellular metabolites (Tahiliani and Beinlich 1991) and a link 

between the complex signaling mTOR pathway, which is implicated 

in numerous metabolic and signaling processes, and CoA biosynthesis 

has been proposed (Nemazanyy I. 2014). 

CoA is primaly required in mitochondria for the citric acid cycle, in 

chloroplasts for fatty acid synthesis, and in peroxisomes for β-

oxidation (Agrimi G. 2012). The compartmentalization of CoA in all 

eukaryotes appears to be highly regulated: cytosol and organelles 

maintaining separate CoA pools whose levels can modulate fluxes 

through CoA-dependent reactions. Mammalian cytosolic 

concentrations are estimated to be in the range 0.02–0.14 mM in 
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animal tissues, whereas mitochondrial concentrations are much 

higher: from 2 to over 5 mM (Leonardi R. 2005). Most studies on the 

regulation of CoA metabolism in mammalian cells and tissues were 

carried out several years ago by Fritz A. Lipmann, who received the 

Nobel prize in 1953 for the discovery and characterization of CoA. 

The research on CoA biosynthesis/regulation has recently received 

novel interest thanks to the identification of mutations in genes 

encoding CoA biosynthetic enzymes in mammals and to the discovery 

of a link to neurodegeneration. 

This strongly reinforces the essential role of CoA biosynthetic 

pathway in the development and functioning of the nervous system. 

 

5.1.2 Pantothenate Kinase Associated Neurodegeneration 

(PKAN) 

The history of Pantothenate Kinase Associated Neurodegeneration 

(PKAN) is strictly linked to the discovery of NBIA pathologies. It 

dates back to 1922, when Julius Hallervorden and Hugo Spatz 

described what has since then been known as the Hallervorden-Spatz 

syndrome, which shares similarities with the group of NBIA 

disorders, to which it has consequently been assigned (Hallervorden 

and Spatz 1922). In 2001 the gene causing Hallervorden-Spatz 

syndrome was finally identified by linkage analysis; it turned out to be 

PANK2 gene, located on chromosome 20, at position 20p12.3 and 

responsible of the expression of Pantothenate Kinase type 2 

responsible for the first out of five steps in Coenzyme A biosynthesis 

(Zhou B. 2001). 
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After the rising of concerns regarding unethical activities of both 

Hallervorden and Spatz during the Second World War, a new disease 

nomenclature was proposed in 2002. According to this more recent 

NBIA designation, based on the name of the genes implied in the 

aetiology of the respective pathologies, Hallervorden-Spatz syndrome 

is better known as Pantothenate Kinase Associated Neurodegeneration 

(PKAN) and accounts for about 50-70% of NBIA cases. The 

majority of PKAN patients present combinations of dystonia, 

parkinsonism, dysarthria, spasticity, mental retardation and 

pigmentory retinopathy (Hayflick S.J. 2003). There are two distinct 

manifestations of this disease: classical and atypical. The first one 

PKAN has early onset, usually before six years of age, with a mean 

age of onset ranging between three and four years and a following 

rapid step-wise progression. Affected children show gait 

abnormalities, dystonia, dysarthria, rigidity with corticospinal tract 

involvement that ultimately leads to spasticity, hyper-reflexia and 

extensor-toe sign; some of them are given a diagnosis of Attention 

Deficit Hyperactivity Disorder (ADHD) before understanding that 

they are actually suffering from a PKAN syndrome. Losing of the 

ability to ambulate happens between 10 and 15 years after disease 

onset, and some of the children show developmental delay. Classic 

PKAN progresses at a non-uniform rate, even though the actual 

reasons for this characteristic are still unclear (Gregory A. 2005) 

PKAN also presents an atypical form, characterized by a later onset 

and a slower progression if compared to classic PKAN; the average 

age of onset is 13-14 years of age. 
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Speech difficulty is often the first recognized feature in this case, 

frequently accompanied by psychiatric symptoms, including 

depression, emotional lability, impulsivity and violent outbursts. 

Motor involvement is less severe than in classic PKAN patients and it 

progresses more slowly, with the loss of independent ambulation 

arising between 15 to 40 years after disease onset.  

Peculiarities of the atypical disease are repetitive actions, freezing and 

palilalia, a speech disorder in which a word or a phrase is rapidly 

repeated. Freezing during ambulation is similar to the one observed in 

Parkinson’s disease, and is often present when turning corners or 

when the subject experiences surface variations (Dusek and Schneider 

2012). Several studies have underlined the extreme variability in 

PKAN patients both genotipically and phenotypically, so as to bring a 

wider vision of the aetiopathology of this syndrome (Gregory A 

2009). 

Clinically, there is a strong correlation between loss of enzymatic 

activity and disease onset. PKAN patients with null mutations usually 

present with an early-onset and rapidly progressive form of the 

disease. 
 

At MRI, patients show a typical sign known as “eye of the tiger”: a 

region of hyperintensity possibly due to tissue necrosis and oedema, 

surrounded by an area of hypointensity possibly originating from iron 

deposition, in the medial globus pallidus (McNeill A. 2011). 
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Figure 3. T2-weighted MRI profiles. It is shown a control (A), a NBIA patient (B) 

and a PKAN patient (C) with che classical ‘eye of the tiger’ sign. Hyperintense 

(white) signals indicative of tissue rarefaction are seen surrounded by areas of 

hypointensity (black areas) attribute to iron accumulation and visible also in B. 

(Gregory A 2009)  

 

According to nine post-mortem cases (Kruer MC. 2011), the 

pathology of the disease was almost located in the CNS and 

particularly in the GP, where was evident a strong reduction of 

neurons and synapsis. In particular in the GP area, iron was increased 

in the cytoplasm of degenerating neurons, implying that neurons 

manifest iron overload before their death. Astrocytes showed marked 

iron overload in the GP of patients, but there was no iron 

accumulation in microglia and oligodendrocytes. Optic nerves and 

cerebellum were not affected. 

As was described above, PKAN is a pathology arising from mutations 

in PANK2 gene, which is a seve exon gene, alternatively spliced to 

form two transcript variants. It codes for Pantothenate Kinase, a 48 

kDa protein (Zhang Y-M. 2006), that catalyze the phosphorylation of 

vitamin B5 (pantothenate) in 4’-phosphopantothenate, the first 

committed step in CoA biosynthesis.  
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Mammals have four catalytically active PANK isoforms, all sharing a 

catalytic core identical for more than 80%. PANK4 is proposed to be 

non-fuctional while PANK1 and PANK3 are active in the cytosol. 

 PANK2 contains a residue that direct the protein to the 

mitochondria, where it can exert its activity (Hörtnagel K. 2003).  

PANK2 tissue distribution has also been proved to be variable, with 

murine PANK2 reaching its highest concentration level in the testes, 

whereas the human isoform has primarily been found in liver and 

brain (Leonardi R 2007) . 
 

Redundancy of PANK enzymes may explain why PKAN patients can 

survive to the first or second decade of life. Probably, the different 

isoforms can compensate each other to maintain adequate CoA levels.  

A full comprehension of the PANK2 mechanisms and their correlation 

with neurodegeneration process and iron accumulation is not clear yet, 

even thought there are many data obtained by different approach (in 

vivo and in vitro studies). 

Different animal models have been proposed using Mus musculus and 

Drosophila melanogaster.  

Homozygous mice do not develop brain iron accumulation or 

neurological traits, but  develop retinal problems and azoospermia, a 

condition which has also been associated to human patients (Gregory 

A. 2005), that could depend on the different PANK2 patterns of 

expression in the organism. 

Moreover the difference between mice and human expression, 

explains why knock-out mice do not, in fact, show most PKAN 

neurologic features, even though homozygous mice do manifest 

retinal degeneration  (Kuo Y.M. 2005). A subsequent study showed 
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that neurological symptoms occurred only when Pank 2-/- mice were 

deprived of pantothenic acid. Neurons from Pank 2-/- mice have an 

altered mitochondrial membrane potential, a defective respiration and 

a neurological phenotype that can be elicited in ketogenic diet 

(Brunetti D 2014) (Brunetti D. 2012) . 

Drosophila have one PANK2 homologue, fumbl. The animals without 

this gene manifested locomotor defects, neurodegeneration and 

interestingly, for the mechanism of the disease,  lipid dyshomeostatis 

and low CoA levels. Of extreme relevance, panthetine addiction to the 

diet of the mutant flies determined the correction of the effects 

described. (Bosveld F. 2008) (Wu Z. 2009) . 

As concern biochemical in vitro studies, PKAN patients have 

increased serum levels of lactic acid and pantothenate, and defects in 

lipid metabolism, mainly reduced lipid and cholesterol biosynthesis 

(Leoni V. 2012). Altogether these results are not able to indicate the 

exact pathophysiology of PKAN, and the reason why iron 

accumulated in the brain, but some hypothesis can be done. According 

to the Johnson and colleagues (Johnson M. 2004), in healthy brains 

phosphopantothenate condenses with cysteine, while in PKAN 

patients phosphopantothenate is deficient, because of loss of 

phosphorylation activity by PANK2,  and  mitochondrial cysteine is 

thus accumulated. Cysteine successfully binds iron and subsequently 

undergoes auto-oxidation, resulting in free radical production.
 
But 

after the discovery of forms of NBIA with iron deposits but without 

increased cysteine levels, other theories based on the association 

between iron and lipid were proposed. Alterations in phospholipids 

metabolism due to CoA-deficiency may injure the membranes, with 
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consequent oxidative stress that leads to iron accumulation (Leonardi 

R. 2005). The importance of CoA biosynthesis is confirmed also by 

the recent identification of mutations in COASY in other NBIA 

patients. CoA is central to metabolism, and is also required for 

synthesis of fatty acids and amino acids. It is interesting to notice that 

PANK2 and COASY share not only the same pathway but also the 

same localization, the mitochondria. Mitochondria are the main sites 

of iron utilisation in the cell. (Levi and Rovida 2009). This organelle 

employs iron for the biosynthesis of the iron sulphur cluster and heme 

cofactors, which are prostetic groups of many proteins involved in key 

biological processes (Stehling O. 2014). 

In view of these reported results, PKAN could ultimately be explained 

with a not sufficient Pantothenate Kinase activity in the brain, 

particularly involving PANK2 isoform, the most present in human 

brain; these defects could also lead to increased oxidative stress. This 

last hypothesis is supported by the observation that PKAN primarily 

involves the globus pallidus and the retina, which have both high 

metabolic demands and cellular environments susceptible to oxidative 

stress. In summary there is an interaction between lipid metabolism, 

iron metabolism and mitochondrial functions in cellular and animal 

models of PKAN patient, but more studies are required to understand 

the reasons for specific cell death. 
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5.1.3 Coenzyme A Synthase Protein Associated 

Neurodegeneration (COPAN) 

Recently, a novel subtype of NBIA, denominated CoPAN (CoA 

Synthase Protein Associated Neurodegeneration) (MIM #609855), has 

been associated with mutations in Coenzyme A synthase (COASY) 

gene  (Dusi S. 2014). COASY gene codes for a bi-functional 

mitochondrial enzyme converting 4-phosphopantetheine into 

dephospho-CoA and then to coenzyme A. COASY is composed by 

two domains: the first one has a phosphoadenyl transferase (PPAT) 

activity, while the second one has a dephospho-CoA kinase (DPCK) 

activity (Aghajanian and Worral 2002). There are two COASY 

isoforms, α and β produced from alternate splicing. The longer β  

isoform is brain specific and has an additional prolice-rich protein 

interaction domain but has identical enzymatic activity, to the 

ubiquitous α isofomorm (Nemazanyy I 2006). Reported clinical signs 

were: gait abnormalities, dystonia, dysarthria, spastic paraparesis, 

cognitive impairment, behavioural disturbances and motor axonal 

neuropathy. Iron accumulation was evident at MRI. The two mutation 

identified in NBIA patients, affects a highly conserved aminoacid 

residue in the catalytic site of the DPCK domain, a region extremely 

conserved from yeast to human. Fibroblast from the patients showed 

decreased levels of the mutant protein and reduced amount of acetyl-

CoA.  Mutant dephospho-CoA kinase domain do not have his 

enzymatic activity in vitro, whereas CoA levels in patients and 

controls appear normal. This finding suggests that CoA biosynthesis 

might be abolished in the presence of mutation, but that there is an 

alternative pathway for CoA synthesis that has to be found.  
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The recent role of COASY in NBIA, strongly reinforces the essential 

role of CoA in the development and functioning of the nervous system 

(Dusi S. 2014) . This has been previously suggested by other studies 

showing a reduction of CoA levels in dPank-deficient Drosophila 

fumble mutants  (Rana A. 2010) and in mice lacking both PANK1 and 

PANK2 genes (Garcia M. 2012). Moreover, the demonstration of 

COASY interaction with components of the PI3K/mTOR/S6K 

signaling cascade poses an interesting link between CoA biosynthesis 

and the regulation of cellular metabolism (Breus O. 2004) 

(Nemazanyy I. 2014)  

 

5.2  NBIA caused by defective fatty acid metabolism 

5.2.1 Phospholipase A2, group VI-associated neurodegeneration 

(PLAN) 

The first disease to be recognized as a distinctive non-PKAN type of 

NBIA disease was PLAN, a heterogeneous group of 

neurodegenerative conditions caused by mutation in PLA2G6. 

Mutations involving PLA2G6 gene (also known as iPLA2β) encoding 

phospholipase A2 group VI calcium-indipendent have been found as 

having a primary role in two different pathologies: infantile 

neuroaxonal dystrophy (NAD),  and  atypical neuroaxonal dystrophy.  

In infantile neuroaxonal dystrophy (NAD), a pediatric form of NBIA, 

symptoms occurs before 2 years of age and the most frequent feature 

is psychomotor regression, accompanied by hypotonia and 

tetraparesis. Often ataxia or gait instability also occur, together with 

optic atrophy, nystagmus and strabismus (Morgan N.V. 2006).Other 

clinical signs include decrease in nerve conduction velocity, 
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denervation evidence on EMG and fast rhythms on EEG. As seen with 

PKAN classification, INAD has an atypical form as well. This has 

different and heterogeneous characteristics, with patients experiencing 

later onset disease and a slower progression, variable ataxia, spasticity 

and neurobehavioral abnormalities. (Schneider and Bhatia 2013). 

Contrary to PKAN, iron accumulation is not a universal feature of 

PLAN.  Half of INAD patients show abnormally high iron levels 

especially in the globus pallidus, without the “eye of the tiger” sign 

(Kurian and Hayflick 2013).   

Neuropathologically, these patients have been reported presenting 

axonal spheroids throughout the nervous system, with predominant 

accumulation at axonal endings (Kimura K. 1991). Other observed 

features include neurofibrillary tangles, historically related to 

Alzheimer’s disease, α-synuclein-positive Lewy bodies and dystrophic 

neuritis, characteristics that may suggest a possible common 

pathogenic pathway shared by NBIA and other neurodegenerative 

disorders, such as Parkinson’s disease or Alzheimer’s disease. 

(Morgan N.V. 2006).
 

PLA2G6, locus 22q13.1, encodes for a mitochondrial Calcium 

independent group VI phospsholipase A2 , which is responsible for 

70% of total PLA2 activity in the brain. (Liou J.Y., 2005). It is 

obiquitously expressed (Song H. 2010),with at least five  splice 

variant. The mature protein catalyzes the hydrolysis of 

glycerophospholipids at the sn-2 position, giving rise to 

lysophospholipids and free fatty acid, which on its side promotes 

phospholipid remodelling, arachidonic acid release, leukotriene and 

prostaglandin synthesis and apoptosis (Morgan N.V. 2006).  PLA2G6 
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role in neurodegeneration may occur via the inability to remodel 

oxidized and damage phospholipids in neuronal cells and subcellular 

membranes. As concern membranes, polyunsatured inner-membrane 

mitochondrial components, such as cardiolipin, are extremely 

sensitive to ROS, suggesting the potential involvement of 

mitochondria in the pathogenesis of this disease. This hypothesis is 

also proved by two other evidences. First, the protective role of 

PLA2G6 against staurosporine-induced apoptosis (Seleznev K. 2006). 

Second mice lacking Pla2g6 exhibit degenerating mitochondria 

throughout the nervous system (Beck G. 2011). Protein dysfunction 

may altered lipid composition of plasma membrane, vesicles, and 

endosomes, subsequently resulting in abnormal regulation of 

membrane trafficking. 

Finally, there is evidence for a non-cell autonomous effect of PLA2G6 

disruption. Docosahexaenoic acid (DHA) is an essential fatty acid that 

cannot be synthesised in neurons. Astrocytes produce and release it 

thank to PLA2G6 action (Green J.T. 2008). Knockdown of the 

enzyme in astrocytes leads to a reduction of arachidonic acid and 

DHA in neurons and increased prostaglandin production, which could 

lead to increased apoptosis.  

In conclusion mitochondrial involvement, lipid turnover and Tau 

pathology are implicated in this NBIA subtype, and, in contrast to 

PKAN, it may be that metal has not a relevant role in PLAN 

pathogenesis.  
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Figure 4. PANK2 and PLA2G6 in mitochondria. Mutations in PANK2 and in 

PLA2G6 may interfere with synthesis and remodelling of cardiolipin. PANK2 is 

needed for the formation of CoA from pantothenate. CoA condenses with fatty acids 

to form acyl-CoA, which crosses into the mitochondrial matrix using the carnitine 

carrier system. Acyl-CoA in the mitochondrial matrix either delivers fatty acids for 

incorporation into complex intra-mitochondrial lipids, such as cardiolipin, or may 

alternatively undergo oxidation by the mitochondrial respiratory chain to generate 

ATP. The matrix membrane contains cardiolipin that enables the inner membrane to 

bend and turn. PLA2G6 may remove damaged fatty acids to allow incorporation of 

flexible unsaturated fatty acids, such as linoleic acid, from the acyl-CoA pool in the 

matrix. (Rouault T.A. 2013). 
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5.2.2 Mitochondrial Membrane Protein-Associated 

Neurodegeneration (MPAN) 

Mitochondrial Membrane Protein Associated Neurodegeneration, a 

recessive NBIA disorder, takes its name from the localization of the 

protein encoded by the orphan gene C19orf12.  

In 2011 mutations in chromosome 19 open reading frame 12 were 

found in approximately 80% of Polish NBIA patients without any 

PANK2 mutation by Hartig and colleagues (Hartig M.B. 2011); other 

mutations were recognized and later analyzed in 2012 by Schulte and 

colleagues. And now is estimated that MPAN accounts for around 

30% of NBIA cases  (Hogarth P. 2013). C19orf12 is higly conserved 

in evolution. In humans, chimps and chickens it encodes for two 

protein isoforms originating from two alternative first exons, each 

with two predicted transmembrane domains. The wild-type gene 

product localizes to mitochondria, but also in the endoplasmic 

reticulum (ER) and MAM (Mitochondria Associated Membrane) 

(Venco P. 2015). 

 Despite its mitochondrial localization, MPAN-associated mutations 

do not affect the mitochondrial bioenergetics in fibroblasts under basal 

conditions  (Hartig M.B. 2011). 

Although the function of the protein is still unknown,  the peptide is 

known as ubiquitously present, with high expression levels in brain, 

blood cells, adipose tissue where it is upregulated during adipocyte 

differentiation. The average age of onset is 9 years and the rate of 

progression is relatively slow  (Dezfouli M. 2013). Clinical symptoms 

are dysarthria, gait difficulties, dystonia, parkinsonism, psychiatric 

symptoms and spastic paraparesis, and in this sense the pathology is 
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similar to PKAN. Neuropathologically, the patients show iron-

containing deposits in the globus pallidus and substantia nigra, with 

the hippocampus presenting a small number of α-synuclein-containing 

spots and numerous tau-positive pyramidal cells.  

Loss of myelin in the pyramidal tracts of the spinal cord and optic 

nerve is also present, especially in the optic tract, as observed by 

Hartig and colleagues (Hartig M.B. 2011). 
 

MPAN has been successfully modelled in Drosophila, that exhibit 

neurological defects despite absence of iron accumulation (Iuso A. 

2014).  

 

5.2.3 Fatty Acid Hydroxylase-associated Neurodegeneration 

(FAHN) 

Mutations in FA2H (Fatty Acid 2-Hydroxylase) gene, located on 

chromosome 16 at position 16q23, is responsible of Fatty Acid 

Hydroxylase-associated Neurodegeneration (FAHN) (Kruer M.C. 

2010). 

FA2H codes for a 43kDa-NADPH-dependent mono-oxygenase 

residing in ER membranes. The protein has a C-terminal sterol 

desaturase domain, which contains an iron binding histidine motif and 

is responsible for catalytic activity, and an N-terminal cytochrome b5 

haem-binding domain, involved in redox activity and electron 

donation (Alderson N.L. 2004) (Hama H. 2010). FA2H produces the 

2-hydroxylated fatty acids that are incorporated into sphingolipids 

(Dan P. 2011). 2-hydroxylated fatty acids are precursors for the 

synthesis of ceramide, a critical component of myelin sheaths 

(Eckhardt M. 2005) . 
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FAHN is clinically characterized by spasticity, movement disorder, 

ataxia, dystonia, optic atrophy and oculomotor abnormalities, which 

later progress to intellectual impairments and seizures  (Rouault T.A. 

2013). 

Brain MRI highlights profound white-matter changes, cerebellar 

atrophy and thin corpus callosum (Kruer M.C. 2010) ; iron 

accumulation is mainly detected in the globus pallidus, substantia 

nigra and subcortical and periventricular regions.  

Three main pathogenetic mechanism can be hypothesized: first FA2H 

has a critical role in the maintenance of myelin, and its dysfunction 

can lead to myelin instability; second 2-hydroxylation could also have 

an effect to the size and number of membrane domains, which in turn 

can influence signalling between myelinating cells and neurons; third 

sphingolips may function ad signalling molecules that regulate 

neuronal and glia cells.  Mice models confirmed the first hypothesis, 

because demyelination and profound axonal loss in diverse brain areas 

where found. (Hama H. 2010). But the second and the third 

pathogenic hypothesis are now gaining strength. (Potter K.A. 2011). 

Finally, as concern the link between iron accumulation and 

sphingolipid metabolism, further studies are need to understand their 

relationship.  
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NEURODEGENERATIVE DISEASES AND NBIA 

 

After having presented the molecular and clinical complexity of 

NBIA, here I try to highlight emerging themes that have in common 

not only different NBIA syndromes, but also neurogenerative 

diseases.  This overlap between NBIA and neurodegenerative diseases 

is demonstrated by neuropathological evidence, clinical manifestation 

and molecular dysfunctions and it maybe will bring to new discovery 

about mechanism causing neuronal health.  

 

1. Iron 

Iron is one of the most important elements for our body, because it is 

indispensable for the formation of haem and iron-sulphur clusters and 

it acts as a cofactor in numerous metabolic reactions.  

Assumed by alimentation by duodenal enterocytes, iron travels 

through plasma bound to the glycoprotein transferrin, which has two 

high-affinity binding sites for Fe (III) and maintains iron in a soluble 

form and limits toxic radicals.  

In humans, plasma transferrin is usually 30% saturated with iron; if 

this level diminishes to less than 16%, there is iron deficiency, whilst 

if it increases to levels higher than 45%, we talk of iron overload. Iron 

is primarily used by erythroid precursors in the synthesis of heme. 

Reticuloendothelial macrophages clear senescent erythrocytes and 

release the iron from heme to export it to the circulation or store it in 

the hepatocytes (Fleming and Ponka 2012). These cells have an 

important role in the production of hepcidn, an ormone that regulates 

the release of iron from enterocytes and macrophages by degrading 
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the iron exporter ferroportin. Iron uptake in cells is performed via a 

clathrin-dependent endocytotic process. Once in the cell, iron is 

ferroxidased by ferritin heteropolymers, composed of 24 subunits, 

which can be either light (FtL) or heavy (FtH1). Both types of chain 

are ubiquitously expressed, and it is only their ratio that varies 

according to the kind of cell considered and to the presence of stimuli 

like inflammation or infection. 

FtH1 brings on a ferroxidase activity, which is necessary for the 

internal deposition of iron, while FtL makes iron nucleation easier and 

increases the turnover of the protein’s catalytic site. Ferritin’s action 

gives the cells a chance to lock up the excess of iron in a redox-

inactive form, so as to prevent iron-mediated cell and tissue damage. 

(Harrison and Arosio 1996) 

Iron homeostasis inside the cell is furthermore regulated at the post-

transcriptional level by Iron Regulatory Protein 1(IRP1) and Iron 

Regulatory Protein 2 (IRP2); both these proteins can inhibit 

translation initiation if bound to the respective hairpin structures on 

ferritin H(Heavy)- or L(Light)- chain, ferroportin, ALAS2 

(AminoLevulinic Acid Synthase), mitochondrial aconitase (ACO2) or 

hypoxia-inducible factor 2α mRNAs. (Gali B. 2008) 

Genetic ablation experiments have shown that the expression of both 

IRPs is essential, even though their activities are seemingly redundant. 

Phosphorilation of these proteins could also regulate their function, 

even though the exact mechanisms by which this regulation can 

possibly affect first iron metabolism and ultimately cell metabolism is 

still under study. (Hentze M.W. 2010) 
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Figure 5. Iron cycle (Fleming and Ponka 2012) . 

 

Iron-overload disorders are a spectrum of different progressive and 

sometimes irreversible diseases caused by defects in hepcidin-

ferroportin axis, erythroid maturation, iron transport and less common 

disorder like NBIA, where iron is a specific hallmark of the 

pathology, but also present in the plethora of symptoms od Alzheimer, 

Parkinson’s and Huntington disease. (Fleming and Ponka 2012). 

Interestingly, iron accumulation is not always correlated to a disease, 

in fact it’s a phenomenon, which happens in the brain during ageing in 

neurologically healthy people, in areas primarily associated with 

motor activity that are already iron-rich. (Hallgreen B. 1958). In 

NBIA disease iron accumulates in defined areas of the brain, basal 

ganglia, but sometimes also in cerebellum. Iron has been evidenced as 

a potential damaging element for tissues either directly or because it 

changes the cellular environment, making it more prone to toxins, by 

catalyzing the production of reactive oxygen species. In absence of a 
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model (in vivo or in vitro) that clearly recapitulate the iron 

accumulation, some researchers have proposed the idea that it may be 

just an epiphenomenon, and not a primary cause of NBIA diseases. 

This hypothesis is confirmed by the fact that iron chelation therapy 

was able to reduce iron in the brain, but not all the symptoms (Cossu 

G. 2014) (Zorzi G. 2012); moreover defects in one single gene, like 

PLA2G6 lead to variable iron accumulation. So iron deposition may 

be just a consequence of axonal disruption. In that case, iron 

dyshomeostatis could be explained by mitochondria and by their role 

as iron sink or by their importance in mitophagy. Altered 

mitochondria could alter iron. Questa frase non è tanto Chiara, cosa 

volevi dire? 

 

2. Fatty acid and phospholipid metabolism 

Metabolic dysfunction, specifically lipid dysfunctions, are often 

associated with neurological diseases  (Esposito G. 2008) (Evans SJ 

2012) (Jadoon A. 2012) also due to the peculiar lipid composition of 

neurons, that guarantees the correct functioning of the nervous system. 

Moreover, in the last few years, the identification of NBIA disease 

genes, implicated in lipid metabolism, pointed out on a possible link 

between phospholipids and neurodegeneration. Lipid impairment 

could bring neurological dysfunction by determining anomalies in 

cellular membranes, modification in cellular signalling involved in 

inflammation, neuronal excitability and myelin maintenance. (Brunetti 

D. 2012). Second, the fact that the majority of NBIA-related genes 

implicate mitochondria, or ER entails a fundamental role of these 

organelles for the correct functioning of neuronal cells. Mitochondrial 
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membrane abnormalities, for example involving cardiolipin, an 

important component of the mitochondrial inner membrane, could 

cause  the respiratory deficiency and ROS production seen in many 

NBIA subtypes. (Beck G. 2011). 

  

3. Mitochondrial dysfunction 

Mitochondria have been widely recognized as the election site for 

cell’s energetic. (Benard G. 2007). But their role is not confined only 

to bioenergetics: in fact, they play a fundamental action in other 

processes, such as intracellular Ca
2+

 homeostasis, ROS formation, 

apoptosis and iron cellular handling. (Detmer and Chan 2007) 

Mitochondria produce more than 90% of our cellular energy (ATP) by 

oxidative phosphorilation (OXPHOS), which occurs at the level of 

mitochondrial respiratory chain (MRC). So their main function is 

clearly energy production, which plays a decisive role in life/death of 

the cells. In particular, neuronal function and survival depend on a 

continuous supply of glucose and oxygen, used to generate ATP 

through glycolysis and mitochondria respiration. A perturbation in 

energy metabolism, can lead to irreversible neuronal injury.  

Faulty mitochondria have been thought to contribute to several 

ageing-related neurodegenerative diseases, such as PD, AD and ALS. 

The exact role of mitochondria in the pathogenesis of NBIA is not 

clearly understood, but there are several observations that support this 

link. Many disease-genes code for mitochondrial protein and in 

different NBIA subtypes it is reported mitochondrial dysfunction, 

which occurs as respiratory deficiency, oxidative damage, and 

morphological defects. 
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4. Misfolded proteins 

Many neurodegenerative diseases are caused by accumulation of 

specific protein aggregates in the brain with a regional pattern specific 

to each disease. AD is characterized by extracellular deposition of 

amyloid-β (Aβ) protein in the form of senile plaques and by 

intraneuronal accumulation of hyperphosphorylated tau as 

neurofibrillary tangles (Hardy J. 2006) (Selkoe DJ. 2004). In PD, the 

synaptic protein α-synuclein accumulates in neuronal cell bodies and 

axons; these aggregates are referred to as Lewy bodies and Lewy 

neuritis, respectively (Goedert M. 2001). In Huntington’s disease 

(HD) and other diseases with the expansion of triplet repeats, proteins 

with expanded polyglutamine (polyQ) accumulate in the nucleus and 

cytoplasm (Ross and Poirier 2004). Accumulation of misfolded prion 

proteins also occurs in Creutzfeldt–Jakob disease (CJD) (Prusiner SB. 

2001). The proteins that accumulate in neurodegenerative diseases are 

typically misfolded and yield a β-sheet structure that promotes 

aggregation and fibril formation (Soto C. 2003 ). In the paragraphs 

above we make a list of the unfolded proteins present in NBIA, like 

Tau pathology, Lewy bodies and Lewy neuritis, which can be 

responsible of cell death in NBIA.  

Genetic factors but also environmental factors, such as oxidative or 

metabolic stress, can increase the production of misfolded proteins. 

In eukaryotic cells there are two main pathways responsible for 

protein and organelle clearance: the ubiquitin-proteasome system 

(UPS) and the autophagy-lysosome system. 
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Proteasome are barrel-shaped multiprotein complexes that 

predominantly degrade short-lived nuclear and cytosolic proteins after 

their C-terminal ubiquitination. 

Autophagy, literally “self-eating”, describes a catabolic process in 

which cell constituents such as organelles and proteins are delivered to 

the lysosomal compartment for degradation.  

Increasing evidences suggest that impairment in UPS and autophagy 

is a common feature in several brain diseases (McNaught and Jenner 

2001). These dysfunctions may be caused directly by mutations in 

genes that encode proteins involved these pathways; or by the 

abnormal protein accumulation may further overwhelm degradative 

systems and, as a result, even more proteins start accumulating within 

the cells (Bence NF 2001) . 

If unfolded proteins cannot be refolded and targeted for degradation, 

they may be sequestered into a specific cellular site to generate an 

intracellular inclusion body, as an aggresome (Johnston J.A. 1998). 

Axonal swellings, that are the pathological hallmark of PLAN, contain 

mitochondrial components, ubiquitinated proteins and cytoskeletal 

alterations that finally could lead to axonal transport defects. 

According to current knowledge, the formation of this aggresome 

would have a protective function, reducing the random accumulation 

of potential toxic protein oligomers and aggregates and preventing 

abnormal interactions of these aberrant species with other proteins or 

cell organelles (Chen B. 2011)  
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5. Calcium homeostasis 

Calcium, as Ca
2+

 cation, is an essential intracellular signal, important 

in many cellular functions and processes, including muscle 

contraction, neuronal transmission as in an excitatory synapse, cellular 

motility, fertilisation, cell growth or proliferation, learning, memory 

(as with synaptic plasticity). For neuronal transmission, neurons use 

Ca
2+

 as intracellular messenger that mediates the physiological 

response of neurons to chemical and electrical stimulation. In all 

eukaryotic cells, the cytosolic concentration of Ca2+ ([Ca2+]c) is 

tightly controlled by complex interactions among pumps, channels, 

exchangers and binding proteins, and relatively small and/or local 

changes in its concentration modulate a wide range of intracellular 

actions. Under resting conditions, free cytosolic Ca
2+ 

levels in neurons 

are maintained around 200 nM, but their concentration can rise to low 

micromolar values upon electrical or receptor–mediated stimulation. 

Ca
2+

 in resting condition is maintained around the value of 100nM, 

significantly lower than extracellular  (1mM). This condition is 

guaranteed by the low permeability of the plasma membrane to ions 

and by by powerful calcium-binding and calcium-buffering proteins 

(e.g. calbindin or parvalbumin) and partly by an active uptake into 

internal stores by the Sarco/ER calcium-ATPase (SERCA) at the ER 

membrane or by the mitochondrial uniporter  (Berridge MJ. 2003). 

This fine regulation of Ca
2+

 allows this ion to act as one of the most 

important second messenger in signal transduction pathways. The 

increase of intracellular Ca
2+

 can be elicited through two fundamental 

mechanisms: 1) the Ca
2+

 mobilization from intracellular stores, mainly 

the endoplasmic reticulum (ER) and Golgi apparatus, or 2) the entry 

https://en.wikipedia.org/wiki/Muscle_contraction
https://en.wikipedia.org/wiki/Muscle_contraction
https://en.wikipedia.org/wiki/Excitatory_synapse
https://en.wikipedia.org/wiki/Motility
https://en.wikipedia.org/wiki/Fertilisation
https://en.wikipedia.org/wiki/Cell_growth
https://en.wikipedia.org/wiki/Synaptic_plasticity
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from the extracellular space, where the concentrations are several 

magnitudes higher compared to cytosolic calcium levels  (Berridge 

MJ. 2003). Calcium can be released into the cytosol from ER via 

activation of inositol 1,4,5-triphosphate receptors (InsP3Rs) or 

ryanodine receptors (RyRs). The main route inducing Ca
2+

 release 

from intracellular stores involves the IP3 Receptor (IP3R), a 

transmembrane protein located on the ER and Golgi membrane, which 

exposes on the cytosolic face the IP3 binding site, while it forms a 

Ca
2+ 

channel in the transmembrane domain. Usually, this finely tuned 

control of Ca
2+

 fluxes and Ca
2+ 

load is compromised in normal aging 

and even more in pathological states. The major factor responsible for 

impairment of neuronal Ca
2+ 

homeostasis is oxidative stress. This 

situation makes neurons vulnerable to a form of Ca
2+

-mediated death, 

called excitotoxicity, in which glutamate receptors are over activated 

leading to rise of intracellular Ca
2+

 concentrations beyond tolerable 

levels  (Arundine and Tymianski 2003). Mitochondria play an 

important role in the regulation of Ca
2+ 

levels. It has been 

demonstrated that both genetic manipulations and pharmacological 

treatments, enhancing mitochondrial Ca
2+ 

sequestration, can protect 

neurons against excitotoxicity (Duchen MR. 2000). 

Alterations of Ca
2+ 

homeostasis are observed in several 

neurodegenerative diseases including PD, AD, ALS and HD. Rare 

examples support a direct role of Ca
2+ 

 homeostasis deregulation as the 

first hit towards neurodegeneration, however there are evidences that 

highlights the presence and the importance of calcium deregulation in 

progression of several neurodegenerative process (Wojda U. 2008). 

As concern NBIA, calcium signaling was shown to be defective in 
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astrocytes from PLA2G6 mutant mice (Strokin M. 2007) and in 

MPAN patients (Venco P. 2015). 

 

6. Autophagy 

The term autophagy literally means “self-eating’’ and it is used to 

describe lysosomal-mediated degradation of intracellular contents, 

which can be divided into three basic mechanisms: 1) chaperone-

mediated autophagy, 2) microautophagy, and 3) macroautophagy. 

Macroautophagy, hereafter referred to as autophagy, is a major 

pathway for bulk degradation of cytoplasmic constituents and 

organelles. In this process, parts of the cytoplasm and intracellular 

organelles are sequestered within characteristic double- or multi-

membrane autophagic vacuoles (named autophagosomes) and are 

finally delivered to lysosomes for bulk degradation and recycling. 

(Lamb CA. 2013)It is a highly regulated process that can either be 

involved in the turnover of long-lived proteins or can specifically 

target distinct organelles (for example, mitochondria in mitophagy and 

the endoplasmic reticulum (ER) in reticulophagy), thereby eliminating 

supernumerary or damaged organelles. (Hamasaki M. 2013) .Thus 

autophagy is a constitutive cellular event, through which superfluous, 

damaged or aged cells or organelles are eliminated. Beyond this 

homeostatic function, autophagy is also a process by which cells adapt 

their metabolism to starvation, hormonal stimulation and drug 

treatments. It plays an important role in cellular quality control in 

neurons because the denatured or aggregated proteins and the 

dysfunctional organelles are not reduced by dilution during cell 

division in neurons. So, impaired autophagic processes in neurons 
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lead to improper homeostasis and neurodegeneration. Specifically the 

impairment is due to an unbalance between autophagosome formation 

and autophagic degradation. The accumulation of autophagosomes in 

neurons is associated with neurodegenerative diseases, such as 

Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. 

(Jiang and Mizushima 2014) 

Excessive autophagy can lead to excessive degradation of cytosolic 

components and neuronal cell death.  

As concerning NBIA, autophagy has a clear role in Kufor-Rakeb 

Syndrome and in SENDA caused by mutations in WDR45, but 

autophagic defects have been reported also in MPAN. (Venco P. 

2015). 

The supposed link between autophagy and NBIA (in genes that are 

not strictly correlated with this process), is lipid metabolism for the 

autophagolysosome formation and mitochondria for the involvement 

in the bulking of autophagic vesicles.  

 

7. Oxidative stress  

Oxidative stress results from exposure to high levels of reactive 

oxygen species (ROS), which are not detoxified by cellular 

antioxidizing agents (Fleury C. 2002). ROS are generally small, short-

lived and highly reactive molecules, formed by incomplete one-

electron reduction of oxygen. ROS include both free radicals, such as 

superoxide (O2
.-
), nitric oxide (NO

.
) and hydroxyl (OH

.
) radicals and 

other molecular species, such as hydrogen peroxide (H2O2) and 

peroxynitrite (ONOO
-
). These species are produced by ionizing 

radiation of biological molecules, as a byproduct of respiration in 
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mitochondria or are synthesized by specific enzymes of the NADPH 

oxidase (NOX) and dual oxidase (DUOX) family. NOX and DUOX 

oxidize  NADPH and reduce oxygen across the plasma membrane to 

generate superoxide, which can then form (H2O2), which crosses the 

membrane and enters the cell (Suh YA. 1999).  

ROS can interact with different substrates in the cell, such as proteins, 

lipids and DNA. Oxidation of proteins may involve structural 

alterations or destroy the active sites of enzymes. Other examples of 

protein modifications caused by ROS are nitration, carbonylation, and 

protein-protein cross linking, generally leading to protein loss of 

function and accumulation into cytoplasmic inclusions with alterations 

of degradation systems  (Dalle-Donne I. 2005).  

Oxidative modification of unsaturated fatty acids can result in lipid 

peroxides, which in some cases disrupt both the plasma membrane 

and membranes of subcellular organelles, such as mitochondria. 

Oxidation of DNA may lead to mutations. In fact, it is known that the 

frequency of mtDNA mutations is higher that nDNA, because it is 

exposed to the action of ROS produced by oxidative phosphorylation 

(OXPHOS), the metabolic pathway in which the mitochondria 

produce energy in the form of ATP. Various defense mechanisms 

have been developed to protect cells against oxidative stress, such as 

up-regulation of antioxidants, removal of specific proteins by the 

ubiquitin–proteasome system (Grune T. 2003) and removal of 

damaged proteins and organelles by autophagy. Antioxidant enzymes 

include superoxide dismutase (SOD), glutathione peroxidase, and 

catalase. In addition there are non enzymatic antioxidant compounds, 

such as glutathione  (GSH)  and vitamin E. GSH is the most abundant 
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small non protein molecule in cells and it is the main antioxidant in 

CNS. Reduced GSH can interact directly with free radicals for their 

removal. Vitamin E appears to neutralize the effect of peroxide and to 

prevent lipid peroxidation in membranes. I will talk about autophagy 

in next paragraph, but now it is important to mark its role in response 

to ROS. This is highlighted by the accumulation of oxidized proteins 

in aged cells under normal growth conditions (Donati A. 2001), where 

autophagic pathways are compromised with age (Kiffin R. 2006) and 

in age-related disorders, such as Alzheimer’s disease (Cataldo AM. 

1996) and diabetes mellitus (Sooparb S. 2004), where there is also a 

decrease in autophagy. The brain is considered to be particularly 

susceptible to ROS damaging. In fact, even if it represents only ~2% 

of the total body weight, the brain accounts over than 20% of the total 

consumption of oxygen (Halliwell B. 2006). Therefore, oxidative 

stress can be important in aetiology of various neurodegenerative 

diseases. In fact postmortem brain tissues from patients with different 

neurodegenerative diseases demonstrated increased ROS in affected 

brain regions. A clear example from genetics is the presence of SOD1 

mutations in 20% of familial cases of ALS. Looking at NBIA, the 

overall data indicate oxidative stress, driven by heavy metal 

accumulation, as the primary pathogenesis for aceruloplasminemia 

and neuroferritinopaty (Kono e Miyajima 2006). The PKAN patients' 

fibroblasts showed altered oxidative status, reduced antioxidant 

defense, and impaired cytosolic and mitochondrial aconitase activities 

compared to control cells. (Campanella A. 2012). Thus, studies should 

be invested now in development of drugs that block the cascade of 
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oxidative events, following the results carried on Parkinson’s disease 

(Devos D. 2014).  

 

8. Axonal transport  

Axonal transport is a cellular process essential in neurons because of 

their size and their role in the reception and transmission of nerve 

impulses to and from the CNS. Impairment of axonal transport has 

recently emerged as a common factor in several neurodegenerative 

disorders even thought the causal relationship between axonal 

transport defects and degeneration remains unclear. (Hirokawa N. 

2010)    

Typically, neurons are composted of a cell body, multiple dendrites 

and a single axon. Dendrites and cell bodies play a role in collection 

and processing of information, and the axon is responsible for the 

transmission of information to other neurons via synapses. Axonal 

transport is responsible for movement of proteins, lipids, mitochondria 

and for the clearance of misfolded proteins and it occurs along the 

cellular cytoskeleton. There are three major components of the 

neuronal cytoskeleton: microtubules, actin and intermediate filaments. 

Microtubules are formed from the dynamic polymerization of αβ-

tubulin dimers. Microtubules polymerize outward from the 

centrosome, then undergo a stochastic transition, resulting in a very 

rapid depolymerization. This dynamic behavior is required for the 

normal outgrowth of axons and growth cones, specialized ends of 

growing axons (or dendrites) that generate the motive force for 

elongation. 

https://en.wikipedia.org/wiki/Cellular_process


50 

 

Also the cytoskeletal actin provides both dynamics and stability to this 

structure. Actin monomers assemble into a flexible helical polymer 

with two distinct ends: one fast growing extremity and one with a 

slower growth.  

The third major component of the cellular cytoskeleton includes 

intermediate filaments, the most common of which are neurofilaments 

in mature motor neurons. Once assembled, these filaments lack 

overall polarity, and do not undergo the dramatic remodeling 

characteristic of actin and microtubules. Neurofilaments primarily 

provide structural stabilization to the cell, and regulate the radial 

growth of axons. (Millecamps and Julien 2013) 

It is interesting to note that aggregation of neurofilaments is a 

common marker of neurodegenerative disease  (Liu Q. 2004). 

Molecular motors, specialized enzymes that use ATP hydrolysis 

energy to move along the cellular cytoskeleton, are responsible for 

active transport in neurons. Long-distance travelling within the motor 

neuron is driven primarily by microtubule-based motor proteins, while 

actin filament-based motors drive shorter distances, or dispersive 

movements. Microtubules motors include members of the kinesin 

superfamily and cytoplasmic dynein; myosin drive transport of 

vesicles and organelles along actin filaments. Conventional kinesins 

are the major species of plus-end directed molecular motors in the 

brain (Wagner et al., 1989), being involved in anterograde transport 

(from cell body to synapses) of various membrane-bounded 

organelles, including mitochondria, synaptic vesicles and axolemmal 

precursors, among others (Leopold PL. 1992) (Elluru RG. 1995). 

Conventional kinesin is a heterotetramer composed of two heavy 
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chains (kinesin-1s, KHCs) and two light chains (KLCs) (DeBoer SR. 

2008). Retrograde transport (from axonal end to cell body) is carried 

out by the multisubunit motor protein complex cytoplasmic dynein 

(CDyn) (Susalka e Pfister KK. 2000).This transport consists mainly of 

endosomal/lysosomal organelles that carry corrupted proteins back to 

the cell bodies for degradation but also neurotrophic factors required 

for neuronal survival. 

A lot of evidence suggests that neurodegenerative diseases may be a 

direct consequence of axonal transport alterations. Mutations have 

been found in various subunits of conventional kinesin (Reid E. 

2002)and CDyn (Hafezparast M. 2003) resulting in selective 

degeneration of specific neuronal subtypes. Moreover other 

mechanisms, such as abnormal activation of protein kinases and 

aberrant patterns of protein phosphorylation, that are not associated 

with mutations in molecular motors, represent major hallmarks in 

neurodegenerative diseases (Wagey and Krieger 1998). As concerning 

NBIA, PLAN and BPAN, there has been found neurofibrillary tangles 

that maybe have a connection with impairment in axonal transport. 

(Arber C. 2015) 
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MODELLING APPROACHES 

 

As its said in the title, my PhD program is about the characterization 

of disease genes through the development of cellular models. So, it is 

important to dedicate some paragraphs to the novel modelling 

approaches used during my work, to the current state of the field and 

the future challenges about reprogramming.  

 

1. Induced Pluripotent Stem Cells (iPSCs) 

Ever since the first isolation of Embryonic Stem Cells (ESCs) in 1981 

from mouse by two independent groups, leaded by Evans and 

Kaufman and by Martin, (Evans and Kaufman 1981) (Martin GR. 

1981) then in 1998 from human by Thomson’s group, has research 

tried to find a way to make a ethically acceptable use of stem cells. 

(Thomson JA. 1998) 

ESCs (Embryonic Stem Cells), in fact, though theoretically capable of 

renewing into every kind of cell, arise ethical issues that cannot be 

avoided, as these cells derive from the inner cell mass of blastocysts.

  

Trying to reprogram already differentiated cells, reverting their fate, 

has for long been a chimera, but at the same time one of the major 

aims of science. In this way new cells would be at disposal for 

treatment of degenerative disease as, for example, juvenile diabetes, 

Parkinson’s disease, heart failure, cord injury and burns. In 1952, 

Briggs and King demonstrated that nuclear transfer from a blastula 

stage embryo to enucleated Rana pipiens eggs was actually possible 

and brought to the development of normal tadpoles (Briggs and King 
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1952); in the 1960s, Gurdon and his colleagues managed to produce 

adult frogs via nuclear transfer of tadpole intestine cell nuclei into 

enucleated Xenopus laevis eggs. (Gurdon 1962) 

It was thus understood that developmental genes could be activated 

also in differentiate cells. 

As early as in 1976, Miller and Ruddle demonstrated that after fusion 

with Embryonal Carcinoma Cells (ECCs), thymocytes actually 

acquire pluripotency; later, two independent experiments both made 

by Tada and colleagues, obtained pluripotent cells via electrofusion 

with Embryonic Germ Cells (EGCs) in 1997 and via electrofusion 

with mouse ESCs in 2001. 

In 1996 a ultimate result was obtained with the birth of Dolly, the first 

cloned sheep; from then on, other animals have successfully been 

cloned, including cows and dogs. 

The final goal was re-programming by fusion with human ESCs, a 

result reached for the first time in 2005 by Cowan’s group and later in 

2006 by Yu and colleagues. (Cowan CA. 2005) 

All the above-mentioned studies have resulted in the comprehension 

that both egg cytoplasm and ES Cells have factors which can actively 

reprogram somatic cell nuclei and render them back to a pluripotent 

state. 

This technology has nevertheless different problems, not least the 

creation of tetraploid cells and the subsequent teratoma formation that, 

even if it is a clue peculiar to pluripotent potential, also impedes the 

therapeutic use of these cells.  

Furthermore, these fused cells could possibly give rise to immune 

rejection after transplantation. 
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The innovative result of the possibility of inducing stemness in 

already-differentiated, adult, somatic cells was obtained by Takahashi 

and Yamanaka in 2006, using a group of pluripotency-inducing 

factors. In their seminal work, Takahashi and Yamanaka tested 

different groups of factors and in the end they identified four factors 

necessary in the reprogramming process: Oct-3/4, Sox2, c-Myc and 

Klf4 (Takahashi and Yamanaka 2006). First in 2007, scientists were 

able to generate iPSCs from human fibroblast, using the same four 

factors that were applied to reprogram mouse fibroblasts and a 

retroviral approach. (Takahashi K. 2007) Further analysis confirmed 

not only that cells obtained in this way expressed markers typical of 

human Embryonic Stem Cells, but also that ES cell-specific genes 

were active in these hiPS Cells. Different methods were used to test 

the pluripotency and the self-renewal of these cells: Embryoid Body 

and teratoma formation, marker genes expression, alkaline 

phosphatise analysis, gobal gene expression.  The question is if iPSCs 

are similar or identical to ESC. Still much debate is going on about 

this issue and more work has to be done in order to appreciate and 

highlight the true reason of similarity and difference between ESCs 

and iPSCs. (Yamanaka 2008) 

A recent review written by Yamanaka points out that the high 

similarity observed between ESCs and iPSCs could be due to the fact 

that ESCs do not exist under physiological conditions, but are selected 

in culture with the cultivation of cells from the embryo’s Inner Cell 

Mass (ICM); they should thus be considered artificial, hand-made. 

(Yamanaka S. 2012)
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Contrasting results come from the comparison of hiPSCs and hESCs, 

regarding DNA methylation, gene expression, teratoma-forming 

propensity. 

Many of these cells have subtle or severe chromosomal abnormalities: 

large sample sizes are needed to further strengthen the possible 

difference between iPSCs and ESCs, even if the relatively low 

efficiency of reprogramming makes it difficult to obtain the necessary 

amount of pluripotent cells. (Pera 2011) It has been widely accepted 

that ESCs and iPSCs are not epigenetically, transcriptionally, 

genetically or functionally identical, though it is still to be 

demonstrated whether these differences are due only to normal 

biological variations or if they are a consequence of the 

reprogramming event. (Wernig 2008) 

Ever since the first discovery of iPSCs, one of the major hurdles to be 

overcome was the relatively low efficiency of the reprogramming 

process. Therefore, there has always been a search for new 

methodological advances that could help to ameliorate iPSCs’ 

production. First of all the delivering methods that are currently being 

used in research: integrating vectors and non-integrating vectors. 

In the first category, we may find retroviral vectors and lentiviral 

vectors; in the second one there are plasmid vectors, episomal 

plasmids, adenoviruses, synthesized RNAs and proteins, and Sendai 

viruses, which was the method that we choose in our lab.  
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iPSCs’ potential applications 

Accepting the idea that iPSCs are artificial cells type and that much 

work remains to be done to improve and refine them, undoubtedly 

reprogramming technologies have an important potential use for 

modelling and treating diseases. Regarding the use of iPSCs as 

research tool, they have the advantage of providing the scientific 

world with a chance to study the developmental process for multiple 

times with the same pool of cells.  Another important application of 

iPSCs is the production of cell lines from patients suffering from 

different diseases, thus providing researchers with a tool of immense 

importance. Although production of disease phenotype from 

differentiated iPSCs in vitro is the necessary first step towards disease 

modelling, the identification of novel pathways or drugs that could 

affect the disease process is the ultimate goal of this approach.  

Induced Pluripotent Stem Cells could also be useful in recording pre-

symptomatic abnormalities: actual hurdles to this further application 

are the necessity of ameliorating the efficiency of differentiation in 

order to decrease the risk of teratoma and the development of new 

delivery methods to target the organs of interest. Another major issue 

is the possibility that in vitro modelling does not reproduce the actual 

in-vivo pathological evolution in age of onset, nature of disorder and 

in the complexity of the causative genetic defects. (Wu and 

Hocheddlinger 2011) 

Another important research field is cancer research; nowadays it has 

been recognized that cancer cells inhibit induction of iPSCs, but in the 

future, as iPSCs’ technology and production improve, it will hopefully 

be possible to reprogram defined cancer cells, erasing their epigenetic 
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alterations that gave rise to the oncogenic profile and making them 

physiologically normal again. (Kim 2013) 

In order to promote research in all these application fields, 

immunodeficient mice are continuously used and humanized animals 

are going to be a fundamental tool for the expanding potential of this 

brand new technology.
 

Some researchers have also proposed that Induced Pluripotent Stem 

Cells could be a useful tool for the conservation of endangered 

species, via the reprogramming of cryopreserved fibroblasts. (Selvaraj 

V. 2011)
 

But one of the most exciting aspects of iPSC technology is the 

possibility of generating autologous cells for cell-replacement therapy. 

A major breakthrough regarding the use of iPSCs for research has 

been the obtainment of sickle cell-anemia iPS Cells murine model. 

(Hanna 2007). In this pioneering study, iPS Cells obtained from 

patients suffering from sickle cell anemia were corrected for the 

mutation via homologous recombination and were transplanted into 

humanized mice anemia model, recovering the normal phenotype. 

The risk of teratoma formation is a huge challenge for iPSCs-based 

therapy. Most of the experiments are in fact conducted on 

immune-deficient animals and it is not clear if the risk would be 

similar or greater in patients with a functional immune system. 

This issue has been partly overcome by the direct reprogramming 

approach, which skips the pluripotent stage. 

Direct reprogramming produces somatic cells with a limited lifespan, 

while both ESCs and iPSs have limitless growth and could be thus 
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more useful for scientific research, providing the laboratories with a 

potentially infinite cell culture. 

Another challenge for therapy lies in the fact that ES/iPSCs-derived 

cell lines are for the most part immature, as they resemble the 

embryonic status of differentiation. 

An important issue that it is still under debate is whether the engrafted 

cells derived from iPSCs can function together with the existing cells. 

Some studies have highlighted the possibility that reprogrammed 

fibroblasts could successfully integrate into mouse fetal brain and 

improve the symptoms of Parkinson’s disease (Vierbuchen and 

Wernig 2011).  It is not known, however, if the factors causing the 

disease can also lead to the degeneration of the reprogrammed and 

transplanted cells: this does not anyway preclude the possible future 

use of iPSCs for clinical and therapeutic transplant applications. 
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Figure 6. Generation and application of patient-specific disease models. 

(Sterneckert JL. 2014) 
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2. Direct reprogramming 

A very short paragraph must be dedicated to the direct 

reprogramming, an alternative method to override the different ethical 

concerns involving iPSCs’ generation.  

In this case, somatic cell types are directly converted into one another 

without first reverting to a pluripotent state. There have been 

numerous successful results using this approach, and it has been 

possible to differentiate exocrine pancreatic cells to β-cells, and 

fibroblasts to myocytes, neurons or hepatocytes. By means of direct 

reprogramming, the up-regulation of target gene expression is rapid, 

and cell identity is stable after the removal of all exogenous factors. 

Reprogramming efficiency varies widely depending on the type of 

cells that are being used; it is thought that closely related cell types, 

which are epigenetically speaking, more similar, are also more prone 

to an efficient conversion. 

In their review, Vierbuchen and Wernig revisit all the different 

methods and explain some of the possible mechanisms lying under the 

mechanism of direct reprogramming. (Vierbuchen and Werning 2010) 

 

Possible applications of direct reprogramming  

Possible applications of direct reprogramming technology include the 

chance of using these cells for transplants, pharmaceutical research 

and disease modelling. 

Compared to iPSCs, directly reprogrammed cells do not form 

teratoma and do not recapitulate embryonic tissue generation; they are 

thus more viable for modelling of those diseases generated at terminal 

stages in adult age (Vierbuchen T. 2011).
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Despite this important practical drawbacks, it has already been tried to 

transplant direct reprogrammed fibroblasts into mouse models, as was 

the case with iPSCs technology: a group guided by Kim, in fact, 

observed the functional integration of neurons obtained from mouse 

fibroblasts via direct reprogramming in a mouse model of Parkinson’s 

disease (Kim J. 2011).
 

Further research is needed to enlighten and increase our knowledge of 

possible main therapeutic applications of direct reprogramming 

technique. 
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THERAPEUTIC APPROACHES TO NBIA 

 

The reason why there is no currently cure  for NBIA is that is still not 

clear its pathogenesis. In fact to date, the approach is primarily 

symptomatic, which a particularly attention to reducing abnormal 

movements and spasticity. Dopaminergic drugs, anticholinergics, 

tetrabenazine may be efficacious. For psychiatric symptoms and 

behaviour disturbances, deep brain stimulation can produce some 

benefit.  (Zorzi G., 2012) 

However, these approaches are rarely fully satisfactory and do not 

slow disease progression. As concern PKAN, the potential utility of 

pantethine has generated much interest within NBIA community  

(Rana A., 2010).  

Even if it is still not know if the iron play a significant role in this 

disease, or if it is just an epiphenomenon, it is still remaining the 

hallmark of this syndrome and an effectively target for therapy. So in 

a recent study presented by Cossu in 2014, the oral iron-chelator 

deferiprone produced significant (median 30%) reduction in globus 

pallidus iron content, ranging from 15 to 61% in adult patients with a 

late onset  (Cossu G., 2014). The clinical assessment of NBIA patients 

is very complex and variable, so many studies have to be done in 

order to propose a therapeutic common option.  
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SCOPE OF THE THESIS 

 

The purpose of the experimental work I carried out during my DIMET 

course has been focused on using novel tools to both discover new 

disease genes and develop new in vitro and in vivo models for NBIA 

disorders in order to understand their pathogenetic mechanisms.  

My work contributed to the publications of three papers, one under 

submission, and one review. 

In the second chapter of this thesis, there is the article concerning the 

characterization of C19orf12 gene, coding for a mitochondrial 

membrane protein, which mutations are responsible for a subtype of 

NBIA called MPAN (Mitochondrial membrane Protein Associated 

Neurodegeneration). We showed that wild-type C19orf12 protein is 

localized not only in the mitochondria but also in the Endoplasmic 

Reticulum (ER), and MAM (Mitochondria Associated Membrane). 

Using a GFP-tagged protein, we demonstrated that mutations of 

C19orf12, cause mis-localization of the protein. Moreover high 

mitochondrial calcium concentration and inability to respond to 

oxidative stress were found in MPAN fibroblasts 

The clinical and molecular heterogeneity of NBIA disorders causes a 

large fraction (around 20%) of affected patients to be without a 

molecular genetics diagnosis. So I worked on a project based on 

identification of new disease genes by exome sequencing on selected 

patients, and we found that mutations in CoA Synthase (COASY) 

were responsibible for a form of NBIA, named CoPAN (COASY 

protein-associated neurodegeneration). Chapter three contains the 

paper reporting the first mutations in COASY. 
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Due to the fact that existing cellular models and PKAN mice don’t 

recapitulate the neuropathological signs typical of the human disorder, 

we tried to obtain new cellular models. We generated human induced 

pluripotent stem cells (hiPSC) reprogramming PKAN fibroblasts. 

Their derived neurons exhibited functional impairments, such as, 

premature death, increased ROS production, aberrant mitochondria, 

reduction of respiratory capacity and major membrane excitability 

defects. Chapter four reported these findings.  

Chapter  five reviews currently alteration of coenzyme A biosynthetic 

pathway in neurodegeneration with brain iron accumulation 

syndromes. 
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Abstract 

 

Mutations in C19orf12 have been identified in patients affected by 

Neurodegeneration with Brain Iron Accumulation (NBIA), a clinical 

entity characterized by iron accumulation in the basal ganglia. By using 

western blot analysis with specific antibody and confocal studies, we 

showed that wild-type C19orf12 protein was not exclusively present 

in mitochondria, but also in the Endoplasmic Reticulum (ER) and 

MAM (Mitochondria Associated Membrane), while mutant C19orf12 

variants presented a different localization. Moreover, after induction of 

oxidative stress, a GFP-tagged C19orf12 wild-type protein was able to 

relocate to the cytosol. On the contrary, mutant isoforms were not able  

to respond to oxidative stress. High mitochondrial calcium 

concentration and increased H2O2 induced apoptosis were found in 

fibroblasts derived from one patient as compared to controls. C19orf12 

protein is a 17 kDa mitochondrial membrane-associated protein whose 

function is still unknown. Our in silico investigation suggests that, the 

glycine zipper motifs of C19orf12 form helical regions spanning the 

membrane. The N- and C-terminal regions with respect to the 

transmembrane portion, on the contrary, are predicted to rearrange in a 

structural domain, which is homologs to the N-terminal regulatory 

domain of the magnesium transporter MgtE, suggesting that C19orf12 

may act as a regulatory protein for human MgtE transporters. The 

mutations here described affect respectively one glycine residue of the 

glycine zipper motifs, which are involved in dimerization of 

transmembrane helices and predicted to impair the correct localization 
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of the protein into the membranes, and one residue present in the 

regulatory domain, which is important for protein-protein interaction. 

 

Introduction 

 

The acronym NBIA identifies a group of clinically and genetically 

heterogeneous rare pathological conditions, characterized by 

progressive extra-pyramidal disorders and by evidence of focal 

iron accumulation in the brain, especially in basal ganglia, and 

globus pallidus, observed in MRI studies. 

Recently, thanks to the identification of new disease genes in these 

years there has been an increasing knowledge about NBIA, but 

pathomechanisms underlining these disorders are still not 

completely clear. Up to now 10 genes have been associated with 

specific forms of NBIA (Kalman et al., 2012). Only two forms 

inherited as autosomal dominant and recessive traits respectively 

are caused by mutations in genes coding for proteins directly 

involved in iron metabolism: neuroferritinopathy due to ferritin 

light chain gene  (FTL)  (MIM#606159)  mutation  (Chinnery  et 

al., 2007) and aceruloplasminemia linked to mutations in the 

ceruloplasmin gene (CP) (MIM#117700) (McNeill et al., 2008). 

The other forms with autosomal recessive or X-linked transmission 

are due to mutations in genes (Rouault, 2013) coding for proteins 

with a variety of functions including: Coenzyme A biosynthesis, 

fatty acid metabolism, autophagy, and still unknown roles. This  is  

the  case  for  the  C19orf12  gene, coding  for a mitochondrial 

membrane protein, which mutations are responsible for a form of 
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disease called MPAN for Mitochondrial membrane Protein 

Associated Neurodegeneration (Hartig et al., 2012). Mean age at 

onset is 9 years and the clinical phenotype is characterized by: 

progressive spastic para and tetraparesis, generalized dystonia, 

optic atrophy, motor axonal neuropathy, and psychiatric signs. 

T2-weighted MRI reveals hypointensities in the globus pallidus 

and substantia nigra. Mutations of C19orf12 were also found in 

a patient with Parkinson disease (Hartig et al., 2012) and post 

mortem examination of the brain of one MPAN patient revealed 

Lewy bodies, tangles, spheroids, and tau pathology, indicating a 

possible overlap between NBIA and more common 

neurodegenerative diseases. There is no direct link between 

C19orf12 mutations and the clinical phenotype of the patients, 

although preliminary evidence suggests for this gene a role in 

lipid homeostasis (Hartig et al., 2012). Recently, a Drosophila 

model (Iuso et al., 2014) has been generated, which shows 

neurological problems that can resemble the clinical features 

present in patients. 

To gain insight into the functional properties of wild-type and 

mutant encoded proteins, corresponding to homozygous mutations 

Q96P and G58S, identified in two affected patients (Panteghini et 

al., 2012), we  performed  immunolocalization  and confocal 

assays under normal and stress conditions. Since no structural 

information are available on C19orf12, we also exploited 

molecular modeling techniques  and  we  predicted that the protein 

has transmembrane helices with glycine-zipper motifs and a 

soluble domain that is homologous to the N- regulatory domain of 
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bacterial MgtE transporter. The mutations identified in the patients 

are predicted to structurally destabilize both the glycines of the 

transmembrane zipper motif and the soluble domain, where the 

Q96P especially may impair the helical structure of the fourth α-

helix of the homology model, which correspond to helix α6 of 

the bacterial domain. 

 

Methods 

 

Cloning Procedures and Plasmid Vectors Mutagenesis 

Human C19orf12 was cloned in the pCMV-AC-GFP (OriGene) 

vector containing a C-terminal green fluorescent protein. cDNA 

was amplified by PCR from pCMV-AC-GFP construct with 

primers carrying c-myc tag (underlined sequence) described below, 

and cloning in the pcDNA3.1(-), in order to obtain a recombinant 

protein with a smaller tag than the GFP-one.    The 

cDNA was PCR amplified with these primers: 

Fw:   5′-TCTGCCGCCGCGATCGCCATGGAGA-3′ 

Rv: 5′-CGGTTATCACAAGTCCTCTTCAGAAATGAGCTT 

TTGCTCGTCATCATACTGGATCTCGG-3′ 

The mutant versions corresponding to the G58S and Q96P were 

obtained by site directed mutagenesis (QuikChange II Site-

Directed Mutagenesis Kit Stratagene). The corresponding modified 

primers used to generate mutated allele are as follows: 

G58S Fw: 5′-GGGGGTTTGGTGGGCAGCCCACCGGGAC 

TCGCC-3′ 
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G58S Rv: 5′-GGCGAGTCCCGGTGGGCTGCCCACCAA 

ACCCCC-3′ 

Q96P Fw: 5′-CCCCCTGCCGAGCCACAGAGGCTCTTTA 

ACGAAGCC-3′ 

Q96P Rv: 5′-GGCTTCGTTAAAGAGCCTCTGTGGCTCG 

GCAGGGGG-3′ 

We use also a vector containing the mkate2 red fluorescent protein 

(Envrogen) additionally to the GFP in order to perform live 

imaging experiments. Cloning Procedures and Plasmid Vectors 

pmKate2-N-c19orf12 was obtained as follows. The two original 

plasmids pCMV6-AC-GFP and pmKate2-N contained appropriate 

restriction sites to allow cloning in the EcoRI-XhoI for the first one 

and EcoRI-SalI for the second one. XhoI and SalI produce 

compatible cohesive ends and produce recleavable ligation 

products. All cloned fragments were sequenced  to check the 

absence of mutations. Restriction-enzyme digestions, Escherichia 

coli transformation, and plasmid extractions were performed with 

standard methods. 

 

Cell Culture, Transient Transfection, Stable Transduction 

HeLa  and  HEK-293  cells  were  grown  in  Dulbecco’s  modified 

Eagle’s medium (DMEM) (Euroclone), supplemented with 10% 

fetal bovine serum (FBS). Cells were seeded 36 h before 

transfection onto round glass coverslips for imaging or 13-mm 

diameter petri dishes for aequorin experiments, or in 10-cm petri 

dishes for immunoblot and fractionation experiments. Cells were 

allowed to grow to 50% confluence, then transfected with a 
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standard calcium phosphate procedure (Sambrook and Russell, 

2006) and used in the experiments 36-h post-transfection. 

 

Quantitative Colocalization Analysis 

HeLa cells were co-transfected with wild-type or mutant C19orf12  

fused  in  frame  with  mkate2  fluorescent     marker and  with  the  

ER  marker  GFP–Sec61-β.  Thirty  six  hour  after transfection, 

cells were stained with the mitochondrial dye Mitotracker Deep 

Red 200 nM in PBS for 10 min at 37◦. After washing cells were 

imaged with and LSM510 confocal microscope equipped with a 

Plan-Apochromat 63X/1.4 n.a. Oil objective and acquired with a 

pixel size of 142 nm. 

 

Live Imaging 

HeLa cells were co-transfected with GFP-tagged C19orf12 wild-

type or mutant chimeras and the mitochondrial marker mtDsRed 

using calcium phosphate method. Thirty six hour after transfection, 

time-lapse recording were performed with a Nikon Swept Field 

Confocal equipped with CFI Plan Apo VC60XH objective 

(numerical aperture, 1.4) (Nikon Instruments, Melville, NY, USA) 

and an Andor DU885 electron multiplying charge- coupled device 

(EM-CCD) camera (Andor Technology Ltd, Belfast, Northern 

Ireland), the overall image sampling was below the resolution limit 

(X and Y pixel size: 133 nm). Coverslips were placed in an 

incubated chamber with controlled temperature, CO2 and 

humidity; images were then acquired with a differential frequency 

during the experiment: cells were placed in 1 mM Ca2+ KRB and 
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basal fluorescence images were acquired for 5 min; then cells were 

stimulated with H2O2 (500 µM final), and fluorescence images 

were acquired for 1 h and 30 min. 

 

Image Analysis 

Acquired images were then analyzed by using open source 

software Fiji. Images were corrected for spectral bleedthrough 

using the Spectral Unmixing plugin (available at http://rsbweb. 

nih.gov/ij/plugins/spectral-unmixing.html). Then, single cells were  

analyzed,  and,  for  each  of  those,  the  Manders’  overlap 

coefficient was obtained using the JACOP plugin (available at 

http://rsb.info.nih.gov/ij/plugins/track/jacop.html). 

 

Mitochondria Preparation and Fractionation 

Isolated mitochondria from cultured cells were obtained according 

to the protocol described (Fernandez-Vizarra et al., 2010). 

Isolated mitochondria were resuspended in 100 ml of potassium 

phosphate buffer [(PP) buffer, 20 mM,  pH 7.8, KCl 150 mM] and 

sonicated 10 s for three times at 10 Amp. The suspension was 

centrifuged at 164000 g for 30 min at 48C. Supernatant 

(mitochondrial matrix and inter-membrane space) was collected, 

and pellet (mitochondrial membranes) was resuspended in 100 ml 

of PP buffer. 

  

http://rsbweb.nih.gov/ij/plugins/spectral-unmixing.html
http://rsbweb.nih.gov/ij/plugins/spectral-unmixing.html
http://rsb.info.nih.gov/ij/plugins/track/jacop.html
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MAM and ER Fraction Preparation 

Hek cells (Wieckowski et al., 2009) were harvested, washed in 

phosphate-buffered saline medium,  pelleted  by  centrifugation at 

500 × g for 5 min, resuspended in homogenization buffer (0.25 M 

sucrose and 10 mM Hepes pH 7.4) and gently disrupted by dounce 

homogenization. The homogenate was centrifuged twice at 600 × g 

for 5 min to remove cellular  debris  and nuclei, and the 

supernatant was centrifuged at 10.300 × g for 10 min to pellet 

crude mitochondria. The resultant supernatant was centrifuged at 

100.000 × g for 1 h in a Beckman 70 Ti rotor at 40C to pellet 

microsomes, which were resuspended in homogenization buffer. 

The mitochondrial pellet, resuspended in isolation medium (250 

mM mannitol, 5 mM Hepes (pH7.4), and 0,5 mM EGTA) was 

layered on top of 8 ml of Percoll medium [225 mM mannitol, 25 

mM Hepes (pH 7.4), 1 mM EGTA, and 30%  Percoll  (v/v)]  in  a 

10-ml  polycarbonate  ultracentrifuge tube and centrifuged for 30 

min at 95.000 × g. A dense band containing purified mitochondria, 

recovered approximately 3/4 down the tube, was removed, diluted 

with isolation medium, washed twice by centrifugation at 6.300 × 

g for 10 min to remove the Percoll, and finally resuspended in 

isolation medium. MAM, removed from the Percoll gradient as a 

diffuse white band located above the mitochondria, were diluted in 

isolation medium and centrifuged at 6.300 × g for 10 min. The 

supernatant containing MAM was centrifuged at 100.000 × g for  1 

h in a Beckman   70 Ti rotor, and the resulting pellet was 

resuspended in the homogenization buffer. The quality of the 

preparation was checked by western blot analysis using different 
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markers for the fractions obtained: IP3R was used as marker of 

ER, tubulin as marker of cytoplasm and the Voltage Dependent 

Anion Channel (VDAC) as marker for mitochondria. 

Immunoblot and Immunocytochemistry Analysis 

Immunoblot and Immunocytochemistry Analysis Thirty 

micrograms of proteins were used for each sample in denaturing 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–

PAGE). Western blot analysis was performed as described (Tiranti 

et al., 1999), using the ECL-chemiluminescence kit (Amersham) 

according to the manufacturer’s protocol. 

 

Antibodies 

For immunodetection of the C19orf12 protein, western-blot 

analysis with a antisera specific for C19orf12 (1:1000) was 

performed, as previously described (Hartig et al., 2012). An anti-

Myc monoclonal  antibody  (OriGene)  was  used  at  a final 

concentration of 1µg/ml. An anti-NADH dehydrogenase 

ubiquinone 1 alpha subcomplex subunit 9 (NDUFA9) antibody 

was used (Invitrogen) at final concentration of 0.5 µg/ml. A mouse 

monoclonal anti-b-TUBULIN antibody was used at a final 

concentration of 1 µg/ml (Sigma-Aldrich). An anti-ethylmalonic 

encephalopathy 1 rabbit polyclonal antibody was used at 1:2000 

dilution (Tiranti et al., 2004). An anti-VDAC (1:3000) from 

Abcam (Cambridge, UK). An anti-IP3R3 (1:300) from BD 

Biosciences (San Jose, CA, USA). Secondary anti-rabbit and anti- 

mouse antibodies were used at 1:7000 and 1:5000 dilutions, 

respectively. 
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Automated Nuclei Count Analysis 

Fibroblasts were seeded at 50,000 cells on a 25-mm coverslip, 

allowed to grow for 48 h and then treated with H2O2. Coverslips 

were stained with 10 µM Hoechst, placed in an incubation 

chamber with a controlled temperature and mounted on an 

Axiovert 200 M microscope equipped with a motorized stage. 

Nuclei were acquired with a 10x Fluar objective (Zeiss) and a 

CoolSnap HQ CCD camera. Twenty random fields were acquired 

with the random stage scan tools in MetaMorph and analyzed with 

the nuclei count application. 

 

Autophagy Induction and Inhibition 

Twenty four hours after seeding, cells were extensively washed 

with PBS to remove any traces of the previous medium and then 

exposed to EBSS (Sigma-Aldrich) or to NH4Cl 2 mM for 3 h at 

37◦C and with controlled humidity and CO2. 

 

Autophagosomes Count 

HeLa cells were seeded as previously stated then transfected with a 

mix of LC3-EGFP cDNA in pcDNA3 and C19orf12-mKate2 or 

pmKate2 using the transfection procedure previously described. 

Thirty six hours after transfection cells were stained with Hoechst 

1 µM then imaged with an Axiovert 200 M microscope equipped 

with a motorized stage and a CoolSnap HQ CCD camera. Ten 

random fields were acquired using a Zeiss 40X water immersion 

lens (N.A. 1.2). Images were then processed and autophagosomes 
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counted using a custom made pipeline for the open source software 

Cell Profiler (Carpenter et al., 2006). 

 

Aequorin Measurements 

Cells grown on 13 mm round glass coverslips at 50% confluence 

were transfected  with  the  mitochondria  targeted  aequorin. All 

aequorin measurements were carried out in 1 mM  Ca2+ KRB 

buffer (NaCl 135 mM, KCl 5 mM, MgSO4 1 mM, K2HPO40.4 

mM, Glucose 5.5 mM, HEPES 20mM). Agonists and other drugs 

were added to the same medium, as specified in    the figure 

legends. Experiments were stopped by lysing the cells with 100 

µM digitonin in hypotonic Ca2+-rich solution (10 mM CaCl2 in 

H2O), thus discharging the remaining aequorin pool. The light 

signal was collected and calibrated into [Ca2+] values, as 

previously described (Bonora et al., 2013). 

 

Molecular Modeling 

The prediction of the transmembrane region has been carried out 

by MEMSAT3 (Jones, 2007) and its secondary structure 

propensity  by  McGuffin  et  al.  (2000).  The  sequence of the 

predicted  soluble  regions  of  C19orf12  (C19orf11−40and 

C19orf1280−151) was used as a target sequence for homology 

modeling. The model was obtained by Modeller version 9.11 

(Eswar et al., 2006) using the structure of its closer homolog, i.e., 

the Mg2+ transporter belonging to the MgtE class isolated from 

Thermus thermophilus (PDB entry 2yvy, chain A, residues 31–

134, resolution 2.30 Å, (Hattori et al., 2007) as a template. 
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C19orf12 shares 26% of sequence identity and 56% of sequence 

similarity with the template. The guide alignment for the prediction 

has been derived by HHPred (Söding et al., 2005) and then 

manually corrected to improve the match between the secondary 

structural elements of the template and the predicted secondary 

structural elements of the target, as well as to improve local 

sequence identity (Supplementary Figure 3). Model quality has 

been evaluated by AIDE program (Mereghetti et al., 2008). 

 

Results 

 

Wild-Type and Mutants C19orf12 Sub-Cellular Localization in 

Native Conditions 

Prediction  based  on  the  amino  acid  sequence  of   human 

C19orf12 and fractionation experiments indicated that it was a 

mitochondrial membrane-bound 17-kDa protein (Hartig et al., 

2012). 

To demonstrate sub-cellular localization we performed Western-

blot analysis on HeLa cells transfected with MYC- tagged 

C19orf12 cDNA. Western-blot analysis showed that wild- type 

C19orf12 gene product was present into the mitochondrial 

membranes but also in the lysate and cytosol (Figure 1A). 

Because of its putative function in lipid metabolism (Hartig et al., 

2012) we reasoned that the protein could have additional sub-

cellular localizations. To demonstrate this we isolated different 

HEK293 fractions containing: crude mitochondria, pure 
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mitochondria, membrane associated mitochondria (MAM), and 

ER. 

Western-blot analysis of the different sub-cellular fractions using a 

specific C19orf12 antibody, indicated that the wild-type protein 

was present in both mitochondria and ER (Figure 1B) under naïve 

condition. Moreover, a small fraction of the protein was also 

detected in the MAM, which represent physical association 

between mitochondria and endoplasmic reticulum important for 

the transport of phospholipids (Patergnani et al., 2011; Marchi et 

al., 2014). 

Antibodies specific to proteins known to be located into different 

sub-cellular compartments were used as controls. In particular, 

Inositol 3 Phosphate receptor 3 (IP3R3) was used as marker of ER, 

tubulin as marker of cytoplasm and the VDAC as marker for 

mitochondria. 

To understand the localization of the mutant C19orf12 proteins, we 

performed Western-blot analysis on   HeLa   cells transfected with 

C19orf12 versions, carrying the point mutations G58S and Q96P. 

The level of overexpression of Myc-tagged versions in relation to 

endogenous C19orf12 was evaluated by Real-time PCR and an 

histogram is reported in Supplementary Figure 1. 

In the presence of G58S mutation, located in the predicted 

transmembrane domain, the mutant protein is also found in the 

mitochondrial matrix (Figure 1C). On the contrary the Q96P 

mutation has no effect on the localization of the protein, which is 

mainly present in the mitochondrial membranes (Figure 1D) as 

observed for the wild-type protein. 



101 

 

Wild-Type and Mutants C19orf12 Live Imaging Analysis 

To further corroborate the data obtained by Western-blot  we 

performed experiments of live imaging in cells transfected with 

mkate2-tagged wild-type C19orf12, G58S, and Q96P mutant 

versions. 

Cells transfected with the wild-type displayed a network-like 

intracellular staining with small tubular structures resembling the 

ER tubules and thicker structures similar to mitochondria (Figure 

2). This localization was confirmed by confocal colocalization 

microscopy. mKate2 signal in fact display significant  

colocalization  with  the  ER  marker  GFP–Sec61-β and also with 

the mitochondrial marker mitotracker Deep Red (as  indicated  by  

the  high  values  of  Pearson’s  and  Mander’s coefficients 

representing respectively the correlation between the two signals 

and the proportion of mKate2 signal overlapping with 

mitochondria or ER). The G58S presented with a predominant 

cytosolic distribution that generates asymmetric behaviors in the 

colocalization indexes (Figure 2). Differently from what observed 

with the wild-type chimera, the Q96P displayed a vesicles pattern 

with a partial co-localization vs. the mitochondrial and ER 

compartments (as displayed by a reduction in the Pearson’s 

coefficients) (Figure 2). Overall, the colocalization experiment 

confirms the data obtained by western-blot analysis (Figure 1) on 

different sub-cellular fractions. 
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FIGURE 1 | Subcellular localization of  wild-type  and  mutant C19orf12. HeLa 

cells transfected with wild-type C19orf12MYC   construct and mutant versions 

G58S−C19orf12MYC construct (C), and Q96P−C19orf12MYC construct (D), 

were harvested to obtain mitochondria and other fractions. Equal amount of 

proteins (30 µg) from each fraction were resolved by SDS-PAGE and 

immunostained with antibodies against C19orf12 and MYC to specifically 

detect protein sub-localization. Anti-NDUFA9, TUBULIN, and ETHE1 were 

used as control of mitochondrial membranes, cytosol fractions and 

mitochondrial matrix respectively. (B) Detection of naïve C19orf12 (red arrow) 

by immunoblotting in HEK 293 cells fractionation. The lower band is  probably 

an unspecific signal. Mitochondria c, crude mitochondria; Mitochondria p, pure 

mitochondria; ER, endoplasmic reticulum; MAM, mitochondria-associated 

membrane. IS, Intermembrane space. IV, In vitro translation product. Anti-

IP3R, VDAC, and Sigma-1R were used as ER, mitochondria and MAM markers 

respectively 

 

Response to Oxidative Stress 

To test response to oxidative stress we treated cells transfected 

with wild-type and mutant C19orf12 GFP-tagged versions, with 

500 µM H2O2 for 80 min and we followed the cellular localization 

of the protein by live imaging during time. After 30 min from 

H2O2 addition, we observed that the wild-type changed its 
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localization pattern from reticular to cytosolic and generated bright 

aggregates in proximity to the mitochondrial network (Figure 3). 

In addition, after persistent exposure to oxidative stress, it 

generates bright aggregates that partially colocalize with 

mitochondrial network (Figure 3B). 

On the contrary, both mutant G58S (Figure 4) and Q96P (Figure 

5) versions display minor redistribution as indicated by  the  

variation  in  the  Pearson’s  coefficient.  Only  the  mutant Q96P  

displayed  a  significant  increase  in  Pearson’s  coefficient that 

remains in any case lower then 0.5, usually considered as threshold 

for a relevant correlation (Bolte and Cordelières, 2006) suggesting 

that this mutant increases its cytosolic distribution without 

affecting dramatically its mitochondrial localization. 

We also tested apoptotic cell death after H2O2 treatment and we 

observed that fibroblasts derived from the patient carrying the 

G58S change were more sensitive to treatment and showed a high 

percentage of cells death as compared to two control fibroblasts 

(Figure 6). We could not test the Q96P mutation since patient’ 

fibroblast were not available. 

 

Analysis of Mitochondrial Ca2+ Homeostasis 

In order to measure mitochondrial Ca2+ handling (Marchi et al., 

2014) in controls and patient-derived fibroblasts we carried out 

mitochondrial [Ca2+] ([Ca2+]m) measurements using the 

mitochondrial-targeted aequorin probe (Bonora et al., 2013). To 

this end we stimulated the cells with an agonist, ATP, acting on 

receptors coupled, through Gq proteins, to the production of 
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inositol 1,4,5 trisphosphate (IP3) and in turn to the opening of the 

IP3 receptor.  Both  in  control  and  cells  harboring the G58S 

mutation, ATP stimulation caused a rapid rise in [Ca2+]m 

followed by a gradually declining sustained plateau. In patient-

derived fibroblasts, the [Ca2+]m increases evoked by stimulation 

with ATP were significantly greater than in controls (Figure 7 

 

 

FIGURE 2 | Intracellular localization of wild-type and mutant C19orf12-mKate2 

fusion protein. Representative  HeLa  cells overexpressing wild-type C19orf12-

mKate2 (red signal) or mutant variants G58S and Q96P. C19orf12-mKate2 

colocalization with mitochondria (blue signal) or ER (green signal) is 

represented by two colors image merging of kate2 vs. mitochondrial (magenta 

signal) or vs. ER (yellow signal). For each merging the relative colocalization 

scatterplot is inserted as inset on bottom right corner. Analysis of colocalization 
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is represented by Pearson’s coefficient (indicating the correlation between 

mKate2 and mitochondria or ER signals) and by the Mander’s Red coefficient 

(representing the proportion of mKate2 signal overlapping with mitochondria or 

ER). Bars: S.E.M.,  *p < 0.05. 

 

Evaluation of Autophagy 

In order to  understand  the  nature  of  the  aggregates  formed by the 

wild-type protein, surrounding mitochondria, we performed 

colocalization study using the specific autophagy marker LC3. 

Confocal live imaging of LC3 vesicles and C19orf12 displayed that 

the  C19orf12  redistribution  induced by oxidative stress inversely 

correlated. Indeed while H2O2 induced aggregates  formation it  also  

reduces   the  amount  of LC3 vescicles (Supplementary Figure 2A). 

The amount of colocalized dots increased about 50% in response to 

H2O2 exposure (Supplementary Figure 2Aiv). Overall 3D confocal 

microscopy display that only a minor proportion of  LC3- EGFP 

puncta co-localize with C19orf12-mKate2 aggregates after H2O2 

exposure (Supplementary Figures 2B). Nonetheless, the effect of 

C19orf12 on autophagy was evaluated. Coexpression of the 

autophagic reporter LC3-EGFP and of C19orf12-mKate2 displays 

a higher amount of EGFP punctae (autophagosomes) compared to 

cells expressing the autophagic marker with the pmKate2 empty 

vector (Figure 8A). This data was corroborated by analysis of 

endogenous LC3 marker. Overexpression of the EGFP tagged wild 

type C19orf12  induce  the  conversion  of the autophagic marker 

LC3 heavy form (LC3I)  to  the  light form (LC3II) compared to 

cells transfected with the empty EGFP vector, indicating the 

elevation of basal autophagic levels (Figure 8B). In both assays the 

LC3 conversion was further stimulated when inducing autophagy 
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by exposing cells to EBSS medium. The promoted conversion of 

LC3 induced by C19orf12- EGFP overexpression did not appear as 

a blocked autophagic flux. In fact, overexpression of this plasmid 

was sufficient to induce a reduction of the autophagic marker p62. 

This protein   is usually required for autophagosome formation and 

its levels are expected to decrease during autophagy due to 

degradation of autophagosome content (Klionsky et al., 2012). 

Indeed treatment with NH4Cl lead to impaired acidification of 

autophagosomal content and inhibition of autophagosome 

degradation, with concomitant LC3 conversion and p62 

accumulation (Figure 8C). Interestingly, H2O2 treatment inhibits  

the  observed  effect on autophagic levels (Figure 9) but caused  

the relocalization of C19orf12 (Figure 3). In support of this 

observation, the overexpression of the vectors carrying the mutant 

forms G58S and Q96P  was  unable  to  induce  LC3 conversion 

suggesting a  localization  dependent  role  for  C19orf12  in  

regulation  of autophagy (Figure 9). 
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FIGURE 3 | Redistribution of C19orf12 during oxidative stress. (Ai) Representative 

images of HeLa cells overexpressing the C19orf12-EGFP fusion protein and the 

mitochondrial marker mtDsRED before (upper panel), and after (lower panel) 

exposure to H2O2 500 µM. (ii) Quantitative analysis of EGFP and DsRED signal 

before and after oxidative stress (cross, average; line, median; box, 25 and 75 

percentile; bars, max and min value, n = 8 *p > 0.05). (Bi) Representative 

distribution of C19orf12-EGFP fusion protein in HeLa cells displayed with low 

contrast and the mitochondrial marker mtDsRED before (left panel) and after (right 

panel) exposure to H2O2 

500 µM. (ii) Quantitative analysis of C19orf12-EGFP aggregates colocalizing with 

the mtDsRED signal during challenging with H2O2 500 µM (continuous line, mean; 

dashed lines, S.E.M., n = 8). 
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In Silico Analyses 

We carried out both  secondary  structure  prediction  of  the full 

C19orf12 sequence and modeling of the predicted soluble region  

(C19orf121−40/81−151)  to  both  understand    functional and 

structural properties of the wild-type protein  and  the effects of the 

mutations. C19orf12 was predicted to contains   two α-helices located 

in the trans-membrane (TM) region (Supplementary Figure 3) rich in 

glycine residues, of which several have been found mutated in MPAN 

patients: G58S (Panteghini  et  al.,  2012),  G53R,  G65E,  G69R,  

(Landouré et al., 2013) C19orf12 contains in the transmembrane helix 

glycine zipper motifs, (GxxxGxxxG)  (Kruer  et  al.,  2014). The most 

significant glycine zipper patterns   in   proteins that have  been  

reported  so  far  are  (G,A,S)XXXGXXXG and GXXXGXXX(G,S,T) 

(Kim et al., 2005). The first motif (AXXXGXXXG) corresponding to 

the sequence 50AFVGGLVGG58 where both G53R and G58S 

mutations occur is located in close proximity to the first TM α-helix.   

The second motif 61GLAVGGAVGGLLG73 is longer and contains 

two of those repeats, with the mutations G65E and G69R. The N- and 

C-terminal residues (C19orf121−41/77−151) are predicted to  

rearrange  in  a  soluble  three-dimensional  (3D)  domain 

homologous to the N-regulatory domain of the bacterial Mg2+ 

transporters of the MgtE (Maguire, 2006; Payandeh et al., 2013). In 

the MgtE transporters, this domain forms a right-handed superhelical 

structure that includes 10 helices per two turns. 

Our model does not provide a reliable prediction for the first 14 amino 

acids of C19orf12, which would correspond to the first two helices of 

the right-handed superhelical motif due to poor sequence similarity 
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with known structures of MgtE-like transporter. The rest of the 

domain is well conserved with respect to the bacterial homologs and 

in this region the Q96P is  located in the middle of one of the α helices 

(corresponding to the α6 of the bacterial N-domain) and well packed 

within the domain (Figure 10). It is a mutation from a polar residue to 

a proline, which is a well-known helix-breaker. FoldX (Schymkowitz 

et al., 2005) energy was used to estimate the free-energy changes upon 

Q96P mutation. In particular, the changes in protein stability upon the 

mutation were estimated as the difference (66G) between the free 

energies of unfolding (6G) of the mutant and the wild-type variant. 

66G values above 1.6 kcal/mol are expected to significantly affect 

stability because they correspond to twice the standard deviation of 

FoldX (Schymkowitz et al., 2005) Q96P mutation is predicted to 

impair protein stability of 5.4 ± 0.3 kcal/mol, (Guerois et al., 2002) 

suggesting a loss 

of protein stability upon this mutation In the model structure, 

Gln96 is predicted to be involved in side-chain hydrogen bonds, as the 

one with Ser124, located in the loop than connect helices α8 and α9 

(Figure 10). The structural rearrangement caused by Q96P mutation 

might influence the network of polar interactions mediated by Gln95. 
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FIGURE 4 | Redistribution  of  C19orf12  G58S  mutant   during oxidative stress. 

Representative HeLa cells overexpressing the C19orf12 G58S-EGFP fusion protein 

and the mitochondrial marker mtDsRED before (upper panel) and after (lower 

panel) exposure to 

H2O2 500 µM. Quantitative analysis of  EGFP  and  DsRED  signal before and after 

oxidative stress (cross, average; line, median; box, 

25 and 75 percentile; bars,  max  and  min  value,  n = 8)  is  shown  on the right 

 

 

FIGURE 5 | Redistribution of C19orf12 Q96P mutant  during  oxidative stress. 

Representative HeLa cells overexpressing the C19orf12 Q96P-EGFP fusion protein 

and the mitochondrial marker mtDsRED before (upper panel) and after (lower 

panel) exposure to 

H2O2 500 µM. Quantitative analysis of EGFP and DsRed signal before and after 

oxidative stress (cross, average; line, median; box, 25 and 

75 percentile; bars, max and min value, n = 8, *, p > 0.05) is shown  on  the right. 
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FIGURE 6 | Fibroblasts with C19orf12 mutation are more sensitive to  cell death. 

Human fibroblasts were treated with Hydrogen Peroxide (2 mM H2O2 for 5 h). 

Apoptosis was evaluated using an automated nuclei count analysis. Numbers above 

bars indicate the percentage of cell death in the presence of H2O2 as compared to 

the corresponding untreated sample. 

 

 

 

 

FIGURE 7 | Fibroblasts with C19orf12 mutation displayed increased Ca2+ 

mobilization. (A) Mitochondrial Ca2+ responses to agonist stimulation (100 µM 

ATP) measured in human fibroblasts. Graphs show 

quantification of mitochondrial Ca2+ from three independent experiments. 

(A) Representative traces of Ca2+ responses. CTR [Ca2+]m peak 17. 0 ±1.96 µM; G58S 

[Ca2+]m peak 43. 4 ± 8.09 µM 
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FIGURE 8 | Analysis of autophagy during C19orf12 wild-type overexpression. 

Representative images of HeLa cells overexpressing C19orf12-mKate2 or empty 

pmKate2 simultaneously with the autophagic marker LC3-EGFP (A) in basal 

condition or after exposure to EBSS. In the lower panel quantification of 

autophagosome counts is displayed (cross, average; line, median; box, 25 and 75 

percentile; bars, max and min value, n = 8, ***p > 0.005, ****p > 0.001). (B) 

Representative  western 

blot analysis of autophagic markers LC3 and p62 in HeLa cells overexpressing 

C19orf12-EGFP or EGFP empty vector as control in basal condition or after 

exposure to EBSS (bars, S.E.M.; n = 4; *p > 0.05). (C) Representative western blot 

analysis of autophagic marker LC3 and p62  in HeLa cells overexpressing 

C19orf12-EGFP or EGFP empty vector as control in basal condition or after 

exposure to NH4Cl 2mM (bars, S.E.M.;   n = 4;  *p > 0.05 
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FIGURE 9 | Analysis of autophagy during C19orf12-EGFP wild-type and mutants 

overexpression. Representative western blot analysis of autophagic marker LC3 in 

HeLa cells overexpressing C19orf12-EGFP, C19orf12 G58S-EGFP, C19orf12 

Q96P-EGFP, or EGFP empty vector as 

control (left panel). Densitometry of light LC3 chain (LC3II) bands normalized on 

heavy LC3 chain (LC3I) bands is shown (right panel). Analysis was performed in 

basal condition or after stimulation with 500 µM H2O2 for 

80 min (bars, S.E.M.; n = 4, *p > 0.05) 

 

FIGURE 10 | Secondary and tertiary  structure  of  C19orf12.  Left panel: The 

prediction of transmembrane regions carried out with MEMSAT is illustrated and 

the residues of the transmembrane region, which are predicted in helical structures 

by PSI-Pred are highlighted in green. Right panel: The three-dimensional (3D) 

model of the C19orf12 domain homologous to the MgtE N-domain is shown in 

cartoon.   The mutation site Gln96 and the residues Ser214 are shown as sticks and 

spheres. The protein is shown with shade of colors from blue to red,  from the N- to 

the C-terminal extremity, respectively. The dots and the arrows illustrate the regions 

that are expected to connect the domain to the membrane. Gly58 is not reported 

since a reliable 3D model is not available for the transmembrane domain  
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Discussion 

C19orf12 was reported to code for a mitochondrial membrane protein 

probably involved in lipid metabolism (Hartig et al., 2012). We here 

demonstrated that C19orf12  protein  is  not  only present in 

mitochondria but also in ER and MAM. These are zones of close 

contact between ER and  mitochondria, which  support  

communication  between  the  two  organelles as concerning lipid 

transfer and Ca2+ ions exchange. This activity regulates several 

processes including: ER chaperone- assisted folding  of  newly  

synthesized  proteins,  modulation of mitochondria-localized 

dehydrogenases involved in ATP-producing Krebs cycle reactions, 

activation of Calcium- dependent enzymes that execute cell death 

programs (Berridge, 2002). We observed that the G58S mutant protein 

was also present into the mitochondrial matrix and we reasoned 

whether this different sub-cellular localization could also affect its 

functionality. The C19orf12 protein belongs to the clan of glycine 

zipper containing membrane domains (Kim et al., 2005). The  

majority  of  C19orf12  mutations  are  clustered  in a functional 

region, which is crucial for this superfamily of proteins and is 

characterized, in the TM regions, by long and repeated glycine-zipper  

motifs,  generally  GxxxGxxxG.  This  is a common motif in several 

multimeric known membrane channel structures, where the glycine 

faces are in direct contacts (Kim et al., 2005). Notably, this pattern is 

statistically over- represented in membrane proteins in general (Kim  

et  al., 2005). It has been indeed proposed to be the driving force for 

right-handed packing against a neighboring helix. It has also been 

suggested to play a crucial role in gating mechanisms (Kim et al., 
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2005). The glycine zipper motifs of C19orf12 suggest   that they are 

involved in the interaction between the two TM helices of this protein, 

even if we cannot rule out also a putative involvement in homo-

dimerization. Mutations of the glycines   of the glycine-zipper motif to 

charged or polar residues, as observed in the mutant C19orf12 

patients, were likely to impair the correct localization of the protein in 

the membrane. These bioinformatics  predictions  fully  agreed  with  

the experimental data obtained by western-blot investigation. Indeed, 

we observed a prevalent cytosolic localization of the mutant G58S 

protein, while the fraction present in mitochondria was also found in 

the matrix, indicating that the protein was not tightly bound to the 

membrane. 

Interestingly, glycine zipper motifs have been found in Ap and PrP, 

which are associated with Alzheimer’s and prion diseases. A 

neuropathological hallmark of both Alzheimer’s disease and 

spongiform encephalopathies includes the formation of deposits in the 

brain such as amyloid plaques, glial responses and neurofibrillary 

tangle (Jeffrey, 2013). It is important to notice that histopathological 

examination of the brain from a single MPAN patient also revealed 

the presence of Lewy bodies, tangles, spheroids, and tau pathology 

(Hartig et al., 2012), suggesting    a possible common pathological 

role for the motif in these neurodegenerative disorders We predicted 

that C19orf12 soluble domain is homologous to the N-terminal 

regulatory domain of bacterial MgtE transporters. The comparison of 

the Mg2+-free and –bound structures of a MgtE transporter (Hattori et 

al., 2007) and NMR experiments (Imai et al., 2012) showed a 

rearrangement of the N-domain upon Mg2+-interaction. Moreover, 



116 

 

MgtE variants lacking the N-terminal subdomains showed a reduced 

Mg2+-dependent inhibition and an increased open probability, 

implicating this subdomain in MgtE function and regulation (Hattori 

et al., 2009), acting as a sensor of Mg2+ concentration. In eukaryotic 

organisms, MgtE-like genes belong to the SCL41 family and their 

precise role is unknown (Fleig et al., 2013; Schweigel- Röntgen and 

Kolisek, 2014). Interestingly, the N-terminal regulatory domain of 

bacterial MgtE is missing in SLC41-A1, thus implying that the 

eukaryotic transporters evolved different mechanisms  of  regulation  

(Schweigel-Röntgen  and   Kolisek2014). The homology of the 

soluble portion of C19orf12 with this bacterial subdomain, and its 

localization in membrane, would support a function for  C19orf12  as  

a  regulatory domain of eukaryotic MgtE-like proteins, different from 

SLC41-A1. 

In silico investigation of the Q96P predicted for this mutation to cause 

loss of side-chain mediated hydrogen bonds and to affect the correct 

architecture of a central α-helix in the 3D structure of the C19orf12 

soluble domain homologous to the N-terminal regulatory domain of 

bacterial MgtE transporters. This suggests a possible role of the α 

domain in the interaction and regulation of C19orf12 protein with 

human MgtE-like transporters, acting as a regulatory protein. 

Interestingly, deficiency of systemic and intracellular magnesium 

(Mg) has long been suspected to contribute to the  development  and  

progression  of  Parkinson’s  and  other neurodegenerative diseases, 

although the molecular mechanism is still unknown (Kolisek et al., 

2013). 



117 

 

To gain insight into the pathogenic role of C19orf12 in MPAN we 

performed in vitro investigations by challenging the cells with 

stressful conditions and by evaluating the response of the wild-type 

and mutant C19orf12 proteins. We proved that the wild-type C19orf12 

protein was able      to respond to oxidative stress by enriching its 

cytoplasmic localization and forming aggregates, which partially co-

localized with mitochondria. On the contrary, both C19orf12 mutant 

proteins were insensitive to oxidative stress and did not form 

aggregates. In light of the recent observation, that the ER– 

mitochondria contact sites are important in autophagosome formation 

(Hamasaki et al., 2013)  we  proposed  a  putative role for C19orf12, 

in  control  of  autophagy.  In  support  of this hypothesis we observed 

that overexpression of wild-type C19orf12 resulted in conversion of  

autophagic  marker  LC3 and reduction of  levels  of  p62.  On  the  

contrary,  induction  of delocalization by oxidative stress results in 

reduction of autophagy LC3 conversion. Interestingly, the 

overexpression of mutants, unable to properly gain its intracellular 

localization, fails to promote autophagy induction and levels of basal 

autophagy remain unchanged during exposure to oxidative stress. 

Live imaging suggested that delocalization of C19orf12 appears 

related to existence of LC3-vescicles. Indeed the progressive 

accumulation  of  C19orf12  in  cytoplasm  and its accumulations in 

aggregates were concomitant with the reduction in number of LC3-

EGFP vesicles. Furthermore, the amount LC3-EGFP vescicles co-

localizing with C19orf12 was extremely low. Since it was reported 

that the marker LC3- EGFP could produce non-autophagosome 

related aggregates (Kuma et al., 2007), also C19orf12 aggregates co-
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localizing with LC3 puncta have dimension larger then 1.5 µm 

(average feret 1.98 µm, SEM 0.17, n = 9) suggesting that these were 

not autophagosomes. These results would  therefore  suggest  that the 

C19orf12 is contemporary able to exert an inhibitory effect  on  

apoptosis  induction  and  a  stimulatory  effect  on autophagy. The 

loss of autophagy induction observed after mutants overexpression 

and the increased sensitivity to apoptosis in patients-derived 

fibroblasts carrying mis-localized mutants, suggests that C19orf12 can 

induce protective autophagy at the expense of apoptosis and that this 

effect could be dependent on its intracellular localization. 

These results suggest that C19orf12 could be involved in removal of 

dysfunctional mitochondria by selective autophagy (in a fashion 

independent on aggregates formation). Considering that MPAN 

disease mainly affects the brain, it is well possible that neurons 

carrying C19orf12 mutations, could accumulate altered mitochondria 

which can’t be removed because of the presence of C19orf12 

mutations, and could degenerate and/or eventually die. Nonetheless 

the present results about the role of C19orf12 in regulation of 

autophagy will require more detailed studies in future. 

Finally, we also observed high levels  of  mitochondrial Ca2+ in 

fibroblasts derived from patients as compared to control, suggesting 

that the mutations altering the intracellular distribution of C19orf12 is 

detrimental for proper mitochondrial function and Ca2+ homeostasis. 

As a consequence, patient- derived fibroblasts were more sensitive to 

Ca2+ dependent apoptotic stimuli like H2O2 induced death as 

compared to control fibroblasts. We here demonstrated that C19orf12 

protein involved in NBIA is located in mitochondria and also present 
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in the   ER as previously reported (Landouré et al., 2013), and 

MAM. Moreover, we proposed a role for this protein as a sensor of 

mitochondrial damage. We also demonstrated that patients- 

derived fibroblasts accumulated high levels of mitochondrial Ca2+ 

and were more prone to oxidative stress induced apoptosis. 

Altogether these data shed new light in the field of NBIA focusing 

the attention on the  role  of  mitochondria-ER  connection  in the 

transfer of essential lipids, in calcium metabolism and in 

autophagosome formation (Hamasaki et al., 2013), which are 

fundamental for the maintenance of cellular homeostasis and  for 

determination  of  cell  fate  under  pathological  condition.  A role 

of MAM has been recently proposed in another neurodegenerative  

disorder  that  is  Alzheimer’s  disease  (Schon and Area-Gomez, 

2010) with the demonstration that   presenilin 1 and 2 are 

predominantly located into these specialized structures. It is 

well possible that proteins such as presenilin 1 and 2 and 

C19orf12, can shuttle between different sub- cellular 

compartments depending on the cells status. Moreover, molecular 

homology modeling suggested a putative role for C19orf12 in 

regulation of magnesium transport. Magnesium homeostasis is 

crucial for learning and memory and has a positive effect on 

synaptic plasticity and density (Barbagallo et al., 2009; Slutsky et 

al., 2010). Moreover, magnesium and calcium work together to 

modulate ion channels, which open in response to nerve impulses 

triggering neurotransmitter release (Slutsky et al., 2004; Bardgett et 

al., 2005). These observations are particularly relevant in the  

context  of  a  neurodegenerative  disease  such as NBIA, but 
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dedicated experiments are required to further demonstrate this 

hypothesis. 
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Supplementary Figure 1 | Real-time PCR to evaluate expression level of 

C19orf12-MYC. Expression level of overexpressed C19orf12-MYC versions 

(wild-type, G58S, Q96P, respectively) evaluated as fold-change in comparison to 

endogenous C19orf12. 
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Supplementary Figure 2 | (Ai) Representative behavior of C19orf12-mKate2 

aggregates and LC3-EGFP before (left panel) and after (right panel) exposure to 

H2O2 500 µM. Quantitative analysis of channel independent spot counts:LC3-

EGFP vescicles (ii), mkate2 aggregates (iii), and colocalized spot (iv) during 
challenging with H2O2 500 µM (continuous line: mean, dashed lines: S.E.M., 

n = 8). (B) Representative 3D images of autophagic vesicles in presence of H2O2 

500 µM. (i) LC3-EGFP (green), (ii) C19orf12-mKate aggregates (red), and (iii) 



123 

 

colocalization signal (yellow). Multiple orthogonal view of the merged signal are 

displayed and marked by sequential numbering. (iv) Percentage of 

C19orf12-mKate2 aggregates colocalizing with LC3 vescicles (v) LC3 puncta co-

localizing with mKate2 aggregates (cross, average; line, median; box, 25 and 75 

percentile; bars, max and min value, n = 12). 

 

 

 

Supplementary Figure 3 | Guide alignment for homology modeling. The sequence 

alignment between the target (C19orf12) and the template (PDB entry 2yvy, chain 

A) is shown as derived by the HHPred multiple sequence alignment upon manual 

correction (see Materials and Methods). “∗” and “.” indicates identical and similar 

residues, respectively. 
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Abstract 

 

Neurodegeneration with brain iron accumulation (NBIA) comprises a 

clinically and genetically heterogeneous group of disorders with 

progressive extrapyramidal signs and neurological deterioration, 

characterized by iron accumulation in the basal ganglia. Exome 

sequencing revealed the presence of recessive missense mutations in 

COASY, encoding coenzyme A (CoA) synthase in one NBIA-

affected subject. A second unrelated individual carrying mutations in 

COASY was identified by Sanger sequence analysis. CoA synthase 

is a bifunctional enzyme catalyzing the final steps of CoA 

biosynthesis by coupling phosphopantetheine with ATP to form 

dephospho-CoA and its subsequent phosphorylation to generate 

CoA. We demonstrate alterations in RNA and protein expression 

levels of CoA synthase, as well as CoA amount, in fibroblasts 

derived from the two clinical cases and in yeast. This is the second 

inborn error of coenzyme A biosynthesis to be implicated in NBIA. 

 

Introduction 

 

The common pathological feature of a group of genetic disorders 

termed ‘‘neurodegeneration with brain iron accumulation’’ 

(NBIA) is brain iron overload.1 Distinct subclasses of early-onset 

neurodegeneration with autosomal-recessive transmission are 

defined by mutations in specific genes: PANK2 (MIM 606157) 

causes pantothenate kinase-associated neurodegeneration 

(PKAN);2,3 PLA2G6 (MIM 256600) causes phospholipase A2-
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associated neuro- degeneration (PLAN, also known as INAD);4 

FA2H (MIM 611026) causes fatty acid hydroxylase-associated 

neurodegeneration (FAHN);5 and C19orf12 (MIM 614297) 

causes mitochondrial membrane protein-associated 

neurodegeneration (MPAN).6,7 More recently, a distinctive form 

of  NBIA with X-linked dominant de novo mutations in WDR45 

(MIM 300894), coding for a protein with a putative role in 

autophagy, was reported.8,9 

These genes account for ~70% of subjects with NBIA, leaving a 

significant fraction without an identified genetic defect. For this 

reason we performed exome sequence investigation in one 

individual with clinical presentation and neuroimaging suggestive 

of NBIA but without mutations in previously associated genes. 

By applying this approach we identified a homozygous missense 

mutation in COASY, coding for CoA synthase. We then 

performed traditional Sanger sequence analysis of a larger cohort 

of idiopathic NBIA cases, and we found a second individual 

harboring mutations in the same gene. CoA synthase is a 

bifunctional enzyme possessing 40PP adenyltransferase (PPAT) 

and dephospho-CoA kinase (DPCK) activities, catalyzing the last 

two steps in the CoA biosynthetic pathway.10 The enzyme is 

encoded by a single gene in mammals and Drosophila,11,12 

although two different genes code for PPAT and DPCK activities 

in yeast and bacteria.13 In human there are three splice variants: 

COASY alpha is ubiquitously expressed and has a molecular 

weight of 60 kDa; COASY beta is predominantly expressed in the 

brain and possesses a 29 aa extension at the N terminus;14 and 
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COASY gamma is predicted  to code for C-terminal region of 

CoA synthase corresponding to DPCK domain. Several studies 

have investigated the subcellular compartmentalization of the 

CoA biosynthetic pathway and have demonstrated that both 

PANK2, defective in the most common NBIA disorder, and CoA 

synthase alpha and beta are mitochondrial enzymes. PANK2 is 

mainly located in the intermembrane space2,15,16 whereas CoA 

synthase alpha and beta are anchored to the outer mitochondrial 

membrane by the N-terminal region17 or localized within the 

mitochondrial matrix.18 We here demonstrate that COASY is 

mainly located in the mitochondrial matrix and that the identified 

amino acid substitution causes instability of the protein with 

altered function of its enzymatic activity. 

 

Methods 

 

Exome and Sanger Sequencing 

Informed consent for participation in this study was obtained 

from all individuals involved and from their parents, in agreement 

with the Declaration of Helsinki, approved by the ethics commit- 

tee of the Fondazione IRCCS (Istituto di Ricovero e Cura a Carat- 

tere Scientifico) Istituto Neurologico C. Besta (Milan, Italy) and 

by the ethics committees of the other institutes participating in the 

screening (Germany, UK, USA). 

Exome sequencing and variant filtering was performed as 

described previously.8 In brief, exonic DNA fragments were 

enriched with the SureSelect 50 Mb kit from Agilent and 
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sequenced as 100 bp paired-end reads on a HiSeq 2500 system 

from Illumina. For sequencing statistics details see Table S1 

avail- able online. We predicted that causal mutations would be 

very rare and would alter the protein. We therefore searched for 

nonsynonymous variants with a frequency <0.1% in 2,700 control 

exomes analyzed in Munich and public databases that, given the 

reported consanguinity of the parents, were anticipated to be 

homozygous. This analysis left a total of 12 candidate genes 

(Table S2). The detailed list of these 12 genes is reported in Table 

S3. We first excluded the following genes because of the presence 

of additional subjects with compound heterozygous or 

homozygous mutations related with different clinical phenotypes: 

HRNR, ADAM8, BZRAP1, C17orf47, LRP1B, EVC2, 

KIAA1797, and CACNB1. Moreover, variants in HRNR, 

CACNB1, C17orf47, and KIAA1797 were predicted to be benign 

by PolyPhen. Four remaining genes (GUCA2A, FBXO47, 

COASY, and IFNW1) were potentially good candidates carrying 

deleterious mutations. 

By performing segregation analysis of the c.265G>T homozygous 

variant in GUCA2A, we found that also the healthy mother 

(subject I-2 of family 1) and one of the healthy sisters (subject II-

4 of family 1) carried this variant. 

Segregation analysis of c.490A>G in IFNW1 showed that this 

change was present in homozygous state in the healthy mother 

(subject I-2 of family 1) and in two healthy sisters (subjects II-4 

and II-5 in family 1). Altogether, this observation excluded both 
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GUCA2A and IFNW1 as potential candidate genes (see also 

Table S3).  

FBXO47 was mainly expressed in kidney, liver, and pancreas and 

it was suggested to act as a tumor-suppressor gene in renal 

carcinoma and possibly other malignancies.19 However, because 

this gene carries a splice site mutation, we decided to perform 

sequence analysis in a subgroup of 56 NBIA-affected individuals. 

We did not identify any pathogenic mutation in this cohort of 

subjects. 

Based on these data and because COASY coded for an enzyme 

involved in Coenzyme A biosynthesis as PANK2, we 

concentrated our efforts on the analysis of this gene. 

 

RNA Extraction and Real-Time PCR 

Total RNA was isolated from fibroblasts (80% confluence) with 

the RNeasy Mini Kit (QIAGEN). RNA quantity was measured 

with the Nanodrop instrument (Nanodrop Technologies). RNA 

was used as a template to generate complementary DNA (cDNA) 

by GoScript Reverse Transcriptase protocol (Promega). Reverse 

transcriptase products were used in real-time PCR to evaluate the 

expression level of COASY with the Power SYBR Green PCR 

Master Mix (Applied Biosystems) system. The housekeeping 

gene used for data normalization was GAPDH. Primer sequences 

are as follows: COASY, forward 5’-

AGTTGCGGTTTCTCCGTTAG-3’ and reverse 5’-

ATCCTGGGAGGGGGAAAT-3’; GAPDH, forward 5’-
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CTCTGCTCCTCCTGTTCGAC-3’ and reverse 5’-

ACGACCAAATCCGTTGA-3’. 

 

Expression and Purification of Recombinant hDPCK in 

Bacteria 

mRNA coding for human DPCK domain (COASY amino acid 

sequence from 355 to 564) was expressed with the N-terminal 

histidine-tag from pET30-a(þ) (Novagen) at 37○C in E. coli strain 

BL21 (DE3), after induction with 0.2 mM IPTG. 

Cells were lysed by a French press in 50 mM Tris-HCl (pH 8), 

0.5 M NaCl, 1% Triton X-100, 20 mM imidazole, 1 mM 

phenylmethylsulfonyl fluoride (PMSF), 10 mM 

bmercaptoethanol, and Roche Complete EDTA-free protease 

inhibitor cocktail. After clearing, the lysate was loaded on a Ni-

NTA beads (QIAGEN) column. Bound proteins were eluted with 

an imidazole gradient. Fractions containing His-hDPCK were 

pooled, desalted, and loaded onto an anion-exchange (AE) 

Resource-S column (GE Healthcare) equilibrated in 50 mM Tris-

HCl (pH 7.4), 2.5% glyc- erol, 20 mM bmercaptoethanol. The 

protein was eluted with a NaCl gradient, concentrated by 

ultrafiltration, and further separated by size exclusion 

chromatography (SEC) on a Superdex-200 column (GE 

Healthcare) equilibrated in 10 mM Tris-HCl  (pH 7.4), 0.15 M 

NaCl, 2.5% glycerol, 0.1 mM EDTA, and 1 mM DTT. The entire 

purification scheme was carried out at 4○C. 
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Mitochondria and Mitoplast Isolation from Cultured Cells 

Isolated mitochondria from cultured cells were obtained 

according to the protocol described by Fernandez-Vizarra.20 

For mitoplast purification, mitochondria were dissolved in 1 ml 

Buffer A (MOPS 20 mM, sucrose 0.25 M [pH 7.4]). A total of 1 

ml of 200 mg/ml digitonin in Buffer A was added to each sample. 

Samples were mixed and incubated on ice 5 min, then centrifuged   

3 min at 8,000 rpm at 4○C. Supernatant was discarded and pellet 

dissolved in 1 ml Buffer B (MOPS 20 mM, sucrose 0.25 M, 

EDTA Na4 1 mM [pH 7.4]). Samples were incubated on ice for 5 

min, then centrifuged at 12,000 rpm at 4○C for 3 min. Separate 

fractions of mitochondria and mitoplasts were also treated with 

0.04 mg of proteinase K (PK) for 15 min at 4○C or 37○C; PK 

digestion was blocked with PMSF. In some samples of 

mitochondria and mitoplasts, 0.1% Triton X-100 was added 

followed by incubation for 15 min at 37°C. 

 

Immunoblot Analysis 

Approximately 1 3 106 fibroblasts, grown in DMEM (EuroClone) 

were trypsinized, centrifuged at 1,200 rpm for 3 min, and 

solubilized in 200 ml of RIPA buffer (50 mM Tris-HCl [pH 7.5], 

150 mM NaCl, 1% NP40, 0.5% NaDOC, 5 mM EDTA) with 13 

Complete Mini Protease Inhibitor Cocktail Tablets (Roche) for 40 

min at 4°C. 30 mg of proteins were used for each sample in 

denaturing sodium-dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE). Immunoblot analysis was 
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performed as described21 with the ECL-chemiluminescence kit 

(Amersham). 

 

Antibodies 

A rabbit monoclonal anti-COASY antibody was used at 1:1,000 

dilution (EPR8246-Abcam). A mouse monoclonal anti-b-

TUBULIN antibody was used at a final concentration of 1 mg/ml 

(Sigma- Aldrich). Secondary anti-rabbit and anti-mouse 

antibodies were used at 1:2,000 and 1:7,000 dilution, 

respectively. 

 

HPLC Analysis of Dephospho-CoA, CoA, and AcetylCoA 

HPLC analysis was performed on recombinant wild-type and 

mutant DPCK proteins, on fibroblast lysates derived from control 

and subjects carrying COASY variants, and on isolated yeast 

mitochondria. 

The method employed a column (Kinetex 5u C18 100A New 

Column 250 x 4.6 mm from Phenomenex) eluted with 100 

mmol/l NaH2PO4 and 75 mmol/l CH3COONa (pH was adjusted 

to 4.6 by the addition of concentrated H3PO4)-acetonitrile (94:6, 

v/v) at a flow rate of 1.0 ml/min. The ultraviolet (UV) detector 

was set at 259 nm. To obtain standard solutions of 5 mM, 

dephospho-CoA and CoA were dissolved in 50 mmol/l KH2PO4-

K2HPO4 buffer (pH 7.0). CoA and dephospho-CoA standards 

were eluted at approximately 4.5 and 8 min, respectively, and 

CoA compounds were quantified by comparison of peak areas 

with those of authentic standards. 
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In Vitro DPCK Activity 

1 mg of purified wild-type or mutant protein was incubated for 2 

hr at 37○C in 50 ml of reaction mixture containing 50 mM Tris-

HCl (pH 8), 5 mM MgCl2, 1 mM ATP, and 0.1 mM dephospho-

CoA. After incubation, sample was treated with perchloric acid 

(PCA) 3%, vortexed, and centrifuged at 13,000 rpm at 4○C. 

Trietanol- amine was added to the supernatant to a final 

concentration of  100 mM, and then the sample was neutralized 

with 5 M K2CO3. 

Fibroblast Analysis 

Fibroblasts, grown on 10 cm plates (approx. 80%–90% 

confluent), were washed with PBS and collected by 

trypsinization. 40 ml of ice- cold PCA (5%) was added to cells 

and samples were vortexed and centrifuged at 18,000 3 g for 5 

min at 4○C. The supernatant was collected and triethanolamine 

was added to a final concentration of 100 mM. The pH was 

adjusted to 6.5 with 5 M K2CO3 before centrifuging again at 

18,000 3 g for 3 min at 4○C to remove potassium perchlorate. 

Neutralized PCA extract was made up to 100 ml with Na2H2PO4 

(150 mM), Tris-(2-carboxyethyl) phosphine hydrochloride 

(TCEP) (10 mM), EDTA (5 mM), and methanol (9%) and filtered 

through a 0.2 mm PVDF filter, and 50 ml was injected for HPLC 

analysis of CoA compounds. 

In Vitro PPAT/DPCK Assay of Cell Homogenates 

Fibroblasts grown on 10 cm plates (approx. 80%–90% confluent) 

were washed with PBS and collected by trypsinization. Cells 

were homogenized in 150 ml buffer containing 50 mM Tris/HCl 
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(pH 7.5), 150 mM NaCl, 10 mM 2-glycerophosphate, 1 mM 

EDTA, 0.5 mM TCEP, and protease inhibitor cocktail (Roche). 

Total protein concentration in the homogenate was measured by 

Bradford assay. 65 mg of homogenate protein was incubated with 

2 mM ATP, 5 mM MgCl2, and 5 mM 4-phosphopantetheine in a 

total volume of 50 ml at 30○C for 1 hr. 4-phosphopantetheine was 

prepared by phosphorylating pantetheine with bacterially 

expressed pantothenate kinase 1b. For control incubation, ATP 

and MgCl2 were added to homogenate, but 4-phospho- 

pantetheine was omitted. After the incubation, PCA (3.5% final) 

was added to the reaction mixtures before centrifugation at 18,000 

3 g for 5 min at 4○C. The pH of the PCA-soluble fraction was 

adjusted to 6.5 with TEA/K2CO3 and CoA compounds formed 

were analyzed by HPLC as described above. 

Yeast Mitochondria Analysis 

Mitochondrial suspensions were diluted to obtain about 0.5 

mg/ml in a final volume of 150 ml of 5% 5-sulfosalicylic acid 

containing 50 mmole/l DTT and vortexed. The homogenates were 

centrifuged at 12,000 3 g for 10 min at 4○C. The supernatant was 

passed through a 0.45 mm filter (Millipore) and the filtrate (40 

ml) was injected directly into the HPLC system. We loaded equal 

amount of yeast mitochondrial proteins (40 mg) and we 

performed CoA quantification by evaluating peak’s areas as 

compared to known concentration of internal standard 
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Yeast Strains and Media 

Yeast strains used in this study were W303-1B (MATaade2-1 

leu2- 3,112 ura3-1 his3-11,15 trp1-1 can1-100) ade2-1 leu2-3,112 

ura3-1 trp1-1 his3-11,15, its isogenic strain cab5::KanMx4 that 

harbors plasmid pFl38-CAB5 or pFl39-CAB5, and the strain 

cab5::KanMx4 that harbors plasmid pYEX-BX-COASY (see 

below). Cells were cultured in minimal medium 40 supplemented 

with appropriate amino acids and bases for auxotrophy as 

previously described.22 To obtain medium lacking pantothenate 

(40-Pan), a mixture of vitamins without pantothenate was 

prepared. Various carbon sources (Carlo Erba Reagents) were 

added at the indicated con- centration. YP medium contained 1% 

Bacto-yeast extract and 2% Bacto-peptone (ForMedium). Media 

were solidified with 20 g/l agar (ForMedium) and strains were 

incubated at 23○C, 30○C, or 37○C. 

 

Cloning Procedures and Plasmid Vectors 

pFL38-CAB5 was obtained by PCR amplification of CAB5, 

including the upstream and the downstream regions, from 

genomic DNA of strain W303-1B with primers as follows. 

For CAB5 (forward 5’-GGGGGGATCCCCATTGCTTAGAA 

TGGGCGG-3’ and reverse 5’-

CCGCGGTACCGAGAACCCATAGAATTCGAC-3’), the 

oligos were modified at 5’ end in order to insert restriction sites 

for cloning in the centromeric plasmid pFL38 carrying the URA3 

marker.23 pFL39-CAB5 was obtained by subcloning CAB5 into 

pFL39 vector carrying the TRP1 marker.23 Human COASY and 
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human COASY
Arg499Cys

 were amplified by PCR from pcDNA3.1 

constructs, containing wild-type and mutant cDNA, respectively, 

with primers described  below. 

For COASY (forward 5’-GGGGGGATCCATGGCCGTATT 

CCGGTCG-3’ and reverse 5’-

CCGCGTCGACTCAGTCGAGGGCCTGATGAGTC-3’), the 

oligonucleotides contained appropriate restriction sites to allow 

cloning in the BamHI-SalI-digested pYEX plasmid under the 

control of CUP1 promoter. All cloned fragments were sequenced 

to check the absence of mutations. Restriction-enzyme digestions, 

Escherichia coli transformation, and plasmid extractions were 

performed with standard methods.24 

 

Site-Directed Mutagenesis and Generation of Yeast 

cab5 Strains 

The conserved human arginine 499 residue (RefSeq accession 

number NM_025233.6), which is replaced by a cysteine in human 

COASY, corresponds to arginine 146 (RefSeq NM_001180504.3) 

in the yeast protein. The CAB5 mutant allele was obtained by 

site- directed mutagenesis (QuikChange II Site-Directed 

Mutagenesis Kit Stratagene) by introducing an AGA>TGT codon 

substitution, resulting in p.Arg146Cys amino acid change. The 

corresponding modified primers used to generate mutated allele 

are as follows. 

For COASY
Arg146Cys

 (forward 5’-

CGCAAGAATTGCAACTAGAATGTTTAATGACAAGAAAT

CCTG-3’ and reverse 5’-
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CAGGATTTCTTGTCATTAAACATTCTAGTTGCAATTCTT

GCG-3’), mutagenized insert was verified by sequencing of both 

strands. 

The pFL38 plasmid-borne CAB5 was transformed in the W303- 

1B by the lithium-acetate method25 to allow cell viability and the 

resident CAB5 was deleted with the KanMX4 cassette amplified 

from plasmid pCXJKan by primers described below. 

For CAB5-Kan (forward 5’-

CAGATAGCCACAATTAAAATATGCTGGTAGTGGGATTG

ACAGGTCGTACGCTGCAGGTCGAC-3’ and reverse 5’-

GTAATTATAAGATATCAACCTTATACCCGCTGAAGACTT

TTTATTTTGAAGATCGATGAATTGAGCTCG-3’), both of 

them contained a 50 complementary stretch for an internal 

sequence of CAB5 ORF and a 30 complementary stretch (under- 

lined in the sequences) for the extremities of the KanMX4 

cassette. Strains with engineered CAB5 were selected on YP 

supplemented with 200 mg/ml geneticin and gene rearrangement 

was confirmed by PCR. Transformation of 

cab5::Kan
R
/pFLl38CAB5 strain with pfl39-CAB5 and pFL39-

CAB5
Arg146Cys

 constructs and plasmid shuffling on media 

supplemented with 5-FOA in order to select spontaneous events 

of Uraþ constructs loss were finally per- formed. Similarly, 

cab5::Kan
R
/pFL39CAB5 strain was transformed with pYEX-BX-

COASY and pYEX-BX-COASYArg499Cys constructs; loss of 

Trpþ plasmids was induced by growing the transformants with 

tryptophan in the medium. 
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Yeast Mitochondria Isolation 

Mitochondria were purified as previously reported.26 In brief, 

cells cultured at 28○C in the 40 medium supplemented with 0.6% 

glucose were collected and washed. Spheroplasts were obtained 

after Zymoliase20T digestion (Nacalai Tesque) and disrupted 

with a glass-teflon potter homogenizer. Mitochondria were puri- 

fied by differential centrifugation. Total protein concentrations 

were quantified according to Bradford (Bio-rad). 

 

Results 

 

Molecular and Biochemical Investigations 

Exome-NGS analysis of one individual (subject II-3, family 1, 

Figure 1) affected by idiopathic NBIA resulted in the 

identification of 12 genes (Table S3) that carried variants 

potentially relevant for the disease. However, as described in 

detail in the Subjects and Methods section, several of these genes 

were not investigated further because (1) the identified variants 

were present in additional individuals and associated with other 

clinical phenotypes; (2) genetic segregation analysis was not 

compatible with clinical presentation of the subjects of family 1; 

or (3) gene function and tissue-specific expression could hardly 

explain the neurological presentation. The homozygous mutation 

in COASY, coding  for  a  bifunctional  enzyme  converting  40- 

phosphopantetheine into dephospho-CoA and then to Coenzyme 

A, was considered as potentially relevant for the disease and 

further investigated. By Sanger sequencing we confirmed the 
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presence of the homozygous missense COASY mutation in the 

affected individual (Figure 1: sub- ject II-3, family 1). The family 

had no history of neurological disorders and this subject was the 

youngest and the only affected of five siblings. She was born to 

consanguineous parents after an uneventful pregnancy and normal 

delivery. Birth weight was 3,850 g. There was no history of 

perinatal complications and she attained normal early 

developmental milestones. From 24 months of age, parents 

reported gait difficulties and persistent toe walking. At age 6, 

when she started primary school, she showed poor academic 

ability. At age 15, general physical examination was normal. 

Neurological evaluation showed mild oro-mandibular dystonia 

with dysarthria and also spastic dystonic paraparesis, but she was 

still able to walk unaided. Neuropsychological evaluation 

demonstrated cognitive impairment (total IQ = 49). The disease 

continued to prog- ress slowly and at the age of 20 she became 

unable to ambulate independently. During the most recent 

examination at age 25, the clinical picture was dominated by a 

severe spastic bradykinetic-rigid syndrome associated with mild 

dystonia and with distal areflexia in the lower limbs. There were 

no clinical or psychometric data suggesting mental deterioration 

but behavioral disturbances with obsessive-compulsive symptoms 

and depression was evident. Funduscopic examination and visual 

evoked potential studies were normal and on electroretinogram 

there were no signs of retinopathy. Electromyographic and nerve 

conduction studies were consistent with a mild motor axonal 

neuropathy. Serial brain MRI showed bilateral hypointensity in  
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the globi pallidi associated with a central region of hyperintensity 

in the anteromedial portion (Figure 1). 

Identification of one Italian subject carrying COASY mutation 

prompted us to analyze the nine exons of this gene in a cohort of 

280 NBIA-affected individuals of different ethnicity by using 

polymerase chain reaction and direct Sanger sequencing. Primer 

sequences and PCR conditions are described in Table S4. By this 

analysis we identified a second Italian case carrying COASY 

mutations (Figure 1: subject II-2, family 2). He is 20 years old 

and he was born at term of uneventful pregnancy from healthy 

nonconsanguineous parents. Psychomotor development was 

normal in the first year of life, but he was delayed in walking as a 

result of instability and toe walking. At age 3 the neurological 

picture was characterized by spastic tetra- paresis with moderate 

mental and language impairment. The disease was progressive, 

with worsening of the motor signs in the lower limbs and 

progressive involvement of the upper limbs and oro-mandibular 

region. He lost independent ambulation at age 15. At age 17, the 

neurological examination showed mild oro-mandibular dystonia 

with dysarthria, spastic-dystonic tetraparesis with prevalent 

involvement of lower limbs, and parkinsonian features (rigidity 

and abnormal postural reflexes). Distal amyo- trophia and 

areflexia with pes cavus were also evident. Cognitive impairment 

was severe (total IQ < 40) with obsessive-compulsive behavior 

and complex motor  tics.  On follow-up, 2 years later, the 

neurological picture was unchanged. Nerve conduction study and 



144 

 

electromyography detected a motor axonal neuropathy more 

prominent in the lower limbs.  

Figure 1. Genetics and MRI of Subjects Carrying COASY Mutations 

(A) Pedigrees of family 1 (left) and family 2 (right). II-3, affected individual in 

family 1; II-2, affected individual in family 2. The presence of homozygous or 

compound heterozygous mutation is indicated by —/—; wild-type sequence by 

þ/þ; heterozygous mutation by þ/—. 

(B) Electropherograms show sequence variations in individual II-3 of family 1 

(left) and in individual II-2 of family 2 (right). 

(C) Left: MRI of individual II-3 of family 1 at 11 years of age (a–c). Axial MR 

(1.5 T) proton density and T2-weighted images (a, b) show bilateral low signal 

intensity in the globi pallidi (clearly visible in b) with a central region of high 

signal intensity located in the anteromedial portion of the nuclei (‘‘eye-of-the-

tiger’’ sign) and with a large central spot of low signal intensity. Axial CT (c) 

shows bilateral hyperdensities consistent with calcifications and corresponding 

to the central spot visble on MRI. Six years later (d), no changes were found. 
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The hypointensity in the medial portion of the substantia nigra was also 

unchanged. Right: MRI of individual II-2 of family 2 at 9 years of age (e, f) 

and at age 19 (g, h). Axial T2-weighted 1.5 T MR images (e, f) reveal 

hypointensity in the pallida. Both caudate nuclei and putamina are swollen and 

hyperintense. Slight hyperintensity is also present in both medial and posterior 

thalami (arrows). Axial T2-weighted MR image (g) confirms bilateral 

symmetric low signal intensity and atrophy in the pallida. Both putamina and 

caudate nuclei are still slightly hyperintense with minimal swelling. Coronal 

FLAIR image (h) demonstrates low signal in both pallida and in the medial 

portion of the substantia nigra (arrowheads). 

 

There was no retinal or optic nerve involvement, as demonstrated 

by normal funduscopic and evoked potential studies. 

The first brain MRI performed at age 5 demonstrated 

hyperintensity and swelling of both caudate nuclei and putamina 

and mild hyperintensity in both thalami. Globi pallidi were 

normal. At ages 9 and 19, hypointensity in the globi pallidi was 

evident and no significant changes were found in the caudate 

nuclei, putamina, and thalami (Figure 1). 

Subject II-3 of family 1 (Figure 1) carried a homozygous 

missense mutation, a c.1495C>T  transition causing an amino 

acid change p.Arg499Cys (referral sequence NM_025233.6; 

numbering starts from the first methio- nine). Segregation 

analysis performed in family 1 indicated heterozygous state in the 

parents (Figure 1), and the four healthy sisters showed wild-type 

sequence (Figure 1). 

Subject II-2 of family 2 (Figure 1) turned out to be a com- pound 

heterozygote for the same mutation, c.1495C>T (p.Arg499Cys), 

identified in subject II-3, and for a c.175C>T transition, resulting 
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in a premature p.Gln59* stop codon in the N-terminal regulatory 

region of the protein. Segregation analysis in the parents 

demonstrated that the two mutations were on different alleles: one 

in- herited from the mother and one from the father (Figure 1). 

The healthy brother was not available for genetic testing. The 

missense substitution affected an amino acid residue Arg499, 

which is highly conserved in all available animal, plant, and yeast 

species, including S. cerevisiae, and is localized in the nucleotide-

binding site of the DPCK domain (Figure 2). Furthermore, 

mutational analysis of Arg140, equivalent to Arg499, in the 

mycobacterial dephospho-CoA kinase (CoaE) revealed the 

importance of this residue in ATP binding and phosphotransfer 

reaction.27,28 

The substitution was predicted to be pathogenic by in silico 

analysis according to Polyphen2 (p = 1) and MutPred (p = 0.909). 

Frequency of the mutation derived from the Exome Variant 

Server and calculated on European, American, and African 

population was 1 out of 13,005 analyzed cases. 

Figure 2. COASY: Conserved Domains, Phylogenetic Conservation, and 

Crystal Structure 
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(A) Schematic domain organization of human CoA synthase and location of 

point mutations. Abbreviations are as follows: MLS, mitochondrial localization 

signal; NRD, N terminus regulatory domain; PPAT, 40PP adenylyltransferase 

domain; DPCK, dephospho-CoA  kinase domain. 

(B) Amino acid sequence alignment showing conservation of Arg499 across 

species. 

(C) Crystal structure of E. coli DPCK (CoaE) (PDB ID 1VHL) showing the 

position of Arg140 (equivalent to Arg499 in human DPCK) in the nucleotide-

binding site. 

 

To evaluate the impact of the two mutations on the stability of the 

transcript, we extracted mRNA from fibroblasts of subjects II-3 

(family 1) and II-2 (family 2) and reverse transcribed it into 

cDNA. Quantitative real-time PCR showed that although in 

individual II-3 the amount of mutant COASY transcript was 

similar to that of the control sample (Figure 3A), it was reduced 

to 50% in individual II-2, suggesting RNA decay. 

Next, we analyzed COASY level in total cell lysates obtained 

from both mutants and control fibroblasts by using a monoclonal 

anti-COASY antibody. We first tested the antibody specificity by 

verifying its cross-reactivity with the 62 kDa COASY alpha in 

vitro translation product (Figure 3B). 

Immunoblot analysis revealed the presence of a normal protein 

content in three different control fibroblasts whereas a significant 

reduction of the protein amount was detected in fibroblasts of 

subject II-2 (family 2) carrying the premature stop codon and the 

missense p.Arg499Cys (Figure 3B). Interestingly, we also 

observed a minimally detectable immunoreactive band 

corresponding to COASY in subject II-3 (family 1) carrying the 
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homozygous p.Arg499Cys substitution (Figure 3B). This suggests 

that the p.Arg499Cys change is associated with instability or 

accelerated degradation of the protein. Immunoblot analysis of 

fibroblasts derived from subject I-2 of family 1 and from both 

parents of family 2 (Figure 3B) showed a partial reduction of the 

protein level. As reported in Figure 3C, protein amount quantified 

by densitometry analysis with three different controls as standard 

resulted to be around 50% in subject I-2 of family 1 and in the 

parents of family 2 and less than 5% in both affected individuals. 

Figure 3. COASY mRNA Expression and Protein Accumulation in Skin 

Fibroblasts 

(A) Quantification of COASY mRNA levels by real-time PCR in fibroblasts of 

subject II-3 and II-2 relative to the expression of glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). The amount of COASY transcript is reduced in 

subject II-2 versus control samples (CT), indicating mRNA decay. Data are 

represented as mean ± SD. Statistically significant differences with CT were 

determined by the Student’s t test; ∗∗p < 0.02. 
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(B) Immunoblot analysis of COASY in fibroblasts derived from three healthy 

subjects (CT 1, CT 2, CT 3), individual I-2 (family 1), individuals I-1 and I-2 

(family 2), and affected subjects (II-3 and II-2). The same amount of protein 

(30 μg) was loaded. β-tubulin was used as a loading control. As a control, 

COASY in vitro translation product (COASY peptide) was loaded. 

(C) Relative quantification of the protein amount: mean ± SD of three controls 

(CT); of individual I-2 (family 1); of individuals I-1 and I-2 (family 2); and of 

affected subjects II-3 and II-2. Histogram shows COASY amount quantified by 

densitometry and normalized on β-tubulin level 

 

Studies in Yeast Saccharomyces cerevisiae 

To further test the pathogenic role of the COASY missense 

mutation, we used the yeast Saccharomyces cerevisiae. 

Biosynthesis of CoA in S. cerevisiae follows the same pathway 

described for mammalian cells: pantothenate, formed de novo 

from several amino acids or taken up from outside the cell, is 

converted in CoA in five reactions 

Figure 4. Mitochondrial Localization of COASY 

(A) Immunoblot analysis on mitochondria and different submitochondrial 

fractions derived from HeLa cells. Mitochondria were treated for 15 min at 



150 

 

4°C or 37°C with proteinase K (PK) in presence or absence of triton. The filter 

was incubated with anti-COASY, anti-CORE1, anti-ETHE1, and anti-VDAC1 

antibodies. As a control, COASY in vitro translation product (COASY peptide) 

was loaded. 

(B) Immunoblot analysis on mitoplasts, matrix, and inner membrane isolated 

from HeLa cells. Mitoplasts were treated for 15 min at 4°C or 37°C with PK in 

presence or absence of triton. The filter was sequentially incubated with anti-

COASY, anti-ETHE1, anti-CORE1, and anti-VDAC antibodies. 

 

catalyzed by enzymes encoded by CAB1 through CAB5.29 With 

the exception of CAB1, the other genes of the pathway have been 

identified because of sequence similarity and their function in 

CoA biosynthesis assessed by heterologous complementation 

with bacterial genes. The only difference with human is that in 

yeast, as in E. coli, the PPAT and DPCK activities reside on 

different proteins encoded by CAB4 and CAB5 genes, 

respectively. Deletion of each CAB gene results in a lethal 

phenotype, indicating an essential role for this pathway in yeast. 

Sequence analysis indicated that Arg499 is highly conserved from 

yeast to human and corresponds to Arg146 in the yeast Cab5p 

(see also Figure 2). By using the plasmid shuffling method, 

deletion strains expressing either the mutant alleles cab5
Arg146Cys

 

and COASY
Arg499Cys

 or the CAB5 and COASY wild-type genes 

were generated. The Dcab5 lethal phenotype was rescued by the 

re-expression of either human COASY wild-type or human 

COASY
Arg499Cys

 and yeast cab5
Arg146Cys

. No major defects of 

growth on different substrates or at different temperatures were 

observed (data not shown). 
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Figure 5. HPLC Analysis of CoA Production by Wild-Type and Mutant DPCK 

Recombinant Proteins 

(A) Top: equal amount of purified wild-type and mutant DPCK proteins were 

loaded on a 12% SDS page and stained with Coomassie blue. Bottom: 

immunoblot analysis on the same gel showing that anti-COASY antibody is 

able to recognize both the wild-type and the mutant protein. 

(B) Chromatogram showing the peak corresponding to the reaction product 

(green) obtained from incubation of wild-type DPCK recombinant protein with 

ATP and dephospho-CoA. 

(C) Chromatogram showing the peak corresponding to the reaction product 

(green) obtained from incubation of mutant DPCK-Arg499Cys recombinant 

protein with ATP and dephospho-CoA. Red peak, CoA standard; blue peak, 

dephospho-CoA standard. 
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However, we noticed that the mutant cab5Arg146Cys as well as 

the strain expressing COASYArg499Cys became auxotrophic for 

pantothenate and showed growth reduc- tion. In fact, wild-type 

yeast can form colonies regardless of the presence of pantothenate 

at all tested temperatures (Figure 7A); by contrast, in the absence 

of pantothenate both mutants cab5Arg146Cys and 

COASYArg499Cys failed to form colonies at 37○C and a 

significant impairment of growth was observed at both 23○C and 

28○C when compared with that of the strain expressing the wild- 

type alleles (Figure 7B). This result supports the pathoge- nicity 

of the substitution p.Arg499Cys and suggests that the mutant 

enzyme requires a higher concentration of pantothenate to 

produce enough CoA to sustain yeast growth. 

Because Cab5p as COASY is located into the mitochon- dria,30 

we measured the level of CoA in mitochondria isolated from 

wild-type, COASYArg499Cys, and cab5Arg146Cys transformed 

yeasts grown in complete medium at 28○C with 0.6% glucose. 

We first verified, by immunoblot analysis, that COASY
Arg499Cys

 

was expressed in yeast at a comparable level as in the wild-type 

enzyme (not shown). We could not verify cab5
Arg146Cys

 expression 

because the available antibody did not cross-react with the yeast 

protein. We observed that the level of CoA was reduced to 40% 

in yeast transformed with both the human COASYArg499Cys 

and yeast cab5
Arg146Cys

 mutant versions as compared to wild-type 

(Figure 8). 

 

 



153 

 

Figure 6. HPLC Analysis of CoA and CoA Derivatives in Fibroblasts 

(A) CoA (white bar), acetyl-CoA (black bar), and total CoA (gray bar) levels in 

primary skin fibroblasts derived from a healthy control (CT) and from the two 

affected individuals (II-3, family 1; II-2, family 2). Results shown are mean ± 

SEM of four independent experiments. Statistically significant differences in 

acetyl-CoA amount between CT and subject II-3 (family 1) were determined 

by the Student’s t test; ∗p < 0.05. This subject also shows a reduction in acetyl-

CoA, which is not statistically significant. A reduction of total CoA was 

observed in both affected individuals, although not statistically significant. 

(B) De novo synthesis of CoA and dephosphoCoA (dpCoA) in primary skin 

fibroblasts derived from a healthy control (CT) and from the two affected 

individuals (II-3, family 1; II-2, family 2). CoA (white bar) and dpCoA (gray 

bar) produced from 4′PP as substrate were quantified by HPLC after 

deproteinization of reaction mixture with PCA (3% final). Results shown are 

mean ± SEM of values from three independent experiments. Statistically 

significant differences with CT were determined by the Student’s t test; ∗∗p < 

0.02. 

 

Discussion 

 

We here report the second inborn error of CoA synthesis leading 

to a neurodegenerative disorder. The first defect discovered was 
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due to PANK2 mutations, causing  the  most prevalent NBIA 

subtype, PKAN.2  

 

Figure 7. Growth of Yeast Strains in Presence or Absence of Pantothenate 

The strain Δcab5 was transformed with pFL39 plasmid carrying the wild-type 

CAB5 and the mutant allele cab5Arg146Cys (A) or with pYEX-BX plasmid 

carrying COASY and COASYArg499Cys (B). Equal amounts of serial 

dilutions of cells from exponentially grown cultures (105, 104, 103, 102, 101 

cells) were spotted onto minimum medium 40 plus 2% glucose, with or 
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without pantothenate 1 mg l−1. The growth was scored after 3 days of 

incubation at 23°C, 28°C, or 37°C. Each experiment of serial dilution grow test 

was done in triplicate starting from independent yeast cultures. 

 

Coenzyme A (CoA) is a crucial cofactor in all living organisms 

and is involved in several enzymatic reactions. It is a key 

molecule for the metabolism of fatty acids, carbohydrates, amino 

acids, and ketone bodies. Its biosyn- thesis proceeds through a 

pathway conserved from prokaryotes to eukaryotes, involving 

five enzymatic steps, which utilize pantothenate (vitamin B5), 

ATP, and cysteine. 

In the first step, catalyzed by pantothenate kinase, the product of 

PANK2, pantothenic acid is phosphorylated to generate 40-

phosphopantothenic acid. Then, this inter- mediat is converted 

into 40-phosphopantothenoyl- cysteine, which is subsequently 

decarboxylated to 40-phosphopantetheine. The last two steps are 

carried out by the bifunctional enzyme CoA synthase, which 

converts 40-phosphopantetheine into dephospho-CoA and then 

CoA.31 

We have identified mutations in the COASY in two subjects with 

clinical and MRI features typical of NBIA. They displayed a 

strikingly similar phenotype, more severe in subject  II-2 of 

family 2, presenting with early-onset spastic-dystonic paraparesis 

with a later appearance of parkinsonian features, cognitive 

impairment, and pronounced obsessive-compulsive disorder. The 

disease was slowly progressive with loss of ambulation during 

adolescence and adulthood.  
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Figure 8. HPLC Analysis of CoA in Yeast Mitochondria 

CoA level in mitochondria isolated from Δcab5 yeast transformed with wild-

type (WT) or mutant (p.Arg146Cys) yeast CAB5 (A), and with wild-type or 

mutant (p.Arg499Cys) human COASY (B). Equal amount of mitochondrial 

proteins (40 μg) were used in each assay. Results shown are mean ± SD of 

values from three independent experiments. Values of mutant samples are 

expressed as percentage of values obtained in wild-type samples taken as 

100%. Statistically significant differences were determined by the Student’s t 

test; ∗p < 0.05; ∗∗p < 0.02. 

 

This phenotype overlaps with other NBIA disorders, including the 

presence of an axonal neuropathy, which is commonly reported in 

phospholi- pase A2-associated neurodegeneration (PLAN) and 

also in mitochondrial membrane protein-associated neurodegen- 

eration (MPAN) cases.32 

In subject II-3 of family 1, MR images are reminiscent of the 

‘‘eye-of-the-tiger’’ sign even if with subtle features, which 

differentiate it from the typical appearance present in 
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PKAN.33,34 In subject II-2 of family 2, an isolated involvement 

of neostriatum, which usually hallmarks a metabolic rather than  

degenerative disorder, preceded  the evidence of the typical 

increase of pallida iron content. Such features have not been 

previously reported, expanding the MR spectrum of NBIA 

disorders. 

Both individuals presented with a severe neurological disorder but 

they have survived up to the third decade of life, suggesting the 

presence of residual amount of CoA as observed in cultured 

fibroblasts. The complete absence of CoA would be probably 

incompatible with life, and organisms have developed alternative 

strategies to counteract deleterious effects of mutations in CoA 

enzymatic pathway. For instance, mammals possess four closely 

related PANK isoforms,2 1a, 1b, 2, and 3, which exhibit a tissue-

specific pattern of expression. This redundancy could explain 

why PKAN patients can survive into the first or second decade of 

life. Probably, the different isoforms can compensate each other 

to maintain adequate CoA level. This was clearly demonstrated in 

mice by the simultaneous knockout of two different Pank 

genes.35 

COASY has been reported to code for three transcript variants 

resulting in tissue-specific isoforms.14 The existence and 

functional significance of these variants are presently unknown 

but both mutations found in this study affect the protein sequence 

common to isoforms alpha and beta, predicting overall 

impairment of COASY function. Considering the ubiquitous 

presence of the enzymatic COASY activity, it remains 
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unexplained why only the brain is affected and other organs are 

preserved. It is possible that a more severe impairment of CoA 

levels occurs in this organ, thus explaining the prevalence of 

neurological symptoms. At the cellular level CoA concentration is 

regulated by numerous factors, including hormones, 

glucocorticoids, nutrients, and cellular metabolites,36,37 and a 

link between the complex signaling mTOR pathway, which is 

implicated in numerous metabolic and signaling processes, and 

CoA biosynthesis has been proposed.38 Moreover, it is relevant 

to notice that the mutations targeted genes coding for 

pantothenate kinase39  and PPAT activity of CoA synthase36 are 

the two rate- limiting steps in CoA biosynthesis. All together 

these factors could contribute to modulate the clinical 

presentation of individuals carrying COASY mutations. 

It is still unknown how mutations in genes involved in Coenzyme 

A enzymatic pathway cause neurodegeneration with iron 

accumulation in specific areas of the brain but whereas for 

PANK2 it was hypothesized that cysteine accumulation may 

chelate iron and catalyze free radical forma- tion,40 a different 

mechanism could be involved in case of COASY mutations. 

In Drosophila it has been demonstrated that abolishing the 

different genes of CoA biosynthetic pathway including the 

fumble/PANK2 and PPAT-DPCK activities causes a neurological 

phenotype characterized by brain vacuolization without iron 

accumulation.12 

Identification of mutations in CoA synthase strongly reinforces 

the essential role of CoA biosynthetic pathway for the 
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development and functioning of the nervous system. This also 

underlines the importance of further investigations on different 

subcellular pools of CoA avail- able, because a specific 

mitochondrial pathway could exist considering that both PANK2 

and CoA synthase are mitochondrial enzymes.16–18 At present it 

is not understood whether CoA can pass from cytosol to 

mitochondria, even if a CoA-specific carrier has been identified in 

the inner mitochondrial membrane.41 Moreover, it is not clear 

whether the regulation of the different pools is coordinated and 

whether the utilization could be modulated in response to 

different physiological or pathological conditions. 

In conclusion, we have demonstrated that COASY mutations 

cause a distinctive NBIA subtype. This finding will require 

further investigation to understand the connection linking CoA 

metabolism to neurodegeneration, iron accumulation, and 

mitochondrial bioenergetics. We propose CoPAN, standing for 

COASY protein-associated neurodegeneration, as the acronym 

for NBIA caused by CoA synthase mutations to conform with the 

current nomenclature in use to classify these disorders. 

 

Supplemental Data 

 

Supplemental Data include four tables and can be found with this 

article online at http://www.cell.com/AJHG/ 
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Abstract 

 

Panthothenate kinase-associated neurodegeneration (PKAN) is an 

early- onset and severe disabling neurodegenerative disease for which 

no therapy is available. PKAN is caused by mutations in PANK2, 

which encodes for the mitochondrial enzyme pantothenate kinase 2. 

Its function is to catalyse the first limiting step of Coenzyme A (CoA) 

biosynthesis. We generated induced pluripotent stem cells from 

PKAN patients and showed that their derived neurons exhibited 

premature death, increased ROS production, aberrant mitochondria, 

impairment of respiratory capacity and major membrane excitability 

defects. Futhermore, PKAN neurons showed a significant iron 

mishandling that led to deficiency in heme synthesis and aconitase 

enzymatic activities, suggesting alterations of cellular iron 

homeostatic control. CoA supplementation prevented neuronal death 

and ROS formation, restoring mitochondrial and neuronal 

functionality. Our findings provide direct evidence that PANK2 

malfunctioning is responsible for abnormal phenotypes in human 

neuronal cells and indicate CoA treatment as a possible therapeutic 

intervention. 
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Introduction 

 

PKAN (OMIM *606157) is an autosomal recessive movement 

disorder caused by mutations in Pank2 (Zhou et al, 2001). It belongs 

to a heterogeneous group of neurodegenerative diseases, collectively 

known as neurodegeneration with brain iron accumulation (NBIA), 

which are characterized by severe iron overload in specific brain 

regions, neurodegeneration and extrapyramidal dysfunction (Hayflick 

et al, 2006; Levi & Finazzi, 2014). Mutations in PANK2 

approximately account for 50% of NBIA cases in Caucasian 

population (Colombelli et al, 2015). PKAN usually manifests in early 

childhood with gait disturbances and rapidly progresses to a severe 

movement deficit with dystonia, dysarthria and dysphagia (Hartig et 

al, 2012). A distinguished feature of this disease is the presence of the 

eye-of- the-tiger sign in the globus pallidus on T2*-weighted magnetic 

resonance imaging which reflects the focal accumulation of iron in 

this area (Zorzi et al). 

PANK2-mediated CoA biosynthetic pathway takes place in 

mitochondria and cytosol. It involves five consecutive enzymatic steps 

highly conserved in animal evolution, starting from pantothenate 

(vitamin B5), ATP, and cysteine (Leonardi et al, 2005; Srinivasan et 

al, 2015). The recent identification of Coenzyme A synthase 

(COASY, the enzyme catalyzing the last two steps of CoA 

biosynthesis) as causative of a subtype of NBIA (Dusi et al, 2014), 

strongly reinforces the essential role of CoA in the correct functioning 

of the neural cells. In fact, CoA is a key molecule involved in more 

than 100 metabolic processes, among which CoA derivatives are 
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crucial substrates for ATP-generation via the tricarboxylic acid cycle, 

fatty acid metabolism, cholesterol and ketone body biosynthesis, and 

histone and non- histone protein acetylation (Akram, 2014; Siudeja et 

al, 2011). Although these processes are vital for any cell type, it 

remains unexplained why the disease affects primarily the central 

nervous system. 

Animal models for PKAN, despite being informative for studying 

pathological mechanisms, share only few neuropathological signs with 

milder severity compared to those associated with the human disorder, 

limiting their impact for predicting novel therapeutics (Brunetti et al, 

2012; Garcia et al, 2012; Kuo et al, 2005; Rana et al, 2010). In fact, 

whereas presenting   some levels of neurodegeneration, these models 

lack any evidence of brain iron mishandling, preventing any insight on 

the causative link between PANK2 deficiency and brain iron 

deposition (Levi & Finazzi, 2014). In vitro studies of PKAN patients’ 

fibroblasts have been instrumental to reveal some defects in 

mitochondrial activity and iron metabolism associated with PANK2 

deficiency, but their specific contribute to the pathological 

neurodegenerative processes cannot be appreciated in these cells 

(Campanella et al, 2012; Santambrogio et al, 2015). 

Experiments in cell cultures have revealed that, in addition to vitamin 

B5, pantetheine can also be phosphorylated, and its product, 4- 

phosphopantetheine, can function as a precursor for CoA (Srinivasan 

et al, 2015). Interestingly, food supplemented with pantetheine was 

shown to partially revert the neuronal defects in mutant flies, fishes, 

and mice (Brunetti et al, 2014; Rana et al, 2010; Zizioli et al, 2015). 
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However, pantetheine-mediated rescuing effects were particularly 

limited in the mouse model, since this molecule is highly unstable in 

serum and is rapidly converted into vitamin B5 and cysteamine by 

pantetheinases (Brunetti et al, 2014). Recently, an alternative 

mechanism of CoA delivery to the cells has been described, consisting 

in extracellular CoA conversion into 4’- phosphopantetheine, which in 

turn passively crosses membranes and is converted back to CoA by 

COASY (Srinivasan et al, 2015). Notably, neurodegeneration in 

dPank deficient mutant flies and fishes was rescued by CoA 

administration by raising the levels of total intracellular CoA 

((Srinivasan, 2015 #13;(Zizioli et al, 2015). However, it remains 

unknown whether exogenous CoA administration can be by any 

means efficacious in more complex animal models or in patients’ 

human cells. 

Considering the aforementioned limitations in the existing cellular and 

animal models, we took advantage of the human induced pluripotent 

stem cell (hiPSC) reprogramming technology to establish cultures of 

faithful human neuronal cells starting from patients’ fibroblasts 

(Amamoto & Arlotta, 2014; Marchetto et al, 2011; Peitz et al, 2013; 

Tiscornia et al, 2011). 

Here, we demonstrate that PKAN hiPSC-derived neurons exhibited 

severe functional impairments such as alteration of the oxidative 

status and mitochondrial dysfunctions, including impaired energy 

production, Iron Sulfur Cluster (ISC) and heme biosynthesis, with 

consequent cellular iron imbalance. Strikingly, supplementation of 

CoA in the neuronal growth medium was sufficient to restore the 

majority of these functional defective phenotypes. 
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Results 

 

Generation and characterization of PKAN and normal donor 

hiPSC- derived neurons 

To obtain a human PKAN neuronal model, we established multiple 

lines of transgene-free hiPSCs by reprogramming fibroblasts of three 

patients and three neonatal normal donors by Sendai virus mediated 

expression of the four Yamanaka’s factors (see Material and 

Methods). One patient carried the c.569insA mutation, causing the 

premature stop codon p.Y190X, while two siblings were carrying the 

same mutation c.1259delG causing a frameshift p.F419fsX472 (here 

referred to as p.F419fsX472a and b). These mutations lead to the 

complete lack of PANK2 protein in fibroblasts (Santambrogio et al, 

2015). Independent hiPSC clones for each individual were generated 

and fully characterized. In particular, we selected 3 clones from 

normal donors and 3 for both patients p.F419fsX472a and b, and 1 for 

patient p.Y190X. 

The expression of master regulators of pluripotent stem cells and 

associated markers assessed by RT-PCR (SOX2, OCT4, KLF4, REX1, 

GDF3, FGF4, DPPA-2, DPPA-4, TDGF, TERT) and 

immunofluorescence analysis (OCT4, SOX2, NANOG, TRA1-60, 

SSEA-1) confirmed the stem cell pluripotency state of the hiPSC lines 

(Fig. EV 1A, B). Additionally, in all clones Nanog expression was 

detected at high levels by qRT-PCR (Fig. EV 1C). 

Furthermore, pluripotency of hiPSC lines was functionally 

demonstrated by their effective differentiation into cells of the three 

different germ layers expressing endodermal, mesodermal, and 
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ectodermal markers (Fig. EV 1D). The presence of the original 

PANK2 mutations was verified by direct sequence analysis of each 

hiPSC clone (Fig. EV 2A). All the selected hiPSCs were regularly 

assessed for the maintenance of correct karyotype content during cell 

expansion in vitro (Fig. EV 2B). 

We then differentiated control and PKAN hiPSCs into a pure and 

stable population of self-renewable neuronal precursor cells (NPCs). 

To this end, hiPSCs were differentiated into EBs in the presence of 

strong inhibitors of the SMAD signaling until the emergence of 

neural-like rosettes composed of radially organized Nestin+/Pax6+ 

neural progenitors in both control and PKAN hiPSCs (Fig. EV 3A, B) 

(Marchetto et al, 2010).  At day 21, neural    rosettes were isolated, 

disaggregated, and transferred in N2/B27-based medium 

supplemented with the growth factor FGF2 (Marchetto et al, 2010). In 

these conditions, NPCs acquired the expression of the forebrain-

specific marker FoxG1 and gave rise to expandable populations of 

highly proliferative cells. Stable NPC cultures were established with 

equal efficiency from all controls and PKAN hiPSCs (Fig. EV 3C) 

and were competent to differentiate into neurons and astrocytes (Fig. 

EV 3D). 

Effective in vitro modeling of disease relies on generation of human 

neurons with substantial functional activity. To this end, we opted to 

overexpress the neurogenin-2 (Ngn2) neurogenic factor, which was 

shown to dramatically accelerate neuronal maturation in vitro and 

generate a large amount of enriched glutamatergic neurons (Zhang et 

al, 2013). Thus, after verifying the absence of PANK2 in NPCs (Fig. 

1A), they were transduced with a lentivirus co-expressing both Ngn2 
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and the puromycin resistance gene to select only for the transgene-

expressing cells. Neuronal differentiation was promoted in B27 

serum-free medium supplemented with BDNF. Two weeks after Ngn2 

expression, control and PKAN neurons appeared to have developed 

complex morphology, organized in a dense network and expressing 

crucial neuronal markers like Tuj1, MAP2, and NeuN (Fig. 1B). 

Immunofluorescence analysis revealed also that hiPSC-derived 

neurons expressed the voltage-gated Na+ channels (panNav) and the 

vesicular glutamate transporter 1 (VGlut1) (Fig. 1B). These data 

suggested that the majority of the neurons generated were 

glutamatergic, as previously  shown (Broccoli et al, 2015; Zhang et al, 

2013). The absence of the PANK2 protein was confirmed by 

immunoblotting in PKAN mutant neurons only (Fig. 1C). 

Morphological inspection did not reveal any difference in either total 

dendritic length or branching complexity when comparing control and 

PKAN neurons (Fig. 1D). 

In order to evaluate neuronal firing properties, we performed 

electrophysiological recordings at 4-20 weeks from initial 

differentiation. To obtain comparable growth conditions and to 

minimize interferences, control and PKAN neurons were co-cultured 

in the same culture dish and were distinguishable by expressing either 

the GFP (control) or the tdTomato (PKAN) fluorescent proteins (Fig. 

1E). Individual cells were first recorded incurrent-clamp mode to 

detect intrinsic properties and action potential firing activity. The 

majority of control cells (20 out of 32, 63%) responded to injection of 

suprathreshold current steps (10-100 pA, 1s) with trains of 

overshooting action potentials at variable frequencies (5-15 Hz). 
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Conversely, the majority of PKAN neurons (14 out of 23, 61%) 

responded to similar current injection protocols with an anomalous 

firing activity consisting of brief series of spikes (often no more than 

2-3 action potentials with strongly decremental amplitudes) followed 

by a plateau potential superimposed with irregular oscillations (Fig. 

1F). The average maximal firing rate was 13 ± 1Hz in 14 control and 

3 ± 2Hz in 13 PKAN human neurons, respectively (p<0.001, unpaired 

t-test), while the mean resting membrane potential was -48 ± 3 mV in 

control vs. -37 ± 2 mV in PKAN human neurons (p<0.001, unpaired t-

test). Conversely, the input resistance was not significantly different in 

the two groups (ctrl: 507±78MΩ, PKAN human neurons: 677 ± 151 

MΩ; p>0.05, unpaired t-test). In addition, peak amplitudes of voltage-

dependent sodium currents (INa) were significantly larger in control 

cells than in PKAN neurons (1970 ± 464 pA vs. 849 ± 207 pA, 

respectively, p<0.05, Mann-Whitney rank sum test; Fig. 4F). . These 

data suggest that human PKAN neurons displayed aberrant 

electrophysiological properties as compared to neurons from normal 

donors  (Fig.  1G).  Specifically,  PKAN  neuronal  cells  showed 

significantly reduced peak Na+ currents and were unable to respond to 

current stimulation with appropriate trains of repetitive spikes. 
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PANK2-deficiency leads to mitochondrial dysfunction in PKAN 

human neurons. 

To address whether the affected functionality of PKAN neurons was 

associated to mitochondrial dysfunction, we first evaluated the 

integrity of mitochondrial membrane potential using the 

mitochondria-specific fluorescent probe tetramethylrhodamine-

methyl-ester (TMRM) (Cozzi et al, 2013). At 3 weeks from 

differentiation, the fluorescence associated to the neuronal cells, as 

recognized by the neuronal specific anti-NCAM staining, was 

sampled by the IN-Cell Analyzer system across the entire neuronal 

culture, thus avoiding limitations with the manual inspection (Fig. 

2A). Results were plotted relatively to the mean of control 

fluorescence intensity showing that PKAN neurons exhibited a 

statistically significant reduction (about 20% lower) in TMRM 

incorporation respect to control neurons (Fig. 2A). Ultrastructural 

analysis revealed evident morphological alterations of mitochondria in 

PKAN neurons, which appear aberrant, enlarged, and swollen with 

damaged cristae, often strictly packed against the outer membrane 

with vacuolization of the matrix (Fig. 2B). By measuring the longer 

diameter perpendicular to the longitudinal axis of mitochondria (n= 

200), we revealed a difference in the distribution of diameter length, 

which suggests that a higher proportion of altered mitochondria is 

present in PKAN compared to control neurons (Fig. 2C). 

Next, we investigated respiratory activity as a critical parameter of 

mitochondrial function. Respiration was quantified by microscale 

oxygraphy allowing the real-time measurement of the global oxygen 

consumption rate (OCR) (Fig. 2D). Oligomycin and FCCP treatment 
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were also performed in order to measure ATPase inhibition and the 

uncoupled stimulated respiration. The values obtained in PKAN were 

significantly lower than those obtained in control neurons for each of 

the respiratory conditions. This reduced respiratory capacity is in 

agreement with the presence of mitochondrial dysfunctions. 

 

PANK2-deficiency alters the oxidative status of PKAN neurons. 

One of the downstream effects of impaired respiration is the increase 

of Radical Oxygen Species (ROS). Thus, we monitored ROS levels in 

basal conditions using the fluorescent ROS-sensitive 

dichlorofluorescein (DCF) on 3-weeks differentiated NCAM-positive 

neurons (Fig. 3A). Interestingly, ROS levels were strongly enhanced 

in the PKAN compared to control neurons (Fig. 3A). In addition, we 

measured the reduced form of glutathione using the ThiolTracker 

Violet probe in NCAM-positive neurons (Fig. 3B). In line with 

heightened ROS levels, significant lower levels of reduced glutathione 

were detected in PKAN compared to control neurons (Fig. 3B). To 

confirm that this altered oxidative status is directly related to PANK2 

deficiency, we reintroduced in PKAN NPCs a functional copy of 

PANK2 by lentiviral transduction (PANK2-LV) before the induction 

of differentiation. As expected, PANK2 re-expression, confirmed by 

immunoblotting (Fig. 3C), was sufficient to reduce ROS levels in 

PKAN neurons (Fig. 3C). 
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PANK2-deficiency altered mitochondrial iron-dependent 

biosynthetic pathway and cytosolic iron homeostasis 

In mitochondria, iron is converted into its biological active form 

through two iron-dependent biosynthetic pathways: ISC and heme. To 

verify if PANK2- deficiency leads to impairment of these 

mitochondrial pathways we investigated the activity of two ISC-

containing enzymes and heme content in hiPSC-derived neurons. In-

gel activities of mitochondrial and cytosolic aconitases (mAco and 

cAco) were measured in 3 weeks differentiated neurons (Fig. 4A, 

upper panel). A significant reduction in activity of both aconitases was 

detected in PKAN compared to control neurons (Fig. 4A, lower 

panel). This decrease was not due to reduced protein levels since 

comparable amounts of mAco and cAco were revealed in western-blot 

analysis (Fig. 4B). 

Heme quantification was performed on NPCs and not in neurons due 

to the low sensitivity of the method, which required a substantial 

amount of cells. The spectroscopic quantification revealed a 

significant reduction of heme in PKAN as compared to control NPC 

(Fig. 4C). Concomitant decrease in both ISC and heme content might 

represent a signal for the cell to enhance iron incorporation through 

the activation of the mRNA-binding activity of the ISC- deprived 

form of cAco (apo-cAco), which controls the translation of mRNAs of 

several iron-related proteins (IRP1/IRE machinery) (Muckenthaler et 

al, 2008). We tested this hypothesis by measuring the level of two iron 

proteins responsible for either cellular iron uptake (Transferrin 

receptor1, TfR1) or iron storage (ferritin). As expected by the increase 

amount of the apo-cAco form, the level of TfR1 was increased (~1.8 
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fold) while ferritin was reduced (~3 fold) in PKAN compared to 

control neurons (Fig. 4D). These results provide evidence that iron 

metabolism is impaired in PKAN neurons, which exhibit a manifested 

cellular iron deficient phenotype 

 

Exogenous CoA can rescue the deficits in PKAN neurons 

The evidence that cells can use external CoA as a source for internal 

CoA biosynthesis (Srinivasan et al, 2015) prompted us to verify the 

effect of its addition to the neuronal culture medium. In a first 

instance, we monitored the vitality of PKAN and control neuronal co-

cultures over time after differentiation. Analysis was performed by 

counting the number of either tdTomato+-PKAN or GFP+-control 

neurons as shown in Fig. 8a. No difference between  the  two  

neuronal  populations  was  detected  after  1  day  of differentiation. 

In contrast, at day 150, the number of PKAN neurons dropped to 

about 20% while control neurons were only slightly reduced (Fig. 

5A). This might well be caused by the severe impairment of PKAN 

neurons in acquiring functional properties, which promote neuronal 

survival. In contrast, neuronal growth medium supplemented with 

150, promoting a 3-fold increase in survived neurons (Fig. 5A). In 

addition, patch-clamp experiments revealed a significant recovery of 

functional properties in the PKAN neurons (Fig. 5B). Indeed, the rate 

of PKAN neurons with mature firing increased from 38% (8 out of 21 

cells) in untreated conditions compared to 79% (11 out of 14 cells, 

p<0.05, z- test) after CoA treatment. Conversely, the rate of control 

neurons with mature functionality was not different in CoA vs. 
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untreated conditions (7 out of 12 cells, 58% and 14 out of 20 cells, 

70%, respectively, p>0.05, z-test; not shown) Next, we examined 

whether the addition of CoA starting from day 1 onwards during 

differentiation could restrain the heightened oxidative status in PKAN 

neurons. Indeed, in the presence of CoA the ROS levels were 

comparable between PKAN and control neurons indicating that CoA 

could effectively restrain the disease-associated ROS overproduction 

(Fig. 5C). Notably, the presence of CoA restored to control levels the 

mitochondria respiratory activity in PKAN neurons from patient 

F419fsX472a (Fig. 5D). To check the beneficial effect of CoA 

treatment on iron dependent mitochondrial biosynthesis we quantified 

the amount of heme that resulted recovered in PKAN NPC (Fig. 5E). 

 

Discussion 

 

Our previous results on PKAN from fibroblasts and neurons obtained 

by direct conversion of fibroblast suggested that neuronal impairment 

was mainly caused by alteration of mitochondria functionality and 

oxidative status (Santambrogio et al, 2015). However, these two 

models presented some limitations as concerning the opportunity to 

clarify the relationship between iron dys-regulation and neuronal 

death. This is essentially due to the cell specific iron metabolism 

requirement in fibroblasts, which is different from that in neurons, and 

to poor efficiency (about 5%) of direct conversion of fibroblasts into 

neurons, that hampers any functional electrophysiological and 

biochemical investigation (Santambrogio et al, 2015). 
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Herein, we have established hiPSC-derived neuronal cultures with 

high efficiency from PANK2 defective patients, providing an in depth 

molecular and biochemical characterization of their metabolic and 

functional alterations that allowed us to exhaustively define the 

neuronal phenotype. In addition and more significantly, we 

demonstrated, for the first time, the therapeutic effect of exogenous 

CoA administration in reverting pathological phenotypes in neurons. 

PKAN is a devastating infantile disorder for which only symptomatic 

treatments are currently available. The cascade of pathophysiological 

events caused by defective CoA biosynthesis as well as the association 

between mitochondrial dysfunction and brain iron accumulation are 

far to be clear. One prevailing hypothesis proposes that the imbalance 

of CoA pool could impair lipid homeostasis, thus resulting in 

membrane dysfunction and mitochondrial alteration including 

energetic deficiency and impairment of oxidative status and iron 

metabolism. Indeed, recent data obtained by microarray and whole- 

transcriptome gene expression assays indicated the interconnection 

between NBIA genes and iron-related genes. These genes might be 

implicated in synapse and lipid metabolism related pathways 

(Bettencourt et al, 2015; Heidari et al, 2016). The first result of our 

work is the successful generation of PKAN hiPSCs and their neuronal 

derivatives, suggesting that PANK2 deficiency does not affect the 

neuronal fate commitment and differentiation of these cells, as would 

be expected considering that the patients have a normal brain 

development. 

We also provided evidence that PKAN neurons display profound 

alterations of mitochondrial morphology and energetic capacity, 
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which are probably responsible for the loss of fully functional 

neurons. Indeed, most PKAN neurons were impaired in their ability of 

firing repetitive trains of action potentials in response to depolarizing 

current injection, a defect that may derive either from the inability of 

neuronal precursors to mature into functional neurons or from a 

dissipation of energy-dependent transmembrane ionic gradients, 

which in normal conditions ensure the appropriate flux of ion currents 

through membrane channels. 

In addition, we attributed the alteration of iron homeostasis to 

defective mitochondrial iron-dependent pathways: ISC and heme 

biosynthesis. ISC are prosthetic groups of numerous mitochondrial 

and cytosolic enzymes (respiratory complexes, ferrochelatase, 

aconitases, lipoate synthase, DNA helicases and others) (Lill et al, 

2014). Thus, their deficiency may affect many biosynthetic pathways 

and trigger neurodegeneration. Similar neurodegenerative events have 

been described to occur in Friedreich’s ataxia (Pandolfo, 2003), where 

deficiency of the ISC-iron-chaperon frataxin causes the shortages of 

the ISC dependent-respiratory complexes that lead to energy 

deficiency (Hick et al, 2013; Lodi et al, 1999). This deficit is 

responsible for a decrease in antioxidant capacity and accumulation of 

iron in mitochondria due to its inefficient utilization. The consequent 

damage is primarily caused by iron-generated free radicals that may 

inflict further injury to ISC-proteins (Lu & Cortopassi, 2007). 

Interestingly, our results highlighted a comparable pathological 

association between ISC defects and energy deficiency, suggesting 

that these factors are common features in triggering neuronal death. 

Although further analysis are necessary to clarify the association 
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between ISC defect and energy deficiency, this ineffective 

mitochondrial iron utilization might be the signal that promotes iron 

import into the cells and, with time, leads to iron accumulation. This is 

in agreement with previous studies (Bettencourt  et  al,  2015;  Heidari   

et  al,  2016),  which  postulated that disturbances in NBIA gene 

networks could contribute to dysregulation of iron metabolism and, in 

turn, progressive increase in brain iron levels aggravates the disruption 

of these NBIA genes. Nonetheless, we have not detected any frank 

iron deposition in PKAN neurons yet. Two different reasons might 

account for this result. On one hand, the period of time where human 

neurons in culture were observed might not be long enough 

considering that iron deposition is detectable in patients only few or 

more years after birth. On the other hand, iron accumulation in 

patients is restricted to pallidal GABAergic and, less frequently, 

dopaminergic neurons of substantia nigra. We favored to conduct our 

study on forebrain-specific glutamatergic excitatory neurons since this 

system is among the fewest that can be derived from hiPSCs 

providing a homogeneous neuronal network with robust functional 

activities. Given the pan-neuronal deficits occurring in this disorder, 

this cellular model is perfectly suited for investigating the 

pathophysiological roots at the base of this neuropathology including 

the initial steps of the iron mishandling phenotype. Furthermore, we 

proved that CoA administration to human neurons restores PANK 

neuron functionality, inhibits neuronal cell death, prevents the 

development of harmful ROS, and rescues heme biosynthesis and 

respiratory activity, establishing a strong proof of principle for the use 

of this compound as a therapeutic agent. This is further corroborated 
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by previous in vivo data on fly and zebrafish PKAN models 

(Srinivasan et al, 2015);(Zizioli et al, 2015), which clearly established 

the efficacy of CoA treatment in preventing or ameliorating the 

pathologic events. 

Overall, these data indicate that this new human neuronal model 

represents a powerful platform for investigating pathogenic 

mechanism of disease and testing the efficacy of therapeutic 

compounds. Our observations pave the way for CoA treatment not 

exclusively for PKAN disease but also for CoA deficiency related 

disorders. 

 

Material and Methods 

 

Plasmid constructions 

Construction of the TetO-Ngn2-p2a-hPANK2-2HA-t2a-Puromycin 

viral vector: in brief, the TetO-Ngn2-t2a-Puro (kindly provided by T. 

C. Sudhof) was  modified in order to insert in the Xba site p2a peptide 

in frame with the  existing t2a peptide and complete of MCS (created 

by oligonucleotide annealing, Suppl. Table I). The human PANK2 

coding sequence followed by a HA tag was PCR amplified from the 

pCDNA3.1-hPANK2-HA construct (primers in Suppl. Table I) in 

order to provide it with AgeI and XbaI respectively at its 5’ and 3’. 

They were used to insert the coding region in frame with the Ngn2 

and puromycin cassette in the intermediate described above. 
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Fibroblasts culture and hiPSC generation 

Skin biopsies were obtained from patients coming from the Movement 

Disorders Bio-Bank available at the Neurogenetics Unit of the 

Neurological Institute ‘Carlo Besta’ (INCB), Milan, Italy. Two PKAN 

patients are siblings carrying the mutation c.1259delG causing a 

frameshift p.F419fsX472 (here referred as PKAN(F419fsX472a) and 

b) (Campanella et al, 2012; Santambrogio et al, 2015). The third 

patient carries the c.569insA mutation, causing a premature stop 

codon p.Y190X (Hartig et al, 2006). All subjects gave their written 

consent for the skin biopsy procedure and for the use of the sample 

material for research purposes. Fibroblasts were cultured in DMEM 

high glucose (Life Technologies), 10% FBS (Life Technologies), 2 

mM L- Glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin 

(100U Pen- 

hiPSCs with the CytoTune-iPS 2.0 Sendai reprogramming kit (Life 

Technologies) according to manufacturer’s instruction. Mutations 

were corroborated by sequence analysis on hiPSC clones. Colonies 

started to appear 30 days later, and at around day 40, they were 

selected according to their morphology and transferred to a new feeder 

layer with the same culture conditions (DMEM/F12 (Sigma-Aldrich), 

20% Knockout serum replacement- KSR (Life Technologies), 1% P/S, 

2 mM L-Glutamine, 1% non-essential amino acids MEM NEAA (Life 

Technologies), 1mM NaPyr (Sigma-Aldrich), 0.1mM beta-

mercaptothanol (Life Technologies) 

Technologies)). Subsequently, hiPSC clones were passed into feeder 

free conditions on matrigel hESC-qualified coated plates (Corning) 

gradually increasing the percentage of mTeSR-1 medium (Stemcell 
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Technologies). hiPSCs were passaged every 5–7 days with ReLeSR 

(Stemcell Technologies) on matrigel coated wells. Fibroblast and 

iPSCs were periodically tested for mycoplasma contamination by 

PCR. 

 

In vitro three germ layers differentiation 

Feeder-free hiPSCs were treated with accutase (Sigma-Aldrich) for 5 

min, washed with mTeSR-1 medium and centrifuged. Cells were then 

resuspended in DMEM-20%FBS-1%P/S and maintained in the same 

medium for 20 days. Medium was changed every 2 days. 

 

Karyotype analysis 

Metaphase chromosome preparation was obtained from hiPSCs as 

follow. Cells were grown on a well dish until they reached an 80-90% 

confluence. Then colcemid (1:100, Sigma-Aldrich) was added to the 

cells for 3hr and incubated at 37°C. Cells were then trypsinized, 

treated for 30 min using standard hypotonic solution and fixed (3:1, 

methanol:acetic-acid) for 30 min. Chromosome were spread on a 

coverslip and stained with Quinacrine (Sigma- Aldrich) mounted in 

McIlvaine buffer. Fluorescence was analyzed in a fluorescent 

microscope. Images were obtained in blind conditions to the 

examiner. 

 

RT-PCR analysis 

RNA was extracted using Trizol reagent (Sigma-Aldrich) and then, 

retrotranscribed using iScript Super Mix (Biorad). In quantitative real 

time PCR, Titan HotTaq EvaGreen qPCR mix (BioAtlas) was used 
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-actin. Primers 

used to amplify cDNA samples are listed in Suppl. Table II. 

 

Generation of human neuronal precursors cells and neurons 

To obtain NPCs, EBs were formed by dissociation of hiPSC colonies 

with passaging solution (Miltenyi Biotec) and plating onto low-

adherence dishes in mTeSR medium for 10 days supplemented with 

-

Aldrich); N2 (1:200)(Life Technologies); and 1%P/S. In order to 

obtain rosettes, EBs were plated onto matrigel growth factor reduced 

(Corning)-coated dishes in DMEM/F12 (Sigma-Aldrich) plus N2 

(1:200); 1% NEAA (Life Technologies) and 1% P/S. After 10 days 

rosettes were dissociated with accutase and plated again onto 

matrigel-coated dishes with NPC medium (DMEM/F12; N2(1:200); 

B27(1:100, Life Technologies); 1%P/S and FGF2 (20ng/ml)). 

Homogeneous populations of NPCs were achieved after 3-5 passages 

with accutase in the same conditions. 

Neurons were obtained as previously described (Zhang et al, 2013) 

with few modifications. NPCs were transduced with a lentivirus 

expressing Ngn2 cDNA under the control of a tetracycline-responsive 

promoter and a LV expressing rtTA. Lentivirus were produced as 

previously described (Indrigo et al, 2010). NPCs were seeded on 

matrigel-coated wells and differentiated in medium containing 

Neurobasal (Life Technologies), BDNF (10ng/ml, Peprotech), NT-3 

-

Aldrich). NT-3 was present in the medium just the first week of 

differentiation and doxycycline just for three weeks. Half of the 
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medium was changed every 2 days. For co-cultures experiments 

6x104 cells (half GFP controls and half tdTomato patients) were 

seeded on matrigel-coated covers. After 5 days, 2x104 cortical mice 

neurons were added to improve differentiation and 

electrophysiological  activity. 

 

Immunoblotting 

1x105 cells were seeded on 6 well matrigel-coated plates and 

differentiated to neurons. Soluble cellular extracts for immunoblotting 

were obtained by lysing cells in 20 mM Tris–HCl, pH 7.4, 1% Triton 

X-100, and protease inhibitor cocktail (Roche) followed by 

centrifugation at 16000 g for 10 min. Twentyfive micrograms of total 

proteins were separated by sodium dodecyl sulfate–12 % 

polyacrylamide gel electrophoresis (SDS–PAGE), and 

immunoblotting was performed using specific antibodies followed by 

peroxidase-labelled secondary antibodies (Sigma-Aldrich). Signal was 

revealed by the ECL- chemiluminescence   kit   (GE   Healthcare).   

Total   protein   contents were measured using the BCA protein assay 

calibrated with bovine serum albumin (Thermo Fisher Scientific). 

Antibodies used are listed in Suppl. Table III. 

 

Immunofluorescence 

8x104 cells were seeded on matrigel-coated covers and differentiated 

to human neurons. Cells were fixed in 4% paraformaldehyde and 

processed as previously described (Cozzi et al, 2013).  
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Determination of aconitase activity 

Aconitase activity was in-gel assayed as described in (Tong & 

Rouault, 2006). The patient and controls neurons were grown in 

differentiation medium, harvested, washed in PBS and lysed in 20 

mM Tris-HCl buffer, pH 7.4, 1% Triton X-100, protease inhibitor 

cocktail, 2 mM citrate, 0.6 mM MnCl2, and 40 mM KCl. Soluble 

ex -HCl, pH 8.0, 10%   glycerol, 

bromophenol blue, were loaded on PAGE gels containing 8% 

acrylamide, 132 mM Tris base, 132 mM borate, and 3.6 mM citrate in 

the separating gel; and 4% acrylamide, 67 mM Tris base, 67 mM 

borate, 3.6  mM  citrate  in  the stacking gel. The run was performed at 

180 V for 2.5 h  at 4°C. Aconitase activity was determined in the dark 

at 37°C by incubating the gel in 100 mM Tris-HCl, pH 8.0, 1 mM 

NADP, 2.5 mM cis-aconitic acid, 5 mM MgCl2, 1.2 mM MTT, 0.3 

mM phenazine methosulfate, and 5 U/ml isocitrate dehydrogenase. 

The quantification of the signal was performed using the NIH image 

software ImageJ. 

 

Determination of mitochondrial membrane potential 

Human neurons were incubated with Alexa Fluor 488 mouse anti–

human CD 56 (anti-

Hoechst 33342 for 2 min. All of these incubations were performed at 

37°C. The cells were washed  and randomly analyzed by IN-Cell 

Analyzer 1000 system (GE Healthcare). The fluorescence of TMRM 

from NCAM–positive cells was collected to compare the relative 

mitochondrial membrane  potential.  A  minimum  of 100 neurons for 
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each patient or control was analyzed in at least three independent 

experiments for each sample. 

 

Determination of heme content 

Heme content was measured in NPCs from patients and controls as 

previously described (Santambrogio et al, 2011). Briefly, the cells 

were washed with phosphate-buffered saline and dissolved in 0.25 mL 

of 98% formic acid and incubated for 15 min. The heme content was 

evaluated by analysing the clear supernatant at 400 nm, with an 

extinction coefficient of 1.56x105x  M-1  x  cm-1.   The  data   were  

normalized  to  protein  content   as determined by the BioRad Protein 

Assay (BioRad). 

 

Glutathione  measurement 

Patients   and   controls   human   neurons   were   incubated   with   20   

PBS and fixed in 4% paraformaldehyde in PBS for 20 min at room 

temperature. The cells were then permeabilized for 3 min in PBS 

containing 0.1% Triton X100, 10% normal goat serum. Next, the cells 

were incubated with Alexa Fluor 647 mouse anti-human CD56 (anti-

NCAM, BD  Biosciences,  diluted 1:40)  for  1 hour at 37°C, and with 

analyzed by IN Cell Analyzer 1000   system (GE Healthcare). The 

ThiolTracker Violet fluorescence in NCAM-positive cells was 

collected to compare relative glutathione contents. The quantification  

of  the  signal  was performed using the NIH image software ImageJ. 
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A minimum of 100 neurons for each  patient  or  control was  

analyzed  in  at  least  three independent experiments for each sample 

 

Determination of ROS 

Human neurons were incubated with Alexa Fluor 647 mouse anti-

human CD56 (anti-NCAM, BD Biosciences, diluted 1:40) for 1 hour, 

-dichlorodihydrofluorescein diacetate 

Hoechst 33342 for 2 min. All of these incubations were performed  at  

37°C.  The  cells  were  washed  and randomly analyzed using an IN-

Cell Analyzer 1000 system (GE Healthcare). The fluorescence of DCF 

from NCAM–positive cells was collected to compare the relative ROS 

contents. The quantification of the signal was performed using the 

NIH image software ImageJ. A minimum of 100 neurons for each 

patient or control was analyzed in at least three independent 

experiments for each sample. 

 

Electron microscopy 

Human neurons were fixed in 4% paraformaldehyde and 2.5% 

glutaraldehyde, post fixed with 2% OsO4, washed, dehydrated and 

embedded in Epon812. Thin sections were stained with uranyl acetate 

and lead citrate and examined in a Leo912 electron microscope 

(Zeiss). Images were randomly obtained in blind conditions to the 

examiner. 
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Measurement of dendritic arborization 

Labeled neurons were randomly chosen for quantification with a 

total of 38 dendritic arborizations analized in at least three 

independent experiments for each sample. Morphometric 

measurements were made using NeuronStudio image analysis 

software (http://research.mssm.edu/cnic/tools-ns.html). Individual 

dendrites were selected randomly and traced manually. The 

maximum length and branching points were measured and 

archived automatically. 

 

Patch-clamp  electrophysiology 

Individual slides containing co-cultured PKAN and control neurons 

were transferred in a recording chamber mounted on the stage of an 

upright  BX51WI microscope (Olympus, Japan) equipped with 

differential interference contrast optics (DIC) and an optical filter set 

for the detection of GFP and tdTomato fluorescence (Semrock, 

Rochester, NY, USA). Cells were perfused with artificial 

cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 3.5 KCl, 

1.25 NaH2PO4, 2 CaCl2, 25 NaHCO3, 1 MgCl2, and 11 D-glucose,  

saturated with 95% O2 5% CO2 (pH 7.3). The ACSF was 

continuously flowing at a rate of 2-3 ml/min at room temperature. 

Whole-cell patch-clamp recordings were performed using pipettes 

filled with a solution containing the following (in mM): 10 NaCl, 124 

KH2PO4, 10 HEPES, 0.5 EGTA, 2 MgCl2,  2Na2-ATP, 0.02 Na-

GTP, (pH 7.2, adjusted with KOH; tip resistance: 4-6 MΩ). 

All recordings were performed using a MultiClamp 700B amplifier 

interfaced with a PC through a Digidata 1440A (Molecular Devices). 

http://research.mssm.edu/cnic/tools-ns.html)
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Data were acquired using pClamp10 software (Molecular Devices) 

and analyzed with GraphPad Prism 5 and SigmaStat 3.5 (Systat 

Software Inc.). Voltage- and current-clamp traces were sampled at a 

frequency of 10 kHz and low-pass filtered at 2 kHz. The input 

resistance (Rin) was calculated by dividing the steady-state voltage 

response to a negative current step (-10 to -50 pA, 1s) by the 

amplitude of the injected current. Labeled GFP or tdTomato neurons 

were randomly chosen for measurement and no blind experiments 

were done for electrophysiology studies. 

 

Determination of respiratory activity 

Oxygen consumption rate (OCR) was measured in PKAN and control 

neurons with a XF96 Extracellular Flux Analyzer (Seahorse 

Bioscience, Billerica, MA, USA). Each control and PKAN-NPCs was 

seeded on a XF 96-well cell culture microplate (Seahorse Bioscience) 

at a density of 15–20×103 cells/well    and 

differentiated as previously described. After replacing the growth 

-free DMEM pre-warmed at 

37°C, cells were incubated at 37°C without CO2 for 1 hour before 

starting the assay procedure. Then, baseline measurements of OCR, 

ligomycin and of 2,1 

-(trifluoromethoxy) phenylhydrazone (FCCP) 

were measured using an already established protocol (Invernizzi et al, 

2012). Data were expressed as pmol of O2 per minute and normalized 

by cell number measured by the CyQUANT Cell proliferation kit 

(Invitrogen), which is based on a fluorochrome binding to nucleic 

acids. Fluorescence was measured in a microplate luminometer with 
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excitation wavelength at 485 ± 10 nm and  emission detection 

wavelength at 530 ± 12.5 nm. All determinations were performed in 9 

replicates for each sample. At least three different experiments were 

carried out in different days. Experiments were carried out in blind 

conditions to the examiner. 

 

Statistical analyses 

Statistical methods were not employed to predetermine sample size in 

the in vitro and in vivo experiments. All the experiments were 

performed at least in triplicate; data was analyzed using GraphPad 

Prism. In general, for normally distributed data two tailed unpaired 

Student’s t-test and one- or two-way ANOVA followed by Bonferroni 

post test was used. For non-normally distributed  data,  Mann-Whitney  

rank  sum  test  was  used.  The  data  are reported as the mean +/- 

s.e.m. *, ** and *** indicate p<0.05, p<0.01 and p<0.001, 

respectively. A p value <0.05 was considered statistically significant 
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Figure Legends 

Fig. 1 Development and characterization of hiPSC-derived neurons 

from normal donor (control) and PKAN patients. A Representative IF 

image of NPCs from a control and a PKAN patient. NPC were stained 

for Nestin, FoxG1 and Pank2. B NPCs from a control and PKAN 

patient were differentiated into neurons by overexpressing Ngn2 (one 

representative experiment is shown). Two weeks after the infection 

-tubulin 

(Tuj1), Map2, NeuN and human nuclei (hNu) and synaptic markers, 

the voltage-gated Na+ channels (PanNav)and the vesicular glutamate 

transporter 1 (VGlut1). C Western blot of soluble cell homogenates 

from human neurons probed with the indicated antibodies. Asterisk 

indicates nonspecific band and arrows point to PANK2 and β-actin. 

Data are presented as one example of three independent experiments. 

D Plots showing the total dendritic length and branching points 

between control and PKAN patients. Data presented as mean and ± 

SEM from at least three independent experiments. A total of 38 

neurons were counted for each  sample. Statistics were determined by 

the Student ’ s t-test, n.s.= not significant,  p>0.05.  E  Representative  

example  of  a  co-culture containing control (green) and PKAN (red) 

human neurons. Control and PKAN NPCs were infected with GFP-

LV and tdT-LV expressing vectors, respectively, and differentiated for 

8 weeks. Scale bars F Examples of electrophysiological 

properties of human neurons obtained from a control individual (top) 

and a PKAN patient (bottom). Traces on the left represent trains of 

action potentials induced by injection of a suprathreshold current step 
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through the patch electrode in current-clamp mode. Middle traces 

show Na+and K+ currents (down- and upward-deflecting from 

baseline, respectively) in response to a 60 mV step from a holding 

voltage of -70 mV in voltage-clamp mode. Insets on the right display 

enlarged portions of the traces to magnify fast Na+ currents. G 

Summary histogram with percentages of recorded cells showing 

repetitively firing in control vs. PKAN human neurons (*p<0.05). 

 

Fig. 2 Mitochondrial membrane potential and morphology resulted 

affected in PKAN human neurons. A Representative images of human 

neurons cells stained with the mitochondrial membrane potential 

sensible fluorescent probe TMRM, the neuronal specific anti-NCAM 

antibody and the nuclear staining Hoechst. Scale bar 

showing the quantification of TMRM fluorescence signal from 

NCAM+. Data presented as means + SEM of at least three 

independent experiments; statistically significant differences were 

determined by the Student’s t-test, *p<0.05. B Representative images 

of the ultrastructural analysis of fixed human neurons cells examined 

with electron microscope. Scale bar 500nm. C Mitochondrial size was 

measured at level of 

the larger diameter along the perpendicular axis for all the 

mitochondria in >30 field (200 mitochondria in total) for each sample. 

***p<0.001, Student t-test. d OCR normalization to cell number. 

OCR was measured in basal conditions, and after oligomycin and 

FCCP addiction. Bars indicate means + SEM of three independent 

experiments; ** p=0.01; ***p<0.001 (unpaired, two-tailed Student's t 

test). 
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Fig. 3 PKAN human neurons show altered oxidative status. A An 

example of human neurons stained with the ROS sensible fluorescent 

probe DCF and the nuclei dye Hoechst. Anti-NCAM was used to 

detect neurons neuronal specific anti-NCAM antibody. Scale bar 20 

controls- and PKAN human neurons, infected or not with Ngn2-

PANK2-LV. Data presented as means + SEM of at least three 

independent experiments; statistically significant differences were 

determined by the Student’s t-test, *p<0.05, **p<0.01. B 

Representative images of human neurons stained with ThiolTracker 

Violet and the anti Tuj1. Scale bar 

fluorescence signal from Tuj1 positive human neurons were quantified 

and shown in the plots. Data presented as means + SEM of at least 

three independent experiments; statistically significant differences 

were determined by the Anova test, *p<0.05, **p<0.01. C Western 

blot of soluble cell homogenates from patients human neurons 

overexpressing PANK2. Proteins were separated on 12% SDS- PAGE 

gels probed with the indicated antibodies. Asterisk indicates 

nonspecific band and arrows point to   PANK2 

and β -actin. Data are presented as one example of three independent 

experiments. 

 

Fig. 4 PKAN human neurons show impaired iron dependent 

mitochondrial biosynthesis. A Upper panel: In-gel enzymatic activity 

of mitochondrial and cytosolic aconitase (mAco and cAco, 

respectively). The protein band stained with Coomassie blue was used 

for loading control (Loading). Lower panel: quantification of mAco 
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and cAco enzymatic activity by densitometry. B Western blot analysis 

of mitochondrial and cytosolic aconitases. C Heme quantification by 

absorbance at 400 nm of the soluble cell lysates. D Upper panel: 

western blot analysis of transferrin receptor (TfR1) and ferritin (FtH). 

Lower panel: quantification of TfR1 or FtH normalized on actin by 

densitometry. All the data are presented as means + SEM of at least 

three independent experiments; statistically significant differences 

were determined by Student’s t-test or oneway Anova test. *p<0.05, 

**p<0.01, ***p<0.001. 

 

Fig. 5 CoA treatment recovers PKAN human neurons abnormal 

phenotype and functionality. A Representative images of co-cultures 

of control and PKAN NPC infected with GFP-LV and tdT-LV 

expressing vectors, respectively, at the beginning (Day1) and after 150 

days of differentiation (Day150). Scale bar 20 

green and red human neurons counted 

at different time points. B Example of electrophysiological properties 

of cultured PKAN human neurons with or without CoA incubation for 

30 days. Repetitive firing activity (left) and relatively large Na+ and 

K+ currents (right) were restored by CoA. The histogram on the right 

shows fractions of repetitively firing cells recorded in untreated vs. 

CoA-treated human neurons from control and PKAN patients 

(*p<0.05). C An example of human neurons stained with the ROS 

sensible fluorescent probe DCF and the nuclei dye Hoechst.   Anti- 

NCAM antibody was used to detect neurons. Scale bar 20 

of the DCF fluorescence signal from NCAM+ controls- and PKAN 
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in the medium for 3 weeks. All data are presented as means + SEM of 

at least three independent 

experiments; statistically significant differences were determined by 

one way Anova test. *p<0.05, **p<0.01, ***p<0.001. D Oxygen 

consumption rate (OCR) with and without CoA. Basal and uncoupled 

(FCCP) respiration increased after CoA supplementation. Data 

presented as means + SEM of nine  independent  replicates  for  each  

condition;  statistically      significant differences were determined by 

the Student’s t-test, *p<0.05, ***p<0.001. E Heme quantification by 

absorbance at 400 nm of the soluble NPC cell lysates. All data are 

presented as means + SEM of at least three independent experiments; 

statistically significant differences were determined by one way 

Anova test. **p<0.01 

 

Expanded View Figure Legends 

Fig. EV 1 Characterization of hiPSC clones obtained from fibroblasts 

of controls and PKAN patients. A RT-PCR analysis of the indicated 

pluripotency markers expressed by hiPSC clones. Fgf4: fibroblast 

growth factor 4; Gdf3: Growth differentiation factor-3; Rex1: 

Reduced expression 1; Tert: telomerase reverse transcriptase; Klf4: 

Kruppel-like factor 4; Sox2: sex determining region Y-box 2; c-myc: 

Myc proto-oncogene protein; Dppa2/4: developmental pluripotency-

associated 2/4; Oct4: octamer-binding transcription factor 4; Tdgf: 

teratocarcinoma derived growth factor; Gapdh: Glyceraldhyde 3- 

phosphate dehydrogenase. B Representative images of control and 

three PKAN iPSC colonies immunostained with the pluripotency 
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markers Oct4, SSEA-1, Nanog, Tra-1-60, Sox2. Nuclei stained with 

Hoechst. Scale bar 100 

C Levels of Nanog expression analysed by qRT-PCR in PKAN 

and control iPSCs. All clones obtained in the study expressed high 

levels of Nanog. D Representative image of control and PKAN iPSCs 

differentiated in vitro into all three germ layers (endoderm, FoxA2; 

mesoderm, SMA; ectoderm, Tuj1). Hoechst dye was used to stain 

nuclei. Scale bar  

Fig. EV 2 Characterization of hiPSC clones obtained from fibroblasts 

of PKAN patients and healthy controls. A DNA sequence analysis of 

the hiPSC clones confirmed the presence of the indicated mutation in 

PANK2. B Karyotype analysis of generated hiPSC lines for a control 

and the three PKAN patients. All hiPSC lines displayed a normal 

karyotype. 

Fig. EV 3 Generation and differentiation of NPC from hiPSC of 

controls and PKAN patients. A Representative images of embryoid 

bodies (EBs) at 10 days obtained from control and PKAN patient 

hiPSC. Scale bar B Representative IF images for rosettes at 

10 days obtained from the EBs. Neural rosettes clusters express the 

typical markers (FoxG1, Nestin, Pax6, zo1, ki67, DCX). Hoechst dye 

was used to stain nuclei. Scale bar C Representative IF 

images of NPC obtained from neural rosette differentiated from 

control and PKAN patient. NPCs express the markers (Nestin, FoxG1, 

Sox2, ki67, Pax6, Tuj1, DCX and Otx2). Hoechst dye was used to 

stain nuclei. Scale bar D NPCs obtained from hiPSC lines can 

potentially be differentiated into neurons (Map2) and astrocytes 

(GFAP). Scale bar  
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Supplementary Table I. Oligonucleotides used to clone the PANK2 

into Ngn2 lentiviral construct. 

TetO-

Ngn2-t2a-

Puro 

modificati

on. 

CTAGCGGCAGCGGCGCCACCAACTTCAGCCTGC

TGAAGCAGG 

CCGGCGACGTGGAGGAGAACCCCGGCCCCACCG

GTGTTAACT; 

CTAGAGTTAACACCGGTGGGGCCGGGGTTCTCCT

CCACGTCGC 

CGGCCTGCTTCAGCAGGCTGAAGTTGGTGGCGC

CGCTGCCG 

hPKAN 

primers 

ccgACCGGTATGAGGAGGCTCGGGCCCTTCC; 

tgcTCTAGAGGCGTAGTCGGGCACGTCGTAG 

 

 

Supplementary Table II. Primers used to characterized iPSC. 

Gene Forward Reverse 

KLF4 TTATTCTCTCCAATTCGCTG

ACC 

GGACTCCCTGCCATAG

AGGA 
SOX

2 

CAAGCTCCTTCAACTGGTT

CTGT 

CTTAGAATGATGCAAG

CCAGGTC 
OCT

4 

AGAAAGCGAACCAGTATC

GAGAA 

CTCAAAATCCTCTCGT

TGTGCAT 
TER

T 

ACCAAGAAGTTCATCTCCC

TGGG 

AAAGAAAGACCTGAG

CAGCTCGA 
GDF

3 

AAAGGGAACAGTTGACAT

TGGCC 

AGCTACATCCAGCAG

GTTGAAGT 
DPP

A2 

GATGCAAAATACCAGCCCT

TCCC 

CGTTTCCTCGAACATC

GCTGTAA 
FGF4 CTACAACGCCTACGAGTCC

TACA 

GTTGCACCAGAAAAG

TCAGAGTTG 
REX

1 

CAGATCCTAAACAGCTCGC

AGAAT 

GCGTACGCAAATTAA

AGTCCAGA 
CMY

C 

CTGGACACGCTGACGAAA

GT 

TTCAGCACGCTTCTCC

TCCT 
TDG

F 

TTTGCTCGTCCATCTCGGG GCTCCTTACTGTGCTG

TATCCC 
DPP

A4 

GACCTCCACAGAGAAGTC

GAG 

AGGTGGCAGTTTAGA

AGGTAATG 
GAD

PH 

CAAGATCATCAGCAATGCC

TCCTG 

GCCTGCTTCACCACCT

TCTTGA 
NAN

OG 

CCTCCATGGATCTGCTTAT

T 

ATCTGCTGGAGGCTGA

GGTA 
ACT ACCCCAGCCATGTACGTT GGTGAGGATCTTCATG

AGGTAG 
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PAN

K2- 

exon

1 

GGGCAGAGGCATGCACAA

GT 

GCACCAACGAGGGAC

CAC PAN

K2- 

exon

4 

GGTTCATAAATGTTAACTT

CTTGTTCTTAT 

GATCTGCCCATCTCGG

C  

 

Supplementary Table III. Antibodies used in the study. 

Antibody Manufacturer Application Dilution 
Alexa Fluor 488 anti-

human CD56 

BD 

Biosciences 

IF 1:80 
Alexa Fluor 647 anti-

human CD56 

BD 

Biosciences 

IF 1:80 
Oct4 Abcam IF 1:250 
SSEA-1 Immuno Sci IF 1:250 
NANOG Abcam IF 1:250 
TRA-1-6 Millipore IF 1:250 
SOX2 Abcam IF 1:250 
FoxA2 Abcam IF 1:250 
Anti-SMA Sigma-Aldrich IF 1:500 
βIII-tubulin/Tuj1 Covance IF 1:500 
FoxG1 Abcam IF 1:200 
Anti human Nestin Millipore IF 1:500 
Pax6 Covance IF 1:200 
FITC-anti-zo1 Zymed 

laboratories 

IF 1:200 
DCX Millipore IF 1:200 
Ki67 Immunological 

Sci. 

IF 1:200 
Otx2 R&D IF 1:200 
Map2 Immunological 

Sci. 

IF 1:400 
GFAP Millipore IF 1:200 
hNu Millipore IF 1:200 
NeuN Millipore IF 1:200 
Pank2 Origen Tech IF/WB 1:200/1:300 
PanNav Sigma-Aldrich IF 1:100 
Vglut1 Synaptic 

System 

IF 1:200 
mAco Antibody 

Verify 

WB  
cAco Home made WB 1:500 
TfR1 Zymed 

laboratories 

WB 1:2000 
FtH Home made WB 1:2000 
Actin Sigma-Aldrich WB 1:6000 
Anti-mouse HRP Sigma-Aldrich WB 1:100000 
Anti-rabbit HRP Sigma-Aldrich WB 1:50000 
Anti-mouse-546 Immunological 

Sci. 

IF 1:800 
Anti-rabbit-488 Immunological 

Sci. 

IF 1:800 
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Abstract 

 

NBIA (neurodegeneration with brain iron accumulation) comprehends 

a heterogeneous group of neurodegenerative diseases having as a 

common denominator, iron overload in specific brain areas, mainly 

basal ganglia and globus pallidus. In the past decade a bunch of 

disease genes have been identified, but NBIA pathomechanisms are 

still not completely clear. PKAN (pantothenate kinase-associated 

neurodegeneration), an autosomal recessive disorder with progressive 

impairment of movement, vision and cognition, is the most common 

form of NBIA. It is caused by mutations in the PANK2 (pantothenate 

kinase 2) gene, coding for a mitochondrial enzyme that 

phosphorylates vitamin B5 in the first reaction of the CoA (coenzyme 

A biosynthetic pathway. A distinct form of NBIA, denominated 

CoPAN (CoA synthase protein-associated neurodegeneration), is 

caused by mutations in the CoASY (CoA synthase) gene coding for a 

bifunctional mitochondrial enzyme, which catalyses the final steps of 

the CoA biosynthesis. These two inborn errors of CoA metabolism 

further support the concept that dysfunctions in CoA synthesis may 

play a crucial role in the pathogenesis of NBIA. 
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Introduction 

 

To date, ten genes have been associated with specific forms of NBIA 

(neurodegeneration with brain iron accumulation) [1]. As reported in 

Table 1, only two forms are caused by mutations in genes coding for 

proteins directly involved in iron metabolism: neuroferritinopathy due 

to FTL (ferritin light) chain gene (MIM #606159) mutation  [2] and 

acaeruloplasminaemia linked to mutations in the CP (caeruloplasmin) 

gene (MIM #117700) [3]. The other NBIA disease genes encode 

proteins with a variety of functions: some are involved in fatty acid 

metabolism and autophagy while others have still unknown roles 

(Table 1). 

PKAN (pantothenate kinase-associated neurodegenera- tion) accounts 

for approximately 50 % of  NBIA  cases  and is caused by mutations 

in the PANK2 (pantothenate kinase type 2) gene, whereas, recently, a 

novel subtype   of NBIA, denominated CoPAN (CoA synthase 

protein- associated neurodegeneration) (MIM #609855), has been 

associated with mutations in CoASY (CoA synthase) gene [4]. As a 

high-energy carrier of acetyl and acyl groups, CoA (coenzyme A) is 

central to diverse cellular metabolic processes including citric acid 

cycle, fatty acid biosynthesis, β-oxidation, cholesterol and 

sphingolipid synthesis. In addition, CoA is a crucial factor in 

regulating a variety   of enzymatic reactions and cellular metabolic 

processes.  A reduction of CoA levels in PANK-deficient Drosopftila 

fumble mutants [5] and in mice lacking both Pank1 and Pank2 genes 

[6] have been demonstrated. Moreover, the demonstration of CoASY 

interaction with components of the PI3K/mTOR/S6K 
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(phosphoinositide 3-kinase/mammalian target of rapamycin/S6 

kinase) signalling cascade poses an interesting link between CoA 

biosynthesis and the regulation of cellular metabolism [7,8]. 

Here we will discuss the main features of PANK2 and CoASY, and 

their relationship with CoA metabolism and neurodegeneration. 

 

NBIA DISORDERS AND ASSOCIATED GENES 

DISEASE 
DISEAS

E GENE 

INHERITANC

E 
SYMPTOMS 

Neuroferritinopath

y 

FTL 

(19q13.3) 

Autosomal 

Dominant 

Extrapyramidal 

signs, dystonia, 

orofacial dystonia, 

cognitive decline. 

Aceruloplasminem

ia 

CP 

(3q23.25) 

Autosomal 

Recessive 

Iron not only in 

the basal ganglia 

but also in liver, 

pancreas and 

myocardium, 

cognitive 

impairment, 

diabetes mellitus, 

retinal 

degeneration, 

blepharospasm, 

facial and neck 
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dystonia, chorea, 

dysarthria, ataxia. 

Pantothenate 

Kinase-Associated 

Neurodegeneration 

(PKAN) 

PANK2 

(20p12.3) 

Autosomal 

Recessive 

Dystonia, 

spasticity, 

cognitive decline, 

pigmentary 

retinopathy. 

PLA2G6-

Associated 

Neurodegeneration 

(PLAN) 

PLA2G6 

(22q12.13

) 

Autosomal 

Recessive 

Infantile 

neuroaxonal 

dystrophy, 

progressive motor 

and mental 

retardation, 

cerebellar ataxia, 

pyramidal signs. 

Mitochondrial 

Membrane Protein 

Associated 

Neurodegeneration 

(MPAN) 

C19orf12 

(19q12) 

Autosomal 

Recessive 

Iron-containing 

deposits, dystonia, 

parkinsonism, 

psychiatric 

symptoms, spastic 

paraparesis. 

FA2H-Associated 

Neurodegeneration 

(FAHN) 

FA2H 

(16q23) 

Autosomal 

Recessive 

Spastic 

quadriparesis, 

severe ataxia, 

dystonia. 
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Kufor-Rakeb 

disease 

ATP13A

2 

(1p36) 

Autosomal 

Recessive 

Early onset 

levodopa-

responsive 

parkinsonism with 

pyramidal tract 

involvement, 

dementia. 

Woodhouse-Sakati 

Syndrome 

DCAF17 

(2q31.1) 

Autosomal 

Recessive 

Hypogonadism, 

alopecia, diabetes 

mellitus, mental 

retardation, 

deafness, 

electrocardiograph

ic abnormalities. 

-propeller 

Protein-Associated 

Neurodegeneration 

(BPAN) 

WDR45 

(Xp11.23

) 

X-Linked 

Cognitive 

impairment, 

progressive 

dystonia-

parkinsonism, 

corticospinal 

signs. 

COASY protein- 

associated 

neurodegeneration 

(CoPAN) 

COASY 

(17q12.21

) 

Autosomal 

Recessive 

Oro-mandibular 

dystonia, 

dysarthria, spastic 

dystonic 
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paraparesis, 

obsessive-

compulsive 

behaviour 

 

CoA 

 

CoA is an indispensable cofactor in all living organisms, where it 

functions as an acyl group carrier and carbonyl- activating group in a 

multitude of biochemical transform- ations, including the TCA 

(tricarboxylic acid) cycle and fatty  acid  metabolism.  De  novo  

synthesis  of  CoA  is   a highly conserved pathway that includes five     

enzymatic steps: pantothenic acid (vitamin B5) phosphorylation, 

cysteine conjugation, decarboxylation, conjugation to an adenosyl 

group and phosphorylation. In mammals, the first step is catalysed by 

PANK, whereas the last  two steps are catalysed by CoASY, a 

mitochondrial bifunctional enzyme endowed with both PPAT (4r-

phosphopantetheine adenylyltransferase) and DPCK (dephospho-CoA 

kinase) activities. 

The reaction catalysed by PANK is the primary rate- limiting step in 

CoA biosynthesis and it is controlled by CoA and CoA thioesters the 

end-products of the pathway. Feedback regulation of PANK by 

different CoA molecular species controls overall CoA availability in 

response to cell metabolic status. In bacteria, a second level of 

regulation is evident at PPAT (or CoAD). CoA consists of 3r- 

phosphoadenosine linked through the 5r position of the ribose, to 

pantothenic acid via pyrophosphate linkage. The carboxyl end of 
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pantothenic acid is linked through a peptidic link to 2-

mercaptoethanol amine. The thiol group at the end is essential to the 

chemical reactions where CoA is involved in, so the enzymes 

involved in CoA biosynthesis are very specific in incorporating 

cysteine, but not other amino acids [9]. CoA is utilized in about 100 

biosynthetic and degrading reactions. Over 4 % of cellular reactions 

utilize CoA. Tissue levels can vary widely depending on the organ in 

question, diet and fed/fasting state. The ratio of free CoA to acyl-CoA 

is important for regulating many key metabolic enzymes, such as acyl-

CoA synthetase, PDH (pyruvate dehydrogenase) and 2-OG (2-

oxoglutarate) dehydrogenase. The level of CoA  is regulated by 

numerous extracellular stimuli, including hormones, glucocorticoids, 

nutrients and cellular metabolites [10]. In plants, the steps that convert 

pantothenate to CoA are almost certainly cytosolic [11,12]. CoA is 

required    in mitochondria for the citric acid cycle, in chloroplasts for 

fatty acid synthesis, and in peroxisomes for β-oxidation. CoA must be 

imported into these organelles from the cytosol. Yeast and mammalian 

mitochondria and peroxisomes likewise import CoA because they 

cannot make it [13]. Mitochondrial CoA transporters belonging to the 

MCF (mitochondrial carrier family) have been identified in yeast [14] 

and human [15]. The compartmentalization of CoA in all eukaryotes 

appears to be closely regulated, with cytosol and organelles 

maintaining separate CoA pools whose levels can modulate fluxes 

through CoA-dependent reactions. Mammalian cytosolic 

concentrations are estimated to be in the range 0.02–0.14 mM in 

animal tissues, whereas mitochondrial concentrations are much 

higher: from 2 to over 5 mM [16].  
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PANK2 

 

Approximately half of the NBIA cases can be explained by PANK2 

gene mutations causing PKAN. By linkage analysis, the defective 

gene was mapped to chromosome 20p12.3 [17]. Early onset is 

associated with the classic presentation, whereas patients with later 

onset often show atypical features. There are differences in expression 

pattern among the PANK genes. PANK1 is expressed in heart, liver 

and kidney, whereas PANK3 is expressed most abundantly in the liver. 

In contrast with these two genes, PANK2 is ubiquitously expressed, 

including in retina and infant basal ganglia [17]. PANK2 dysfunction 

is compatible with life, and two functional homologues, PANK1 and 

PANK3, encode for proteins located in the cytosol and may 

compensate for the loss of PANK2. There is also a PANK4 protein, 

which is fairly dissimilar from PANK1, PANK2 and PANK3 and 

apparently lacks enzymatic activity. Human full-length PANK2 is 

cleaved at two sites by the mitochondrial processing peptidase, 

generating a transient 

59.2 kDa intermediate and a long-lived 47.4 kDa mature protein. 

Mitochondrial targeting sequences are located in both the largest 

precursor peptide and the intermediate peptide, and the biochemical 

activity of the 48 kDa protein is confirmed [18]. Investigations of 

human PANK2 expression indicated two different transcripts, 

predicted to encode two protein isoforms; the longest PANK2 isoform 

localize to mitochondria [19]. 

PANK is known to catalyse the first out of five steps in CoA 

biosynthesis, which utilizes pantothenate, cysteine and ATP. CoA is 
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synthesized from vitamin B5 or pantothenate, which is taken up by 

endothelial cells via a sodium-dependent multivitamin transporter and 

then passes to the blood for delivery to the rest of the body. Mutations 

in PANK2 are expected to result in defective CoA biosynthesis, which 

could lead to a variety of metabolic defects. Recently it has been 

hypothesized that diminished CoA pools have injurious effect on 

histone and tubulin acetylation, contributing to the neurological 

phenotype of PKAN [20]. However, it is not known how mutations in 

PANK2 cause the spectrum of clinical symptoms exhibited by PKAN 

patients. Iron was increased in the cytoplasm of degenerating neurons, 

implying that neurons manifest iron overload before their 

degeneration and that iron overload may contribute to neuronal loss in 

PKAN. In a recent study, the ‘eye of the tiger’ was identified Q1 as an 

ovoid region in the globus pallidus that was markedly depleted of 

viable neurons, but rich in large spheroids that consisted of 

degenerating neurons, and smaller spheroids composed of dystrophic 

axons [21]. MRI studies on pre- symptomatic patients with PKAN 

[21] may support the possibility that neuronal loss precedes iron 

accumulation and that iron accumulation may be a sec-ondary effect. 

A metabolic study on plasma derived from PKAN patients, has 

reported reduced lipid and cholesterol biosynthesis, impaired bile acid 

metabolism and reduced levels of certain sphingomyelin species. 

Sphingomyelins are the principal component of the myelin sheath 

wrapping the axons of neuronal cells [22]. A recent study have 

investigated the metabolic phenotype in PKAN patients in order to 

address questions of energy balance, nutrition status and lipid 

metabolism [23]. The study of PANK2 function is complex. The 
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generation of animal models of disease by knocking out the gene in 

fruitflies and mice have generated incomplete phenotypes, lacking 

signs of NBIA. A PKAN model of Drosopftila has a brain phenotype 

characterized by 

the formation of vacuoles and absence of iron accumulation. Q2 This 

model has shown mitochondrial dysfunction, decreased levels of CoA, 

increased protein oxidation and  reduced lifespan [24]. Interestingly, it 

was demonstrated that these alterations could be rescued by providing 

pantethine in the diet [5]. In 2005, Pank2-null mice were generated 

[25], which showed growth reduction, retinal degeneration and male 

infertility due to azoospermia, but no movement disorder or brain iron 

accumulation, even after 18 months of age. In contrast, a pantothenic 

acid-deficient diet was able to elicit a movement disorder and 

azoospermia in mice without evidence of iron accumulation in brain 

[26]. Human and mouse PANK2 proteins show an identity of 90 %, 

although the mouse polypeptide does not have an N-terminal 

extension, which is present in human PANK2. A recent study has 

demonstrated that murine PANK2 is mainly located in the 

mitochondrial inter-membrane space [27] as is the human protein [28]. 

Pank2-null mice show alteration of mitochondrial membrane potential 

in neurons derived from sciatic nerve and hair bulge stem cells of 

adult mice. The same alteration is also present in neonatal 

hippocampal neurons. Electron microscopy analysis on cultured 

neurons derived from Pank2-null mice, have shown aberrant swollen 

mitochondria with remodelled cristae [27]. On the basis of the role of 

CoA in several crucial metabolic pathways and considering the data 

obtained by the metabolomics study in patients with PKAN [22] 
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indicating the presence of impairment in lipid metabolism, a recent 

work tested the hypothesis to challenge Pank2-null mouse model with 

a diet containing high fat levels. A ketogenic diet consists of a low-

glucose and high-lipid content, stimulating lipid use by mitochondrial 

β-oxidation and ketone body production in the liver. Pank2-null mice 

on a ketogenic diet  demonstrated  the  clinical  signs  present  in 

patients with PKAN, namely more severe movement disorder and 

neurodegeneration. Pantethine administration to these mice 

determined a rescue of the clinical phenotype [29] including the 

movement disorder and the extension of lifespan as previously 

demonstrated in Drosopftila [5]. It is known that pantethine is rapidly 

converted  into  cysteamine  and pantothenate by pantetheinase [30]. 

Although pantethine is not able to cross the blood–brain barrier, 

cysteamine can cross the blood–brain barrier and can exert positive 

effects on the striatum and substantia nigra [31]. These data, together 

with data obtained in PKAN Drosopftila model, strongly suggest that 

pantethine administration to patients with PKAN should be considered 

as a possible and non-toxic therapeutic approach. 
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CoASY 

 

A recent finding of human CoASY mutations in NBIA renews interest 

in CoA biosynthesis. In fact, in human, CoASY is a mitochondrial 

bifunctional enzyme of 62 kDa, with both PPAT and DPCK activities 

involved in the last two reactions of de novo CoA synthesis [32]. 

Although CoASY does not share a significant amino acidic sequence 

similarity with prokaryotes, a missense CoASY  mutation 

Q3 identified in PKAN patients [4] involves a residue highly 

conserved from bacteria to humans. In prokaryotes, plants and fungi, 

the PPAT and DPCK proteins are encoded by two different genes. 

PPAT, also named CoaD, catalyses the transfer of adenylyl group 

from ATP to 4-phospho- pantethine and appears as a homohexamer 

arranged in a dimer of trimers. It seems to be the second point of 

biosynthesis regulation [33]. To investigate the mechanism of this 

regulation, crystal structures of bacterial PPAT have been determined 

in presence of substrates and products. These studies show the 

preferentially binding of the molecules with only one of the two 

dimers, creating asymmetric units, and demonstrate an allosteric 

mechanism of catalysis [34,35]. Moreover crystal structure of PPAT-

CoA mimics the PPAT-dPCoA (3r-dephospho-CoA) and PPAT-Ppant 

(4r-phosphopantetheinyl), showing similar conformational changes 

that prevent any other substrates interaction and suggesting that the 

asymmetry of binding of CoA plays a negative feedback regulation 

[36,37]. 

The DPCK, also named CoAE catalyses the phos- phorylation of the 

3r hydroxy group of ribose using ATP as a phosphate donor and 
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appears in solution and in crystal structure respectively as monomer in 

Haemopftilus influenzae [38], or as homotrimers in bacteria [39]. 

Despite their difference in the quaternary structure, the sequence of 

DPCK in these microorganisms share a 48 % homology and have a 

very similar tertiary structure with several differences localized in 

residues involved in trimerization. The crystal reveals three conserved 

domains, typical of nucleosides kinase: the nucleotide-binding domain 

or P-loop; the substrate-binding domain; the lid domain. Interestingly, 

one of the human CoASY mutations is localized in conserved domain 

of P-loop [4], so further crystallization studies are necessary to 

understand the structure and regulation of the protein. 

 

Conclusions and future perspectives 

 

The aim of this review was to remark the importance of the new 

discovery about the second inborn error of CoA pathway associated 

with NBIA and to underline the potential link between CoA synthesis 

and neurodegeneration. 

It is evident that two different and crucial pathways, namely CoA 

biosynthesis and iron  metabolism,  which are apparently not 

connected, play a crucial role in the pathogenesis of NBIA. CoA is an 

essential metabolic cofactor, which is involved in a wide variety of 

metabolic processes. On the other side, regulation of iron metabolism 

is also crucial since both iron deficiency and iron overload can cause 

diseases. Some researchers have hypothesized that iron accumulation 

may be just an epiphenomenon, and not a primary cause of NBIA 

diseases [40]. During normal aging process, brain iron accumulation is 
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present also in healthy people, but is also associated with various 

neurodegenerative diseases, such as Parkinson’s disease, AD 

(Alzheimer’s disease) and multiple sclerosis [41]. Iron has been 

evidenced as a potential damaging element for tissues either directly 

or because it changes the cellular environment, making it more prone 

to toxins. On the other hand, iron deposition may be just a 

consequence of microglial response to neuronal death and may not 

have a causative role in disease [42]. In addition, it remains 

unexplained why mutations in the enzymes involved in CoA 

biosynthetic pathway cause neurodegeneration. The hypothesis of 

cysteine accumulation, due to PANK2 malfunctioning, which 

produces free radical formation, appears plausible, but the 

pathophysiology of PKAN is not understood [43]. 

Moreover, it is necessary to find a different mechanism to explain the 

role of CoASY mutations. 

This new finding support the idea that a dysfunction in CoA synthesis 

plays a crucial role in the pathogenesis of NBIA and thus in the 

development and functioning of the nervous system. This was 

previously suggested by other studies: PKAN Drosopftila model, 

manifest neurological symptoms and a significant decrease of CoA 

levels [5], and CoA level is reduced in mice lacking both Pank1 and 

Pank2 genes [6]. In addition, it has been demonstrated that CoASY 

associates specifically with S6K, a kinase regulator of cell size and 

growth, which is activated in response     to mitogenic stimuli and 

nutrients via PI3K and mTOR signalling pathways [7,8]. 
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Moreover, a recent study shows that the inhibition of acetyl-CoA 

synthesis induces autophagy, whereas stimula- tion of acetyl-CoA 

synthesis inhibits autophagy induced by different stimuli [44]. 

Nevertheless, further investigations are necessary to find a connection 

between CoA metabolism, lipid metabolism and mitochondrial 

dysfunctions, due to the mitochondrial localization of both PANK2 

and CoASY [4,45–48]. Additional  research  will  be  requested  to  

better  define the sub-mitochondrial compartments in which PANK2 

and CoASY are  located  and  to  understand  whether  the other 

enzymes of the CoA biosynthesis, PPCDC 

(phosphopantothenoylcysteine decarboxylase) and PPCS 

(phosphopantothenoylcysteine synthetase), are exclusively present in 

the cytoplasm. It would be relevant to clarify whether an exclusively 

mitochondrial CoA biosynthetic pathway is present and how the 

exchange of CoA between the different cellular compartments is 

regulated. 

These studies will pave the way to understanding the molecular 

mechanisms involved in CoA metabolism, its connection with iron 

management in the brain, mitochondria function and 

neurodegeneration 
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SUMMARY 

 

During my PhD program I have been involved in a project organized 

principally in three  sections: in the first part, I characterized C19orf12 

gene, coding for a mitochondrial membrane protein, which mutations 

are responsible for a subtype of NBIA called MPAN (Mitochondrial 

membrane Protein Associated Neurodegeneration). In the second part 

I applied exome sequencing on selected patients without molecular 

diagnosis, and we found that mutations in CoA Synthase (COASY) 

were responsibible for a form of NBIA, that we called CoPAN 

(COASY protein-associated neurodegeneration). In the third part I 

obtained new cellular models for NBIA disorders (specifically for 

PKAN subtype) and MPAN (in progress)  in order to understand their 

pathogenetic mechanisms. 

 

To achieve these aims, I initially focused on C19orf12 coding protein, 

a 17kDa mitochondrial membrane-associated protein whose function 

is still unknown. So, the first thing was to study wild-type and mutants 

C19orf12 sub-cellular localization in native conditions and under 

oxidative stress. I showed that wild-type C19orf12 protein was not 

exclusively present in mitochondria, but also in the Endoplasmic 

Reticulum (ER) and MAM (Mitochondria Associated Membrane), 

while mutant C19orf12 variants presented a different localization. 

Moreover, after induction of oxidative stress, a GFP-tagged C19orf12 

wild-type protein was able to relocate to the cytosol. On the contrary, 

mutant isoforms were not able to respond to oxidative stress. During 

these experiments we noticed bright aggregates by the wild-type 
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protein, surrounding mitochondria, so we performed colocalization 

study using the specific autophagy marker LC3, suggesting that these 

were not autophagosomes. In support of the hypothesis of an 

involvement in autophagy, we observed that overexpression of wild-

type C19orf12 resulted in conversion of autophagic marker LC3 and 

reduction of levels of p62. On the contrary, induction of delocalization 

by oxidative stress results in reduction of autophagy LC3 conversion. 

Interestingly, the overexpression of mutants, unable to properly gain 

its intracellular localization, fails to promote autophagy induction and 

levels of basal autophagy remain unchanged during exposure to 

oxidative stress. Finally high mitochondrial calcium concentration and 

increased H2O2 induced apoptosis were found in fibroblasts derived 

from one patient as compared to controls. Then we carried out 

secondary structure prediction of the full C19orf12 sequence and 

modeling of the predicted soluble region  (C19orf121-40/81-151) to 

understand functional and structural properties of the wild-type 

protein and the effects of the mutations. 

Our in silico investigation suggested that, the glycine zipper motifs of 

C19orf12 form helical regions spanning the membrane. The N- and C-

terminal regions with respect to the transmembrana portion, on the 

contrary, are predicted to rearrange in a structural domain, which is 

homolog to the N-terminal regulatory domain of the magnesium 

transporter MgtE, suggesting that C19orf12 may act as a regulatory 

protein for human MgtE transporters. 

 

The second part of my PhD program was focused on the 

characterization of a new disease gene, coenzyme A synthase 
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(COASY), found mutated using whole Exome Sequencing strategy. 

COASY codes for a bifunctional enzyme (PPAT and DPCK activities) 

involved in the last two steps of coenzyme A biosynthesis. In order to 

verify if we have identified the second inborn error of CoA 

biosynthesis leading to NBIA, we performed traditional Sanger 

sequencing in a cohort of NBIA subject and we found another mutant 

patient. Then we performed western-blot analysis showed that the 

protein was absent in patient-derived skin fibroblasts. 

To better analyze the effects of the mutation on catalytic activity of 

COASY, we expressed wild type and mutant human DPCK domain in 

bacteria as His-tag fusion protein. We also expressed PPAT domain 

and wild type and mutant human COASY. After protein purification 

we measured Coenzyme A in vitro synthesis through HPLC analysis. 

Wild-type COASY was able to synthesizes CoA, whereas mutant 

enzymes had an about 40-50% reduced activity compared to wild-type 

enzyme. Consequently, we analyzed CoA levels in fibroblasts derived 

from affected subjects and the level of CoA was approximately 20% 

of that produced by control fibroblasts. Additional experiment were 

performed on yeast cells, about growth and HPLC analysis on 

mitochondria isolated from the strains, and we observed a significant 

reduction of CoA concentration in the mutant strains. 

 

Due to the fact that existing cellular models and in vivo models for 

NBIA don’t recapitulate the neuropathological signs typical of the 

human disorder, we tried to obtain new cellular models. We started 

from PKAN patients and MPAN patients (work in progress). We 

generated human induced pluripotent stem cells (hiPSCs) 
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reprogramming PKAN fibroblasts that were fully characterized. We 

then differentiated control and PKAN hiPSCs into a pure and stable 

population of self-renewable neuronal precursor cells (NPCs). Stable 

NPC cultures were established with equal efficiency from all controls 

and PKAN hiPSCs and were competent to differentiate into neurons 

and astrocytes. To generate functional neurons, we used over-

expression of Neurogenin2, a neurogenic factor, which pushes the 

reprogramming towards glutamatergic neurons. The mitochondrial 

functionality of neurons was evaluated studying the integrity of 

mitochondrial membrane potential using the mitochondria-specific 

fluorescent probe tetramethylrhodamine-methyl-ester (TMRM). 

PKAN neurons exhibited a statistically significant reduction (about 

20% lower) in TMRM incorporation respect to control neurons and, at 

ultrastructural analysis, aberrant mitochondria with damaged cristae. 

Next we investigated respiratory activity as a critical parameter of 

mitochondrial function by microscale oxygraphy. PKAN neurons 

showed values significant lower than control, which indicate 

mitochondrial dysfunctions. Thus, we monitored ROS levels in basal 

conditions using the fluorescent ROS-sensitive dichlorofluorescein 

(DCF) and they were strongly enhanced in the PKAN compared to 

control neurons. Trying to have a model not only for mitochondrial 

dysfunction but also for iron accumulation, we analyzed iron 

mitochondrial pathways, investigating the activity of two ISC-

containing enzymes and heme content in neurons. We reported a 

significant reduction of aconitase activity and heme content. These 

results provide evidence that iron metabolism is impaired in PKAN 

neurons, which exhibit a manifested cellular iron deficient phenotype. 
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Taken together these observations, even though they regarded 

different NBIA subtype, suggest that Whole Exome sequencing is 

useful to find new disease genes, that CoA have an important function 

in the pathological mechanism of this syndrome, that further studies 

are necessary to understand the function of C19orf12 gene, but that 

reprogramming is a successful method for modeling NBIA.   

 

 

CONCLUSIONS 

 

It is difficult to write the conclusion of a thesis concerning a syndrome 

having as common denominator only iron overload in the brain, and 

with a big variability of clinical presentation, inheritance and 

molecular diagnosis. Despite in the last years, thank to genetic, 

remarkable advances in the identification of new disease genes, their 

function and their pathogenetic role remain sometimes elusive. So, in 

attempt to find another common denominator for this syndrome here I 

propose as the main focus on my PhD program, the characterization of 

these disease gene with development of cellular models, highlighting 

the cellular processes that lead to neurodegeneration.  

 

In the first part of my PhD I characterized C19orf12 gene, using 

fibroblasts’ derived patients, over-expression of the protein and in 

silico analyses. We have demonstrated that C19orf12 is not present 

only in mitochondria but also in ER and MAM, and that mutations 

cause a mis-localization of the protein. MAM are zones of contact 
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between ER and mitochondria, and have a role in lipid transfer and 

Ca
2+

 ions exchange (Berridge MJ. 2003) (Hamasaki M. 2013). Their 

first role may be correlated with the putative role of C19orf12 in lipid 

metabolism, the second with our data that show high levels of 

mitochondrial Ca
2+ 

in fibroblasts patients compared to control. As a 

consequence, patient-derived fibroblasts were more sensitive to Ca
2+

 

dependent apoptotic stimuli like H2O2 as compared to control. 

Moreover we proposed a putative role as stimulatory effect on 

autophagy. Altogether these data point the attention on different 

emerging aspects for NBIA: mitochondria-ER function, lipid 

metabolism, calcium metabolism, autophagosome formation, 

oxidative stress. Moreover in silico analysis suggested a putative role 

for C19orf12 as a magnesium transport. Magnesium has been recently 

associated with learning and memory. (Barbagallo M. 2009) (Slutsky 

I. 2004). So my work paves the way to different hypothesis for 

C19orf12 gene, but other experiments are required to clearly 

understand its function.  

 

In the second paper we have performed whole exome sequencing 

analysis in one subject with clinical presentation suggestive of NBIA 

but without any mutations in previously associated genes. 

The overall study was carried out using patient derived fibroblasts, 

His-tag fusion proteins, and also saccharomyces cerevisiae as models, 

and at the end we have identified the second inborn error of CoA 

biosynthesis leading to NBIA due to mutations in COASY gene. The 

first one was associated with PANK2 mutations. (Zhou B. 2001). This 

finding highlights the role of CoA pathway for the function of nervous 
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system, but it is unclear why CoA synthesis defect is compatible with 

life (patients can survive up to the third decade of life). Maybe there 

are alternative strategies to synthesize CoA, and maybe they have to 

be researched in mitochondria considering that both PANK2 and 

COASY are mitochondrial enzymes. (Alfonso-Pecchio 2012) 

(Zhyvoloup A. 2003) (Rhee HW. 2013) .The potential link between 

CoA synthesis and neurodegeneration it is also suggested by other 

studies: PKAN drosophila models manifest neurological symptoms 

and a significant decrease of CoA levels (Rana A. 2010) and CoA 

level is reduced in Pank2 
-/-

 mouse model, even if mice don’t 

recapitulate the neurodegenerative phenotype (Garcia M. 2012). Due 

to the fact that CoA works like a high energy carrier of acetyl and acyl 

groups and it is involved in many metabolic reactions, for example in 

synthesis of phospholipids and sphingolipids, and that the role of iron 

accumulation is not clear in this subtype of NBIA, we propose defects 

in membrane remodeling as the primary cause of neurodegeneration. 

According to this hypothesis,  mitochondrial CoA deficiency may 

damage cell and organelles membranes and lead to oxidative stress, 

which would alter iron homeostasis (Levi and Finazzi 2014). 

This hypothesis is supported by the reduced amounts of newly 

synthetized acetyl-CoA compared to controls, that may be influence 

membranes’ integrity, and at the end alteration of mitochondrial 

structure and functionality and strong impact on neurological function. 

In addition, it has been demonstrated a link between CoA biosynthase 

and mTOR pathway, which is implicated in numerous metabolic and 

signaling processes (Nemazanyy 2004). Nevertheless, further studies 

are necessary to definitely prove this hypotheses, and to find the 
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strong connection between CoA metabolism, lipid metabolism, 

mitochondria dysfunctions and cellular processes that lead to 

neurodegeneration. And maybe new modeling approaches for NBIA 

pathologies come to the aid of this goal and eventually to the 

developing of a therapy. 

 

Then the third part of my PhD program was focus on the opportunity 

to generate iPSCs from human skin fibroblasts, and later, due to their 

capacity to be differentiated into the cell-type of interest, to 

investigate the pathological properties of human neuronal cells from  

them (Amamoto and Arlotta 2014). We started to modeling PKAN 

syndrome, because PANK2 mutations account for 50% of NBIA 

cases, but the final goal is to prepare a iPSCs bank of NBIA where 

different neural cell types and different NBIA subtype can be 

collected and studied. This goal represents a future challenge also 

because NBIA animal models have been crucial in the investigation of 

disease aspects but till now they aren’t able to recapitulate whole 

neurological phenotype and the hallmark of the iron deposition in the 

brain. Furthermore, as I try to prove in my PhD thesis, the 

overwhelming majority of neurological disease is of sporadic nature 

(Christian K. 2012), rendering animal modeling ineffective, while 

they share many interest characteristics with monogenic forms of 

disease. (Sterneckert JL. 2014). According to this observation patient-

specific iPSCs represent a an opportunity not only to study NBIA, but 

alto other disease that affect the nervous system. (Yu D. 2013) 

The first result of our work is the successful generation of a new 

PKAN model by generating iPSC- derived neurons, suggesting that 
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PANK2 deficiency does not affect the neuronal fate commitment and 

differentiation of these cells, as would be expected considering that 

the patients have a normal brain development. This PKAN model 

shows abnormal phenotypes in human neuronal and highlight CoA 

treatment as a potential therapeutic option. Nonetheless, we have not 

detected any iron deposition in PKAN neurons yet. Two different 

reasons might account for this result. On one hand, the period of time 

where human neurons in culture were observed might not be long 

enough considering that iron deposition is detectable in patients only 

few or more years after birth (Marchetto MC. 2010). On the other 

hand, iron accumulation in patients is restricted to pallidal GABAergic 

and, less frequently, dopaminergic neurons of substantia nigra. We 

favored to conduct our study on forebrain-specific glutamatergic 

excitatory neurons since this system is among the fewest that can be 

derived from hiPSCs providing a homogeneous neuronal network with 

robust functional activities. Overall, these data indicate that this new 

human neuronal model represents a powerful platform for 

investigating pathogenic mechanism of disease and testing the 

efficacy of therapeutic compounds.  

In conclusion, these three studies will pave the way to understand the 

molecular mechanisms involved in NBIA, in particular the connection 

between ad altered lipid metabolis, as a result of CoA biosynthesis 

defect, iron management in the brain, mitochondria function and 

neurodegeneration. 
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FUTURE PERSPECTIVES 

 

Neurological diseases include heterogeneous group of disorders 

ranging from pediatric neurodevelopment diseases, heterogeneous 

monogenic disorders (like NBIA) to late-onset neurodegenerative 

diseases, most of which are poorly understood and the treatment 

options remain limited to supportive therapies rather than correction 

of the underlying deficiencies. (Prohaska R. 2012). 

NBIA disorders are a group of rare syndromes characterized by high 

genetic and clinical heterogeneity and relatively loose 

genotype/phenotype correlation. Using rare genetically defined 

disorders, make them very interesting and useful to understand disease 

mechanisms that lead to neurodegeneration. On the contrary most of 

late-onset neurodegenerative diseases (such as PD, AD and ALS) are 

complex neurological diseases where several genes with rare and/or 

common variants can influence disease risk as well as environmental 

factors can contribute to disease development. So even if NBIA 

pathogenesis is still not clear,  my PhD work demonstrates that new 

integrated approaches including, generation of appropriate cellular 

models, whole exome sequencing and reprogramming, are needed to 

unravel the highly complex biological processes presented in different 

neurological disorders.  

Thanks to new sequencing technologies many new genes associated to 

inherited conditions, including several neurological diseases, have 

been identified in the last few years and will be identified in a more 

rapid turnaround time, bypassing many problems typical of the 

traditional approaches, for example the requirement of large pedigrees 
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(Johnson JO. 2010) (Zimprich A. 2011). Despite this improvement in 

diagnosis, some protein functions are still unknown (like C19orf12), 

or the hallmark of this syndrome, the iron accumulation, is far to be 

clear.  But in our studies we propose some hypothesis: lipid 

metabolism as one of the main causes of NBIA, or also mitochondria 

dysfunction as a concurrent cause for it (Colombelli C. 2014) 

(Brunetti D 2014). Undoubtedly much more work is needed to 

comprehend all the mechanisms and the connections that cause NBIA, 

and neurodegeneration in general. To this aim, somatic cellular 

reprogramming seems to represent an opportunity to study the 

behavior of live neurons from patients with monogenic 

neurodegenerative diseases even if many improvements are necessary 

to refine the technology. From the literature a general pattern has 

emerging regarding the inability of neurons to establish proper 

connections and neuronal maturation suitable for modeling defects. 

Furthermore the overwhelming and attractive advantage to study the 

nervous system in the context of each patient’s own unique genetic 

constellation, represents also the risk of a high variability that elicits 

the big effort to establish a meaningful parallel between the dish and 

the pathology. (Yu D. 2013). In this sense is necessary to create an 

appropriate cell banking, in order to analyze multiple clones of the 

same disease or syndrome. We in collaboration with San Raffaele 

Scientific Institute are concerting efforts to create a NBIA iPSCs 

bank, and till now we have obtained stem cells for PKAN, CoPAN, 

MPAN, BPAN subtype, but many investigations are to be done to 

study them and eventually propose some effective therapeutic 

compounds.   
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